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Charm-Production in e
+
e
− Annihilation Around 4 GeV

B. W. Lang
University of Minnesota, 116 Church St. S.E., Minneapolis, MN 55455

Using the CLEO-c detector at the Cornell Electron Storage Ring, we have measured inclusive and exclusive
cross sections for the production of D

+, D
0 and D

+
s mesons in e

+
e
− annihilations at thirteen center-of-mass

energies between 3.97 and 4.26 GeV. Exclusive cross sections are presented for final states consisting of two
charmed mesons (DD̄, D∗D̄, D∗D̄∗, D

+
s D

−
s , D

∗+
s D

−
s , and D

∗+
s D

∗−
s ) and for processes in which the charmed

meson pair is accompanied by a pion.

1. Introduction

Hadron production in electron-positron annihila-
tions just above cc̄ threshold has been a subject of
mystery and little intensive study for more than three
decades since the discovery of charm. Recent devel-
opments, like the observation of the Y (4260) reported
by the BaBar collaboration [1] and subsequently con-
firmed by CLEO-c [2] and Belle [3], underscore our
incomplete understanding and demonstrate the poten-
tial for discovery of new states, such as hybrids and
glueballs. It is also clear that precise measurements
of charm-meson properties are essential for higher-
energy investigations of b-flavored particles and new
states that might decay into b. They also offer unique
opportunities to test the validity and guide the devel-
opment of theoretical tools, like Lattice QCD, that are
needed to interpret measurements of the CKM quark-
mixing parameters [4]. Any comprehensive program
of precise charm-decay measurements demands a de-
tailed understanding of charm production.

Past studies of hadron production in the charm-
threshold region have been dominated by measure-
ments of the cross-section ratio R = σ(e+e− →
hadrons, s)/σ(e+e− → µ+µ−, s) that have been made
over this energy range by many experiments [5]. Re-
cent measurements with the Beijing Spectrometer
(BES) [6] near charm threshold are especially note-
worthy. There is a rich structure in this energy region,
reflecting the production of cc̄ resonances and the
crossing of thresholds for specific charm-meson final
states. Interesting features in the hadronic cross sec-
tion between 3.9 and 4.2 GeV include a large enhance-
ment at the threshold forD∗D̄∗ production (∼ 4 GeV)
and a fairly large plateau that begins at D∗+

s D−

s

threshold. While there is considerable theoretical in-
terest [7, 8, 9, 10], there has been little experimental
information about the composition of these enhance-
ments.

In this paper we describe measurements of charm-
meson production in e+e− annihilations at thirteen
center-of-mass energies between 3970 and 4260 MeV.
These studies were carried out with the CLEO-c de-
tector at the Cornell Electron Storage Ring (CESR)
[11] in 2005-6. (Throughout this paper charge-
conjugate modes are implied.) The principal objective

of the CLEO-c energy scan was to determine the op-
timal running point for studies of D+

s -meson decays.
The same data sample has been used to confirm the
direct production of Y (4260) in e+e− annihilations
and to demonstrate Y (4260) decays to final states in
addition to π+π−J/ψ [2] . Specific results presented
in this paper include cross-section measurements for
exclusive final states withD+, D0 andD+

s mesons and
inclusive measurements of the total charm-production
cross section and R.

2. Data Sample and Detector

The data sample for this analysis was collected with
the CLEO-c detector. Both the fast-feedback analy-
sis carried out as data were collected and the detailed
analysis reported here are extensions of techniques de-
veloped for charm-meson studies at the ψ(3770) [12].

An initial energy scan, conducted during August-
October, 2005, consisted of twelve energy points be-
tween 3970 and 4260 MeV, with a total integrated lu-
minosity of 60.0 pb−1. The scan was designed to pro-
vide cross-section measurements at each energy for all
accessible final states consisting of a pair of charmed
mesons. At the highest energy point these include
DD̄, D∗D̄, D∗D̄∗, D+

s D
−

s , D∗+
s D−

s , and D∗+
s D∗−

s ,
where the first three contain both charged and neu-
tral states. A follow-up run beginning early in 2006
provided a larger sample of 178.9 pb−1 at 4170 MeV
that proved essential in understanding the composi-
tion of charm production throughout this energy re-
gion. The center-of-mass energies and integrated lu-
minosities for the thirteen subsamples are listed in
Table I. Integrated luminosity is determined by mea-
suring the processes e+e− → e+e−, µ+µ−, and γγ,
which are used since their cross sections are precisely
determined by QED. Each of the three final states
relies on different components of the detector, with
different systematic effects. The three individual re-
sults are combined using a weighted average to obtain
the luminosity needed for this analysis.

CLEO-c is a general-purpose magnetic spectrome-
ter with most components inherited from the CLEO
III detector [13], which was designed primarily to

http://arxiv.org/abs/0710.0165v1
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Table I Center-of-mass energies and integrated luminosity
totals for all data samples for the CLEO-c energy scan.

Ecm (MeV)
∫

L dt (pb−1)

3970 3.85

3990 3.36

4010 5.63

4015 1.47

4030 3.01

4060 3.29

4120 2.76

4140 4.87

4160 10.16

4170 178.89

4180 5.67

4200 2.81

4260 13.11

study B decays at the Υ(4S). Its cylindrical charged-
particle tracking system covers 93% of the full 4π
solid angle and consists of a six-layer all-stereo in-
ner drift chamber and a 47-layer main drift cham-
ber. These chambers are coaxial with a supercon-
ducting solenoid that provides a uniform 1.0-Tesla
magnetic field throughout the volume occupied by
all active detector components used for this analysis.
Charged particles are required to satisfy criteria en-
suring successful fits and vertices consistent with the
e+e− collision point. The resulting momentum res-
olution is ∼ 0.6% at 1 GeV/c. Oppositely-charged
and vertex-constrained pairs of tracks are identified
as K0

S → π+π− candidates if their invariant mass is
within 4.5 standard deviations (σ) of the known mass
(∼ 12 MeV/c2).

The main drift chamber also provides dE/dx mea-
surements for charged-hadron identification, comple-
mented by a Ring-Imaging Cherenkov (RICH) detec-
tor covering 80% of 4π. The overall efficiency for pion
or kaon identification is greater than 90%, and the
misidentification probability is less than 5%.

An electromagnetic calorimeter consisting of 7784
CsI(Tl) crystals provides electron identification and
neutral detection over 95% of 4π, with photon-energy
resolution of 2.2% at 1 GeV and 5% at 100 MeV.
We select π0 and η candidates from pairs of photons
with invariant masses within 3σ of the known values
[5](∼ 6 MeV/c2 for π0 and ∼ 12 MeV/c2 for η).

3. Event-Selection Procedures

The procedures and specific criteria for the selec-
tion of D+, D0 and D+

s mesons closely follow previ-
ous CLEO-c analyzes and are described in Refs. [12]

Figure 1: ∆E vs. Mbc in a Monte Carlo simulation of ex-
pected final states at a center-of-mass energy of 4160 MeV,
showing clear separation among the expected two-charm-
meson final states.

and [14]. Candidates are identified based on their in-
variant masses and total energies, with selection cri-
teria optimized on a mode-by-mode basis. We use
only the cleanest final states for D0 (K−π+) and
D+ (K−π+π+) selection, since these provide sufficient
statistics for precise cross-section determinations. For
D+

s we optimize for efficiency by selecting eight de-
cay modes: φπ+, K∗0K+, ηπ+, ηρ+, η′π+, η′ρ+,
φρ+, and K0

SK
+. Accepted intermediate-particle de-

cay modes (mass cuts) are φ → K+K− (±10 MeV),
K∗0 → K−π− (±75 MeV), η′ → ηπ+π− (±10 MeV),
and ρ+ → π+π0 (±150 MeV).

To determine the production yields and cross sec-
tions for the final states accessible at a particular
center-of-mass energy, we classify events based on the
energy of a D(s) candidate (∆E ≡ Ebeam−ED(s)

) and
its momentum in the form of beam-constrained mass

(Mbc ≡
√

E2
beam − |~PD(s)

|2). Figure 1 shows the ex-

pected behavior in a two-dimensional plot of ∆E vs.
Mbc for a Monte Carlo simulation of CLEO-c data
at 4160 MeV with about ten times the statistics of
our data sample at that energy. There is clear sep-
aration of events into the expected final states con-
sisting of two charmed mesons. This separation was
exploited during the scan run for a fast-feedback ”cut-
and-count” determination of event yields. It is also
evident in plots of the momenta of charm-meson can-
didates selected by cutting on candidate mass that
the composition of final states can be analyzed by fit-
ting the momentum spectra of D0, D+ and D+

s can-
didates. Figure 2 illustrates this with the momentum
spectra for D0 → K−π+ candidates within 15 MeV of
the nominal mass both in the Monte Carlo sample of
Fig. 1 and in 10.16 pb−1 of CLEO-c data at 4160 MeV.
While no background corrections have been applied to
these distributions, the structure of distinct Doppler-
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Figure 2: Momentum spectra at 4160 MeV for D0
→

K−π+ candidates with invariant masses within 15 MeV
of the nominal value for Monte Carlo (top) and data (bot-
tom). As described in the text, the concentrations of en-
tries correspond to the dominant expected final states with
two charmed mesons.

smeared peaks corresponding to different final states is
evident. The Monte Carlo and data show good quali-
tative agreement, with concentrations of events corre-
sponding to the dominant final states near 0.95 GeV/c
(DD̄), 0.73 GeV/c (D∗D̄) and 0.5 GeV/c (D∗D̄∗).
The cross sections for all contributing final states can
be determined by correcting the raw measured mo-
mentum spectra like Fig. 2 for combinatoric and other
backgrounds and then fitting to Monte Carlo predic-
tions of the spectra. To achieve good fits, all signifi-
cant production mechanisms must be included and the
spectra predicted by Monte Carlo must reflect correct
D∗-decay angular distributions and the effects of ini-
tial state radiation (ISR).

4. Evidence for Multi-Body Production

While the qualitative features of the measured
charm-meson momentum spectra accorded with ex-
pectations (Fig. 2), initial attempts to fit the spectra
did not produce acceptable results. It was quickly con-
cluded that the two-body processes listed above are
insufficient to account for all observed charm-meson
production. Final states like DD̄(∗)nπ, in which the
charm-meson pair is accompanied by one or more
additional pions, emerged as the likely explanation.
While not unexpected, these ”multi-body” events
have not previously been observed in the charm-
threshold region, and there are no predictions of the
cross sections for D0 and D+ production through
multi-body final states.

To assess which multi-body final states (DD̄π,
D∗D̄π, etc.) are measurably populated in our data
we examine observables other than the charm-meson

Figure 3: The mass spectrum of X in (a) e+e− → D0π±X

at 4170 MeV, (b) e+e− → D∗±π∓X at 4170 MeV, and
(c) e+e− → D∗0π±X at 4260 MeV. Peaks at the D∗ mass
in (a) and the D mass in (b) are evidence for the decay
D∗D̄π. The D peak in (c) confirms D∗D̄π and the D∗

peak demonstrates that D∗D̄∗π is produced at 4260 MeV.

momenta, because ISR causes smearing of the peaks
in the momentum spectra that can obscure the two-
body kinematics. We applied D(∗) momentum cuts
to exclude two-body contributions and examined the
distributions of missing mass against aD(∗) and an ac-
companying charged or neutral pion, using charge cor-
relations to suppress incorrect combinations. Figure 3
shows clear evidence for D∗D̄π events at 4170 MeV, as
well as indications of D∗D̄∗π in the sample of 13 pb−1

collected at 4260 MeV (Fig. 3c). These events can-
not be attributed to two-body production with ISR,
because radiative photons would destroy any peak-
ing in the missing-mass spectrum. The absence of a
peak at the D mass in Fig. 3a indicates that there is
no evidence for DD̄π production. Analysis of events
with Ds reveals no evidence for multi-body produc-
tion, consistent with expectations, since the D+

s D
−

s π
0

final state violates isospin conservation.

5. Momentum-Spectrum Fits and
Cross-Section Results

Candidate momentum spectra for D0, D+ and D+
s

were selected by requiring the invariant mass to be
within ±15 MeV of the nominal value. Backgrounds
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are estimated with a sideband technique. Sideband
regions are taken on both sides of the expected sig-
nal, and are significantly larger than the signal region
to minimize statistical uncertainty in the background
subtraction. Specific widths are set mode by mode
based on the expectation of specific background pro-
cesses.

Having identified the components of multi-body
charm production, we determine yields for these chan-
nels and the two-body modes by fitting the sideband-
subtracted D0, D+ and D+

s momentum spectra. Sig-
nal momentum distributions for specific channels are
based on full GEANT [15] simulations using EvtGen [16]
for the production and decay of charmed mesons. The
EvtGen simulation incorporates all angular and time-
dependent correlations by using individual amplitudes
for each node in the decay chain. ISR is included
in the simulation, which requires input of energy-
dependent cross sections for each final state. We used
simple parameterizations of these cross sections con-
structed by linearly interpolating between the prelim-
inary measurements from our analysis. (In doing this
we make the assumption that the energy dependence
of the Born-level cross sections is adequately repre-
sented by the uncorrected cross sections.) For the
multi-body D∗D̄π and D∗D̄∗π final states we used a
spin-averaged phase-space model within EvtGen.

Momentum fits for the large sample of data at
4170 MeV are shown in Fig. 4 for (a) D0 → K−π+,
(b) D+ → K−π+π+, and (c) D+

s → φπ+ candidates.
The lack of D+

s entries below ∼ 200 MeV confirms
the absence of multi-body Ds production. Because of
the relative simplicity of Ds production demonstrated
by the D+

s → φπ+ fits and the limited statistics in
the sample, we determined the final cross sections for
D+

s D
−

s , D∗+
s D−

s , and D∗+
s D∗−

s by using a sideband
subtraction technique to count signal events in a re-
gion of the Mbc and ∆E plane. The cross sections are
then determined from a weighted sum of the yields
for the eight Ds decay modes listed in Sect. 3, with
weights minimizing the combined statistical and sys-
tematic uncertainties that were calculated from pre-
viously measured branching fractions and efficiencies
determined by Monte Carlo. The cut-and-count anal-
ysis gives results that are consistent with momentum
fits. There is good agreement among the separately-
calculated cross sections for the different Ds decay
modes.

Each of the thirteen data subsamples has been an-
alyzed with the techniques developed and refined on
data at 4170 MeV. A complete set of fit results is pro-
vided in Ref. [17]. Figure 5 shows the D0, D+ and Ds

fits for data sample at 4260 MeV, which are of par-
ticular interest because the charm-production cross
sections might provide insight to the nature of the
Y (4260) state. The fits at 4260 MeV behave similarly
to those at lower energy, although a larger proportion
of multi-body decays is apparent.

Figure 4: Sideband-subtracted momentum spectra for (a)
D0

→ K−π+, (b) D+
→ K−π+π+, and (c) D+

s → φπ+

(bottom) at 4170 MeV. Data are shown as points with er-
rors and the total fit result is shown as the solid black line.
The colored histograms represent fit components, mostly
single D-production modes. For example, the primary D0

in D∗0D̄∗0, which peaks at 0.7 GeV/c, is shown in bright
red. The secondary D0 mesons from the primary D∗0 de-
caying via the emission of a π0 form the broad peak at 0.6
GeV/c shown in light blue. The second broad peak, at 0.6
MeV/c, consists of D0 mesons from the charged pion decay
of the D∗+ in D∗+D−. All sources of multi-body events
are combined and result in the broad spectrum between 0
and 0.5 GeV/c shown in dark red.

Cross sections for the two-body and multi-body fi-
nal states are shown in Fig. 6a-c. The uncertain-
ties on the data points are statistical and system-
atic combined in quadrature. Ref. [17] provides de-
tailed descriptions of the systematic uncertainties of
the cross-section determinations. Briefly, there are
three sources of systematic uncertainty: determina-
tion of the efficiency of charm-meson selection, extrac-
tion of yields, and overall normalization. The total
systematic uncertainty is not dominated by any one
of these.

Track selection and particle identification closely
follow previous CLEO-c analyses [12, 14]. The effi-
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Figure 5: Sideband-subtracted momentum spectra for (a)
D0

→ K−π+, (b) D+
→ K−π+π+, and (c) D+

s → φπ+

(bottom) at 4260 MeV. Data are shown as points with er-
rors and the total fit result is shown as the solid black line.
The colored histograms represent fit components, mostly
single D-production modes. For example, the primary D0

in D∗0D̄∗0, which peaks at 0.8 GeV/c, is shown in bright
red. The secondary D0 mesons from the primary D∗0 de-
caying via the emission of a π0 form the broad peak at 0.7
GeV/c shown in light blue. The second broad peak, at 0.7
MeV/c, consists D0 mesons from the charged pion decay
of the D∗+ in D∗+D−. The multi-body events are com-
bined and result in the broad spectrum between 0 and 0.6
GeV/c shown in dark red for D∗D̄π and in black between
0 and 0.4 GeV/c for D∗D̄∗π.

ciency for reconstructing charged tracks has been es-
timated by a missing-mass technique applied to events
collected at the ψ(2S) and ψ(3770) resonances. There
is good agreement between data and Monte Carlo,
with an estimated relative uncertainty of ±0.7% per
track. Pion and kaon identification have been stud-
ied with D0 and D+ decays in ψ(3770) data, with
estimated systematic uncertainties in the respective
efficiencies of ±0.3% and ±1.3%.

The extraction of event yields by fitting the charm-
meson momentum spectra (non-Ds modes) incurs sys-
tematic uncertainty primarily through the signal func-
tions generated by Monte Carlo, which depend on de-
tails of ISR and, in the case of D∗D̄∗, the helicity am-
plitudes [17] and resulting D-meson angular distribu-

Figure 6: Exclusive cross sections for two-body and multi-
body charm-meson final states, and total observed charm
cross section with combined statistical and systematic un-
certainties.

tions. As for the exclusive measurements, these details
were studied with the large data sample at 4170 MeV,
for which statistical uncertainties are small, and the
resulting estimated relative systematic uncertainties
are applied to all energy points. For the ISR calcu-
lation, the exclusive cross sections input to EvtGen

were varied from their nominal shapes. While a qual-
itative constraint of consistency with our measured
cross sections was imposed, some extreme variations
are included in the final systematic uncertainty. Both
the direct effect on the fitted yield of varying a spe-
cific mode and the indirect effect of varying other
modes were computed, although the former dominates
in quadrature.

The yields for Ds final states are determined by
direct counts after cutting on Mbc and ∆E. Sys-
tematic uncertainty arises in these measurements if
the Monte Carlo simulation does not provide an accu-
rate determination of the associated efficiency. This
is probed by adjusting the cuts and recomputing the
cross sections, again using the high-statistics sample
at 4170 MeV. The systematic uncertainties assigned
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Table II Total systematic errors in the exclusive cross sec-
tions.

Mode Relative Error (10−2)

Determined by Momentum Fits

DD̄ 4.5

DD̄∗ 3.4

D∗D̄∗ 4.7

D∗D̄π 12.0

D∗D̄∗π 25.0

Determined by Counting

DsD̄s 5.6

DsD̄
∗
s 5.3

D∗
sD̄∗

s 6.8

based on these studies are ±3%, ±2.5% and ±5% for
D+

s D
−

s , D∗+
s D−

s , and D∗+
s D∗−

s , respectively.
In converting the measured yields to cross sec-

tions we must correct for the branching fractions of
the charm-meson decay modes. For the non-strange
charmed mesons, only one mode is used and CLEO-
c measurements [12] provide the branching fractions
and uncertainties: ±3.1% for D0 → K−π+ and
±3.9% for D+ → K−π+π+. For Ds modes we
use CLEO-c measurements of the branching fractions
for the eight decay modes included in the weighted
sum [14]. The world-average value is used for the
D∗+ → D0π+ branching fraction, with a systematic
uncertainty of ±0.7% [5]. Finally, the cross-section
normalization also depends on the the absolute deter-
mination of the integrated luminosity for each data
sample, with a systematic uncertainty of ±1%.

A mode-by-mode summary of the systematic uncer-
tainties in the exclusive cross-section measurements is
provided in Table II.

As a cross-check, for the two largest data samples
(4170 MeV and 4260 MeV), the multi-body cross sec-
tions are also determined by fitting the distributions
of missing mass against detected D0π, D+π and D∗π
combinations. While these measurements are less pre-
cise, they show good agreement with the results of the
momentum-spectrum fits.

6. Inclusive Cross-Section
Measurements

If all final states have been included, the sum of the
exclusive cross sections should equal the total charm
cross section. We test this supposition with two in-
clusive measurements that can also be compared with
past results.

The first cross-check is a measurement of the total
charm-meson cross section:

σ(e+e− → DD̄X) =
σD0 + σD+ + σD

+
s

2
, (1)

where the contributing cross sections are defined by
σD = ND/ǫBL, where ǫ and B are the efficiency and
branching fraction for the decay mode used (D0 →
K−π+, D+ → K−π+π+, and D+

s → K−K+π+), L
is the integrated luminosity, and ND is the yield ob-
tained by fitting the mass spectrum. In the case of
D0 and D+, the invariant-mass distribution is fitted
to a Gaussian signal and polynomial background. For
Ds, the event-type requirements are maintained be-
cause of the relatively large background for the high-
yield K−K+π+ decay mode. For our energy points
below 4120 MeV, where Ds production occurs only
through D+

s D
−

s , the yield is extracted by fitting Mbc

to a Gaussian signal and ARGUS background function
[18]. For 4120 MeV and above, event types involving
D∗+

s contribute. For all candidate events that pass the
selection requirements for any ofD+

s D
−

s , D∗+
s D−

s , and
D∗+

s D∗−

s (the last only for 4260 MeV), a fit to the D+
s

invariant mass is used to determine the yield.
The second cross-check is a determination of the

total cross section made by counting multihadronic
charm events. The contribution of uds continuum
production is estimated with measurements made at
Ecm =3671 MeV, below cc̄ threshold, and extrapo-
lated as 1/s. Procedures for this measurement are
identical to those used to determine the cross section
for e+e− → ψ(3770) → hadrons in CLEO-c data at
Ecm = 3770 MeV [19].

Figure 6d shows the inclusive measurements (sta-
tistical and systematic uncertainties combined in
quadrature) and the sum of the cross sections for the
measured exclusive final states, without radiative cor-
rections. The excellent agreement demonstrates that,
to current precision, the measured exclusive two- and
three-body final states saturate charm production in
this region. Furthermore, charm is demonstrated to
account for all production of multihadronic events
above the extrapolated uds cross section.

For the inclusive-charm cross-section measure-
ments, the systematic uncertainties associated with
the per-particle efficiencies for tracking and particle
identification are identical to those of the exclusive
measurements. The uncertainties in normalization
(luminosity and branching fractions) are also identi-
cal. Systematic uncertainty in the yield extraction is
dominated by the choice of fitting function. This is
evaluated mode by mode and propagated into over-
all systematic uncertainties accounting for all cor-
relations, with combined systematic uncertainties of
±4.3%, ±5.1%, and ±8.6% (±10.6%) for D0, D+, and
D+

s below (above) 4120 MeV. For the hadron-counting
inclusive cross sections, the systematic uncertainties
are identical to those of Ref. [19].

For comparison with other experiments and theory
it is necessary to obtain Born-level cross sections from
the observed cross sections by correcting for ISR. We
do this by calculating correction factors following the
method of Kuraev and Fadin [20], which gives the
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Figure 7: R (with radiative corrections as described in the
text and correction for non-charm continuum production
based on Ruds = 2.285 ± 0.03, as determined by a 1

s
fit

to previous R measurements between 3.2 and 3.72 GeV
[22]) from this analysis and from previous measurements
[6, 22].

observed cross section at any
√
s:

σobs(s) =

1
∫

0

dk · f(k, s)σB(seff), (2)

where the Born cross section σB is a function of
the effective center-of-mass energy squared (seff =
s(1−(Eγ/Ebeam))), and f(k, s) is the ISR kernel. The
radiative-correction factor is also calculated following
the alternative implementation of Bonneau and Mar-
tin [21]. A 4% difference between the two calculations
is taken as the systematic uncertainty in the radiative
correction.

Figure 7 shows that there is excellent agreement
between our inclusive-charm measurement and R
measurements in this region made by BES [6] and
Crystal Ball [22].

7. Summary and Conclusions

In summary, we have presented detailed informa-
tion about charm production above cc̄ threshold. Re-
alizing the main objective of the CLEO-c scan run,
we find the center-of-mass energy that maximizes the
yield of Ds to be 4170 MeV, where the cross section
of ∼ 0.9 nb is dominantly D∗+

s D−

s . This informa-
tion has guided the planning of subsequent CLEO-
c running, with initial results already presented on
leptonic [26] and hadronic [14] Ds decays. The to-
tal charm cross section between 3.97 GeV and 4.26
GeV has been measured both inclusively and for spe-
cific two-body and multi-body final states. Internal

Figure 8: Comparisons between measured cross sections
and the updated predictions of the potential model of
Eichten et al. [9, 24] (solid lines).

consistency is excellent and radiatively-corrected in-
clusive cross sections are consistent with previous ex-
perimental results. Figure 6 shows that the observed
exclusive cross sections for DD̄, D∗D̄, D∗D̄∗, D+

s D
−

s ,
D∗+

s D−

s , D∗+
s D∗−

s , D∗D̄π, and D∗D̄∗π exhibit struc-
ture that reflects the intricate behavior expected in
the charm-threshold region. Figure 8 provides a com-
parison between our measured cross sections and the
updated calculation of Eichten et al. [9, 24]. There is
reasonable qualitative agreement for most of the two-
charm-meson final states. The most notable exception
is the cross section for D∗D̄∗ in the region between
4050 and 4200 MeV, where the measurement exceeds
the prediction by as much as 2 nb. This corresponds
to nearly a factor-of-two disagreement in the ratio of
D∗D̄∗ to D∗D̄ production, accounting for about two
thirds of the difference in the total charm cross sec-
tion. This is a much larger effect than the absence of
a multi-body component from the theoretical predic-
tion.

It has been suggested by Dubynskiy and Voloshin
[25] that the existence of a peak in theD∗D̄ andDsD̄s

channels at the D∗D̄∗ threshold, along with the obser-
vation that there is a minimum in DD̄, can be inter-
preted as a possible new narrow resonance, but avail-
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able data are insufficient for a definitive assessment.
The D∗D̄∗ cross section exhibits a plateau just

above its threshold. This contrasts with D∗D̄, which
we observe to peak at threshold, in agreement with
recently presented preliminary results from Belle [23].
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Determination of the excited charmonia parameters
Haiming. Hu1 Junhui. Hu2 (BES Collaboration)
1. Institute of High Energy Physics, Beijing 100049, China
2. Guangxi Normal University, Guilin 541004, China

The scan data for R value measurement taken in 1999 with the BESII detector between 3.7 and 5.0 GeV are
fitted to determine resonance parameters (mass, total width, electron width) of the high mass charmonium
states, ψ(3770), ψ(4040), ψ(4160) and ψ(4415). Various effects, the phase angle of resonance, interference,
energy-dependent width, and the initial state radiative correction, are considered, and the model dependent
results are compared.

1. Introduction

Figure 1 shows the measured R values between 3.0
and 4.8 GeV. Above the open charm thresholds where
resonance structures show up, the measured R values
are used to determine the parameters of resonances
with JPC = 1−−. For the high mass charmonium res-
onances, the ψ(3770) was measured by MARK-I [1],
DELCO [2], MARK-II [3] and BES [4, 5]; the ψ(4040)
and ψ(4160) were measured by DASP [6]; and the
ψ(4415) was measured by DASP [6] and MARK-I [7].
There were also some other measurements of R values
as reported in Refs. [8–10], but no attempt was made
to determine resonance parameters. The resonance
parameters in the Particle Data Group (PDG)’s com-
pilation remained unchanged for more than 20 years
up to the 2004 edition [11]. The resonance parame-
ters for the three high mass resonances were updated
in PDG2006 [12], mainly based on Seth’s evaluation
[13] using BESII [14, 15] and Crystal Ball [10] data.

Figure 1: Measured R values between 3.0 and 4.8 GeV
and the pQCD prediction

R value is measured at BES with the following ex-
pression [14, 15]

Rexp =
Nobs
had −Nbg

σ0
µµLεtrgε

0
had(1 + δobs)

, (1)

whereNobs
had is the number of observed hadronic events,

Nbg is the number of the residual background events,
L is the integrated luminosity, (1+δobs) is the effective

correction factor of the initial state radiation (ISR),
ε0had is the hadronic detection efficiency determined by
the Monte Carlo without bremsstrahlung simulation,
εtrg is the trigger efficiency, and σ0

µµ is the theoretical
Born cross section for e+e− → µ+µ−.

The measurement of R values and determination
of resonance parameters are intertwined: the factor
(1 + δobs) in Eq.(1) contains contributions from the
resonances and depends on the resonance parameters.
Therefore, the calculation of (1 + δobs) and the mea-
surement of R need a number of iterations before sta-
ble and convergent results are obtained.

In this paper, the memo in BES about the global
fit over the center-of-mass energy region from 3.7 to
5.0 GeV covering the high mass resonances ψ(3770),
ψ(4040), ψ(4160) and ψ(4415), is abstracted. In the
fitting, the energy-dependent full widths, the relative
phases between the resonances are considered, and the
results obtained by different models are compared.

2. Related models and formulae

2.1. Breit-Weigner amplitude

Resonance is an unstable particle. In quantum me-
chanics, the wave function of a non-stationary state
with central angular frequency ω = M/h̄ and lifetime
τ = h̄/Γ is (in units of h̄ = c = 1)

Ψ(t) = Ψ(0)e−iωte−t/2τ = |Ψ(0)|eiδe−it(M−iΓ/2),
(2)

where θ(t) is the step function, M is the nominal mass,
Γ the decay width, and δ is the initial phase angle
at the moment of production, phase factor eiδ is the
intrinsic quantum characteristic of the particle. The
amplitude as the function of energy W is

Φ(W ) =
∫

Ψ(t)eiWtdt =
Keiδ

W −M − iΓ/2
, (3)

where K is a real number related to the properties
of the resonance. Usually, the non-relativistic Breit-
Wigner amplitude is written as

T (W ) =
1
2Γ eiδ

W −M − iΓ/2
=

1
2

√
Γ · Γ eiδ

W −M − iΓ/2
. (4)
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For a specialized process e+e− → resonance →
hadronic final state f , the Breit-Wigner amplitude is

T f (W ) =
1
2

√
BeΓ ·BfΓ eiδ

W −M − iΓ/2
=

1
2

√
ΓeΓf eiδ

W −M − iΓ/2
, (5)

where Γ ≡ Γtot is the total width, Γe ≡ BeΓ is the
electron width corresponding to the initial state e+e−,
and Γf ≡ BfΓ is the hadronic width for the decay
channel f , Be and Bf are the branch ratios of the
decay resonance → e+e− and →f . The total width is

Γtot = Γe + Γµ + Γτ + Γhad (6)

where Γµ and Γτ are decay width for µ+µ− and τ+τ−.
Here the universality of the leptons for Γe = Γµ
is used, and the kinematic suppression factors for
Γττr , 0.48, 0.66, 0.72 and 0.78 for ψ(3773), ψ(4040),
ψ(4160) and ψ(4415) respectively, are considered. In
experiment, the value of the Γe includes the contribu-
tion from the vacuum polarization effect.

In the relativistic case, the amplitude of the
negative-energy state (W → −W ) must be included
in direct way

T f (W ) = [
1
2

√
ΓeΓf

W −M − iΓ/2
+

1
2

√
ΓeΓf

−W −M − iΓ/2
]eiδ

=

√
ΓeΓf (M − iΓ/2)

W 2 −M2 + Γ2/4 + iΓM
eiδ. (7)

For narrow resonances, M � Γ, the terms iΓ/2 in nu-
merator and Γ2/4 in denominator may be neglected,
one can get the usually relativistic Breit-Wigner am-
plitude

T f =
M
√

ΓeΓf

W 2 −M2 + iΓM
eiδ. (8)

The high mass charmonium (assigned as r) can de-
cay into several two-body final states f . According
to the Eichten model [16] and experimental data [17],
the decay channels (including their conjugate states)
are:

ψ(3770) ⇒ DD̄;
ψ(4040) ⇒ DD̄,D∗D̄∗, DD̄∗, DsD̄s;
ψ(4140) ⇒ DD̄,D∗D̄∗, DD̄∗, DsD̄s, DsD̄

∗
s ;

ψ(4415) ⇒ DD̄,D∗D̄∗, DD̄∗, DsD̄s, DsD̄
∗
s ,

D∗
sD̄

∗
s , DD̄1, DD̄∗

2 . (9)

The total squared inclusive amplitude of the reso-
nances is the double summations: the inner is coher-
ent sum for the same state f decaying from different
resonances r, and the outer is incoherent sum over all
different decay channels f ,

|Tres|2 =
∑
f

|
∑
r

T fr (W )|2. (10)

The resonant cross section expressed in R value is

Rres =
12π
s

(|Tψ′ |2 + |Tres|2), (11)

where the influence of the ψ(2S) tail with the same
parameters as in PGD2006 is considered .

2.2. Continuum backgrounds

The contribution from continuum background orig-
inating from light quark pairs (uū, dd̄ and ss̄) can be
calculated by pQCD above 2 GeV [12]. Since the fitted
energy region is close to the open-cc̄ threshold, their
cross sections can be described by phenomenological
models or empirical expressions. Here, following two
forms are considered.

2.2.1. Polynomial form

Assume that there are many continuum channels
above the open-charm threshold, such as the multi-
body states DD′, DMD′ and DMM ′D′ (where M
stands for the meson made of light and strange quarks,
and D for charmed meson), the continuum cross sec-
tions are expected to vary smoothly. For simplicity,
the continuum backgrounds with a second order poly-
nomial may by a reasonable choice,

Rcon = C0+C1(W−2MD±)+C2(W−2MD±)2, (12)

where C0, C1 and C2 are free parameters, and MD±

is the mass of the lightest charmed meson D±. Para-
meter C0 ∼ R

(uds)
con represents the contributions from

light quarks, C1 > 0 expresses the contribution of the
charmed states that increases with energy, C2 < 0 en-
sures the saturation of Rcon at energies well above the
charm threshold.

2.2.2. DASP-form

Assume that the continuum charm backgrounds are
only the two-body states producing in the process
e+e− → γ∗ → continuum mechanism → DD′,
DASP group used the following continuum back-
ground form [6]

σ(c)
con = σ(3.6)

(3.6 GeV)2

s
+

6∑
k=1

Akβ
3
k

F 2

s
, (13)

where F = (1 − s/s0)−1 is the form factor, s0 = 3.1
GeV, and σ(3.6) is the background cross section at 3.6
GeV, index k runs 1 to 6 including DD̄, DD̄∗, D∗D̄∗,
DsD̄s, DsD̄s

∗ and D∗
sD̄s

∗ states, βk is the velocity of
the decaying particles, Ak are the free parameters.
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3. Energy-dependent width

The total width of the wide resonance is not a con-
stant. The calculation for the energy-dependent width
Γfr (s) concerns the strong interactions. In practice,
some phenomenological methods are used to describe
the behavior of Γfr (s).

In quantum mechanics, the decay of a resonance
may proceed from barrier penetration, which predicts
the hadronic width is dependent on the momentum Pf
and quantum number L of the orbital angular momen-
tum of the decaying final state f . The hadronic width
Γfr (s) contains a phase space factor and a centrifu-
gal barrier factor BL. For the first level approxima-
tion, BL may be derived from a squared well potential
model in the non-relativistic quantum mechanics [18],

Γfr (s) = Γ̂r
∑
L

Z2L+1
f

BL
, (14)

where Γ̂r is the parameter to be determined by fitting
experimental data, Zf ≡ ρPf , ρ is the radius of the in-
teraction which dimension is about 1 ∼ 3 fermi (which
value is insensitive to the results), and Pf is the de-
caying momentum of final state f . The decay partial
wave is proportional to P 2L+1

f due to the centrifugal
barrier [19]. When the decay momentum Pf is not
large, the partial decay width decreases rapidly with
the increase of L. This effect makes the unsymmetri-
cal Breit-Weigner cross section and the lower partial
waves are important. A relativistic correction factor
2Mr/(Mr +W ) may be introduced in Eq.(14) [20]

Γfr (s) = Γ̂r
2Mr

Mr +W

∑
L

Z2L+1
f

BL
. (15)

The first four energy-dependent partial wave functions
BL are [18]

B0 = 1, B1 = 1 + Z2, B2 = 9 + 3Z2 + Z4,

B3 = 225 + 45Z2 + 6Z4 + Z6. (16)

When resonance decays in several hadronic channels,
hadronic width is the summation of all its partial
widths

Γhadr (s) =
∑
f

Γfr (s). (17)

3.1. Fitting schemes

The resonant parameters can be determined by fit-
ting the scanned R-like values with the software pack-
age MINUIT [21] using a least squares method that
minimize the objective function

χ2 =
∑
i

[fcR̃exp(Wi)− R̃the(Wi)]2

[fc∆R̃
(i)
exp]2

+
(fc − 1)2

σ2
c

,

(18)

where Wi is the energy of the measured point. The
experimental and theoretical quantities are

R̃exp =
Nobs
had −Nbg

σ0
µµLεtrgε

0
had

, (19)

and

R̃the = (1 + δobs)Rthe. (20)

If interferences between the continuum and resonant
states are ignored (in fact, one can not treat them well
for the limited knowledge of the strong interaction),
Rthe is given by

Rthe = Rcon +Rres. (21)

The term ∆R̃(i)
exp in Eq. (18) is the combined statis-

tical and non-common systematic errors (except the
error of ISR) and held a constant during the fit. The
error common to all the points σc(∼ 3.3%) is not
included in ∆R̃exp(Wi). The scale factor fc reflects
the influence of the common error. In each itera-
tion, the resonant parameters used in the calculation
of (1 + δobs) and Rthe are updated to the new values.

In order to understand the model dependence of the
results, some fitting schemes with different models are
studied. Here, three of them are selected from the
BES memo and given. In scheme A, the Breit-Wigner
amplitude Eq.(8), continuum background Eq.(12) and
energy-dependent width Eq.(15) are used, which is fa-
vored one by BES; in scheme B, the Eq.(12) is replaced
by Eq.(13); in scheme C, the all functions are the same
as scheme A, but the all of the phase angles δr fixed
at 0.

4. Results

The values of the parameters of the high mass char-
monium states determined by different schemes in this
work and the values in PDG and reference [13] are
listed in Table I. The differences among the differ-
ent schemes may supply the some references for the
estimation of the uncertainty of models. The figures
of the updated R values (the percentages of the error
are the same as in paper [14, 15]) between 3.7 and 5.0
GeV and the fitting curves obtained by scheme A, B,
and C are shown in Fig. 2.

It is noticed that the mass of ψ(4160) in scheme
A and B is about 30 MeV higher than in scheme
C and PDG, the differences are much larger than
the given errors, the other parameters are consis-
tent within the errors. One may see the interfer-
ential curve with nonzero phase angles (scheme A
and B) are different from the one with zero phase
(scheme C). If the energy-dependent width Eq.(15)
is replaced by a another form derived with the effec-
tive interaction theory [22] and keep nonzero phase
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angles in Eq.(8), the masses of the four charmonia are
3770.9±1.6, 4040.0±1.0, 4192.7±9.7 and 4412.3±8.7
MeV respectively. The comparisons between Fig. 2
show the affects of phase angles on the shape of the
resonant structure is significant. The comparisons
among scheme A, B and C show the mass difference
of ψ(4160) is due to the phase angles, other than by
the interference with zero phase angle (the scheme C
considered the interference other than phase angle).
The comparisons between scheme A and B show the
background forms are insensitive to the results. The
fitted DASP parameters A2−A5 ≈ 0 in Eq.(13), which
violate the experiments [17], and this may be under-
stood as the inclusive data can not supply enough in-
formation to determine correct ratios among different
channels. The comparisons of the measured R values
in different schemes, see Fig. 2, show that the affect
of the ISR factors (in fact the values of resonance pa-
rameters) to the measured R values is significant.

In the previous works, the resonance parameters
were determined by fitting the fixed R values where
the ISR factors are constant in fitting. It is easy to
understander that fitted resonance parameters are cer-
tainly different from the ones used in the calculations
of ISR factor. In this work, the R values and the res-
onance parameters are measured with the raw data in
iterative way.

All of these comparisons show that the values of the
resonant parameters determined by fitting are scheme
dependent. The international high energy physics
community should work out a set of common scheme
to avoid the systematic bias among the experimental
groups.

BES Collaboration favors the values of the reso-
nances parameters obtained by scheme A [23], and
other results can be the estimation of the model un-
certainty.
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Figure 2: The fit to the R values for the high mass charmonia structure by scheme A, B and C. The dots with error bars
are the updated R values. The solid curve shows the best fit, and the other curves show the contributions from each
resonance RBW , the interference Rint, the summation of the four resonances Rres = RBW + Rint, and the continuum
background Rcon respectively.

Table I The comparisons among the results by different fitting schemes.

Parameter Scheme ψ(3770) ψ(4040) ψ(4160) ψ(4415)

PDG2004 3769.9± 2.5 4040± 10 4159± 20 4415± 6

PDG2006 3771.1± 2.4 4039± 1 4153± 3 4421± 4

M CB(Seth) — 4037± 2 4151± 4 4425± 6

(MeV/c2) BES(Seth) — 4040± 1 4155± 5 4455± 6

A 3772.0± 1.9 4039.6± 4.3 4491.7± 6.5 4415.1± 7.9

B 3772.8± 1.9 4046.7± 5.2 4198.2± 5.4 4425.0± 14.1

C 3772.8± 2.0 4048.4± 3.2 4156.2± 4.4 4405.2± 5.7

PDG2004 23.6± 2.7 52± 10 78± 20 43± 15

PDG2006 23.0± 2.7 80± 10 103± 8 62± 20

Γtot CB(Seth) — 85± 10 107± 10 119± 16

(MeV) BES(Seth) — 89± 6 107± 16 118± 35

A 30.4± 8.5 84.5± 12.3 71.8± 12.3 71.5± 19.0

B 32.3± 9.0 103.6± 13.4 61.6± 13.8 82.8± 26.8

C 30.8± 8.9 109.1± 14.9 74.4± 14.2 103.8± 26.0

PDG2004 0.26± 0.04 0.75± 0.15 0.77± 0.23 0.47± 0.10

PDG2006 0.24± 0.03 0.86± 0.08 0.83± 0.07 0.58± 0.07

Γee CB(Seth) — 0.88± 0.11 0.83± 0.08 0.72± 0.11

(keV) BES(Seth) — 0.91± 0.13 0.84± 0.13 0.64± 0.23

A 0.22± 0.05 0.83± 0.20 0.48± 0.22 0.35± 0.12

B 0.24± 0.06 0.93± 0.13 0.36± 0.27 0.29± 0.11

C 0.23± 0.05 1.21± 0.17 0.26± 0.08 0.37± 0.09

PDG&Seth — — — —

δ A 0 136± 46 293± 57 234± 88

(degree) B 0 136± 42 302± 16 245± 90

C 0 0 0 0
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Double cc production in e+e− annihilations at high energy
B.D. Yabsley
School of Physics, University of Sydney. NSW 2006, AUSTRALIA.

We review the current state of experimental knowledge on double cc production in e+e− annihilation. The
large cross-sections (O(20 fb)) for e+e− → γ∗ → ψ(′) (cc)res processes have been confirmed by detailed tests
and reproduced by a second group: they should now be considered well-established. The latest experimental
results concern the case where the second cc system is above open-charm threshold: hidden-charm states continue
to play a prominent role in the mass spectrum. Some “loose ends” in the field are also briefly discussed.

1. Introduction

Electron-positron annihilation to charmonium and
an additional hidden-charm state, or a pair of open-
charmed mesons — double cc production — has been
known for only five years, but is now an established
object of theoretical and experimental study. The field
is still being driven by data. This presentation surveys
current experimental knowledge: after reviewing the
history (Section 2) and the now-established results on
double-charmonium production e+e− → ψ(′) (cc)res
(Section 3), we discuss the latest experimental work,
which focusses on states above open-charm threshold
(Section 4). Some “loose ends”, which might reward
renewed attention, are also noted (Section 5). In clos-
ing (Section 6) we summarize both established and
new results, and their relation to theory.

2. History

This field grew from studies of inclusive charmo-
nium production e+e− → ψ(′)X [1, 2]. An old CLEO
analysis on a small sample [3] had presented evidence
for direct decays Υ(4S) → J/ψX, distinguished by
J/ψ momenta above the endpoint for Υ(4S)→ BB[→
J/ψX]. Using data from early B-factory running—
29.4 fb−1 on the Υ(4S) resonance, and 3.0 fb−1 in
the continuum 60 MeV below—Belle [1] excluded such
production, setting a limit B(Υ(4S) → J/ψX) <
1.9×10−4 at 95% confidence. More importantly, they
established picobarn cross-sections for e+e− → ψ(′)X
processes in the continuum, and a peculiar momentum
spectrum for the produced ψ(′): in the J/ψ sample,
the cross-section fell to zero well below the momentum
endpoint (see Fig. 3 of Ref. [1]).

The e+e− initial state being known, a simple rescal-
ing of the J/ψ momentum gives the mass of the system
recoiling against it in the final state:

Mrecoil(ψ) =
√

(
√
s− E∗ψ)2 − (p∗ψ)2 (1)

An upper bound on momentum thus corresponds to a
lower bound on the mass of the recoiling system. Stud-
ied in this way [4], the surprising conclusion (Fig. 1)

0
2
4
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12
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16
18

2 2.5 3 3.5 4
Mrecoil                       GeV/c 2

N/
20

 M
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/c
2

Figure 1: The mass spectrum of the unreconstructed (re-
coiling) system X in e+e− → J/ψX production in early
Belle data [4]. The curves show a fit to a series of charmo-
nium states (solid) over a continuous component (dashed);
the shaded histogram shows the distribution for events in
the J/ψ mass sidebands. The charmonium lineshapes are
broadened by initial state radiation: see the text.

was that the interaction e+e− → J/ψX does not pro-
ceed if the mass of the recoiling system X is below cc
threshold, while immediately above threshold there is
significant two-body production, with X = ηc, χc0, η′c.
Although familiar now, it is worth remembering how
completely unexpected this result was at the time.

It was then accepted [5] that charmonium produc-
tion at

√
s ≈ 10.6 GeV was dominated by the e+e− →

ψ gg process, with a momentum spectrum extending
to the kinematic endpoint and thus a Mrecoil spectrum
to low masses; e+e− → ψ cc was an O(10%) correc-
tion. An additional contribution from e+e− → ψ g,
where the charmonium develops from a colour-octet
cc pair, was expected at momentum endpoint (low
Mrecoil). The contradiction with data led to reexami-
nation of both theoretical and experimental methods.

In the recoil mass technique, the system X is not re-
constructed and identification is thus indirect. Alter-
native explanations of the data have sprung from this
limitation, while improvements to the method have fo-
cussed on partial reconstruction and constraints. The
original analysis [4] already used a mass-vertex con-
straint in J/ψ reconstruction, improving Mrecoil res-
olution by a factor of two. Contributions from QED
processes are more troublesome. Initial-state radia-
tion (ISR) leads to a high-Mrecoil tail (typically model-
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dependent) on the lineshape of any peak; more than
four tracks are required to suppress contributions from
other (low-multiplicity) QED interactions.

The leading alternative interpretation of the data
relied on such a process: e+e− → γ∗γ∗ → ψX [6].
While e+e− → γ∗ → ψX production requires the sec-
ond state to be even under charge conjugation, ξXC =
+1, the two-virtual-photon process allows ξXC = ±1
and in particular permits e+e− → γ∗γ∗ → J/ψ J/ψ.
As only the J/ψ ηc signal was statistically significant
in the 2002 analysis [4], it was attractive to ascribe the
peak (in part) to events with a second J/ψ. A more
ambitious (and essentially mirror-image) proposal [7]
was that e+e− → ψ gg did in fact dominate charmo-
nium production, with the gluons sometimes coupling
to a glueball state close to the ηc mass.

These and other interpretations were effectively
ruled out by an updated Belle analysis [8], using
155 fb−1 of data and techniques designed to dis-
criminate between the theoretical options. Three
e+e− → ψ ηc events were fully reconstructed, to be
compared with the 2.6± 0.8 expected from the inclu-
sive yield. The recoil mass scale was also calibrated
using e+e− → γISR ψ

′ events and found to have a
bias of less than 3 MeV, ruling out confusion between
ηc and J/ψ. Attempts to include e+e− → ψ ψ(′)

components in the recoil mass fit resulted in negative
yields, and restrictive upper limits on their contribu-
tion (see Fig. 2, upper plot). An eventual confirmation
by BaBar [9] found comparable results (lower plot).

Belle also performed an angular analysis of J/ψ η(′)
c

and J/ψ χc0 events. The distinctive forward peak in
J/ψ production angle (cos θprod → 1) predicted by
the two-virtual-photon model for J/ψ J/ψ (Fig. 2 of
Ref. [6]) was not seen in data: results for all three
states were consistent with shapes 1 + α cos2 θ, and
equal coefficients for production- and helicity-angle
distributions (see Table I) as expected for a single vir-
tual photon. The J/ψ η

(′)
c fits were consistent with

α = +1 (P-wave production) as required by ηc quan-
tum numbers, and strongly disfavoured the −0.87 ex-
pectation for a spin-zero glueball [7]. One- rather than
two-virtual photon production (or the glueball expla-
nation) is thus favoured by all experimental tests.

Table I Coefficients from fits of the function 1 + α cos2 θ
to J/ψ production (θprod) and helicity angle (θhel) data at
Belle [4], for e+e− → J/ψ (cc)res. See the text for results
under the constraint αhel = αprod, and the expectation.

(cc)res αprod αhel αhel ≡ αprod expectation

ηc +1.4+1.1
−0.8 +0.5+0.7

−0.5 +0.93+0.57
−0.47 +1 (P)

χc0 −1.7± 0.5 −0.7+0.7
−0.5 −1.01+0.38

−0.33 −1 (S)

η′c +1.9+2.0
−1.2 +0.3+1.0

−0.7 +0.87+0.86
−0.63 +1 (P)
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Figure 2: Baseline e+e− → J/ψ (cc)res results from Belle
([8], upper plot), and the confirmation from BaBar ([9],
lower plot). In the upper plot the dashed line shows the
upper limit contribution from final states where the fitted
yield is insignificant or negative: J/ψ (J/ψ, χc1,c2, ψ

′).

3. Baseline results

Belle [8] and BaBar [9] measurements of e+e− →
ψ(′) (cc)res cross-sections are summarised in Table II:
with competing explanations excluded, and reason-
able agreement between the two experiments, these
results are no longer in serious dispute. Remarkably,
there seems to be no suppression of radially-excited
states: cross-sections for ψ ηc, ψ η′c, ψ

′ ηc, and ψ′ η′c
are all comparable. This presumably contains some
hint as to the production mechanism.

Low-order perturbative calculations, as embodied
in nonrelativistic quantum mechanics (NRQCD, [10,
11, 12]) underestimate the cross-sections by an order
of magnitude or more; the discrepancy is reduced, but
not removed, when relativistic corrections are taken
into account [10]. Neither are other features of the
data well-explained: NRQCD predicts α ' +0.25 for
e+e− → J/ψ χc0 [10], disfavoured by the Belle analy-
sis (Table I), which prefers pure S-wave production.

A calculation in the light-cone formalism [13], how-
ever, appears to match at least the J/ψ ηc cross-
section. A variety of theoretical approaches are cur-
rently being pursued, and it is no longer easy to char-
acterise the issues at stake: on comparison of NRQCD
and light-cone estimates, see for example the very ex-
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Table II Double-charmonium production cross-sections from Belle and BaBar, with theoretical pre- and post-dictions.
Due to background-suppression criteria, the experiments report effective cross-sections for the case where the unrecon-
structed state (cc)res decays to at least 2 (“> 0”) or 4 (“> 2”) charged tracks, and thus underestimate the cross-section.

(cc)res

σ(e+e− → ψ(nS) (cc)res) [fb] ηc(1S) χc0 ηc(2S)

ψ(2S), ×B>0 Belle [8] 16.3± 4.6± 3.9 12.5± 3.8± 3.1 16.0± 5.1± 3.8

ψ(1S), ×B>2 Belle [8] 25.6± 2.8± 3.4 6.4± 1.7± 1.0 16.5± 3.0± 2.4

BaBar [9] 17.6± 2.8+1.5
−2.1 10.3± 2.5+1.4

−1.8 16.4± 3.7+2.4
−3.0

ψ(1S) Braaten and Lee [10] 3.78± 1.26 2.40± 1.02 1.57± 0.52

. . . with relativistic corrections [10] 7.4+10.9
−4.1 – 7.6+11.8

−4.1

Liu, He, and Chao [11] 5.5 6.9 3.7

Zhang, Gao, and Chao [12] 14.1 – –

Bondar and Chernyak [13] 33 – –

tended discussion in Ref. [14]. Analysis of the merits
of this theoretical work is outside the scope (and com-
petence) of this review.1 It does however seem clear
that experimental work is still driving, rather than
being directed by, theoretical studies.

4. The new cutting edge:
states above open-charm threshold

Active experimental work has now shifted to the
case where the system recoiling against the ψ is above
open-charm threshold. Even allowing for the various
e+e− → D(∗)D(∗) continuum components in fitting the
inclusive Mrecoil(ψ) spectrum, Belle found a 5.0σ peak
at (3936 ± 14) MeV (Fig. 1 of Ref. [16]). The back-
ground under this peak (called X(3940)) being too
large for further detailed study, Belle explicitly recon-
structed a D-meson and then considered cases where
the remaining system was close to the D or D∗ in
mass: Mrecoil(ψD) ≈ mD(∗) . Constraining such cases
to match the D(∗) mass also improved the Mrecoil(ψ)
resolution. This allowed the reconstruction of a clear
X(3940)→ D∗D peak, and an upper limit on the same
structure in DD (Fig. 3 of [16])

Belle has released an updated analysis [17] based on
systematic use of this D(∗)-tagging technique. Fig. 3
shows the Mrecoil(ψD(∗)) spectrum for 693 fb−1 of
data, after reconstruction and mass-constraint of the
J/ψ, and then a D0, D+, or D∗+ meson. A simulta-
neous fit with the D(∗)-mass sidebands is performed:
clear and significant peaks are seen, corresponding to
processes e+e− → ψDD, ψD∗D, and ψD∗D∗.

1We note that a theoretical analysis has appeared since the
workshop [15], claiming that the discrepancy in the J/ψ ηc

cross-section between NRQCD and experiment is now resolved.

0

20

40

60 (J/! D)

N/
20

 M
eV

/c
2

(J/! D*)

Mrecoil(J/! D(*))               GeV/c2

0

5

10

15

1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8

Figure 3: The mass of the system recoiling against fully-
reconstructed J/ψ and D (upper plot) or D∗+ (lower plot)
mesons at Belle [17]. The shaded histogram shows the

distribution in D(∗)-mass sidebands: the fitted curve is
discussed in the text.

Monte Carlo study shows that we indeed expect
these processes to be reconstructed in this way, with
recoil mass resolution of about 30 MeV: smaller than
the difference in D and D∗ masses. Disjoint samples∣∣Mrecoil(ψD(∗))−mtag

∣∣ < 70 MeV where the unre-
constructed system is tagged as a D or a D∗ are thus
selected (ISR leads to a 10% ψDD → ψDD∗ cross-
feed), and Mrecoil(ψD(∗)) is then constrained to the
mass of the tagged meson. This improves the resolu-
tion on M(D(∗)D(∗)) by a factor of 3–10: results for
the three samples are shown in Fig. 4. Peaks above the
background are seen near threshold in each sample.

Combinatorial backgrounds are taken into account
via simultaneous fits to the data in the reconstructed
D(∗)-mass signal and sideband regions. The ex-
cess over background is fitted with the sum of a
threshold function to represent non-resonant e+e− →
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Figure 4: M(D(∗)D(∗)) spectra for e+e− → J/ψD(∗)D(∗)

events at Belle [17], where the first D-meson is explicitly
reconstructed, and the associated D-meson is recovered
via recoil mass selections and constraints: (upper) DD,
(middle) DD∗, and (lower) D∗D∗ samples are shown. Dis-

tributions in the reconstructed D(∗)-mass sidebands are
shown in yellow, and reflections (middle) DD→ DD∗ and
(lower) DD∗ → D∗D∗ in green. The solid curves show
the fits described in the text, and the dashed curves their
combinatorial background and reflection components. The
second panel in the upper and middle plots shows the data
and fit with these components subtracted.

Table III Resonant enhancements in e+e− → ψD(∗)D(∗)

production at Belle [17]. The ψ and the meson shown are
fully reconstructed and then refitted under a mass con-
straint: the remaining meson is identified as discussed in
the text.

Final state DD DD∗ D∗D∗

Reconstructed D D D∗

Resonant term — X(3940) X(4160)

Mass (MeV) 3878± 48 3942+7
−6 ± 6 4156+25

−20 ± 15

Width (MeV) 347+316
−143 37+26

−15 ± 8 139+111
−61 ± 21

Significance 4.4σ 6.0σ 5.5σ

Fit behaviour unstable stable stable

σ(e+e− → ψX)

×BD(∗)D(∗) (fb) — 13.9+6.4
−4.1 ± 2.2 24.7+12.8

−8.3 ± 5.0

ψD(∗)D(∗) production, and an S-wave relativistic
Breit-Wigner. In all cases the threshold term is in-
significant, and a significant Breit-Wigner peak is
seen. In M(DD) the peak is broad, and the fit un-
stable against variations of its conditions; in M(DD∗)
and M(D∗D∗) the fit is stable and the resonant peak
significant at over 5σ. Various cross-checks are per-
formed, including Monte Carlo and data tests of the
background shape in D(∗)-mass sideband and signal
regions; study of charged- and neutral-D subsamples;
and fitting of events with reconstructed D∗, and asso-
ciated D: the latter obtains results consistent with the
J/ψDD∗ analysis of Fig. 4 (middle), but with lower
efficiency and significance. Parameters for the reso-
nant enhancements are summarised in Table III.

The X(4160) enhancement has not previously been
reported. The X(3940) mass and yield results are
consistent with those of the earlier analysis [16], while
the width is larger than the published value of (15.1±
10.1) MeV: a likelihood function non-parabolic in the
width parameter had been noted in that case, with
a 52 MeV upper limit at 90% confidence. The corre-
sponding limit in the new analysis is Γ < 76 MeV.

Cross-sections for J/ψX(3940) and J/ψX(4160)
production (Table III, last row) are in the 20 femto-
barn class, as for all the significant e+e− → ψ(′) (cc)res
processes seen to date.

5. Sidelines

The concentration on experimentally fruitful prob-
lems — establishing and measuring quasi-two-body
processes e+e− → ψ(′) (cc)res — has led to a relative
neglect of inclusive e+e− → ψ(′)X studies. The 2002
Belle analysis [4] established the fraction

σ(e+e− → ψ cc)
σ(e+e− → ψX)

= 0.59+0.15
−0.13 ± 0.12 (2)
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Figure 5: Inclusive e+e− → J/ψX data, showing the com-
binatorial background (yellow) and non-J/ψ (cc)res con-
tributions (blue) below open-charm threshold. (Adapted
from a figure by P. Pakhlov.)

using the following method: reconstruction and mass-
constraint of J/ψ, and then an associated D(∗)-
meson; rejection of contamination from e+e− → BB
events using momentum requirements; and a two-
dimensional fit to obtain ψD(∗)X yields (see Fig. 2
of Ref. [4]). The cross-section thus obtained is model-
dependent, relying on simulated cc→ D(∗)X fragmen-
tation by PYTHIA to establish efficiencies. There has
been no published update of this remarkable result.

(Model-independent but since-unpublished Belle re-
sults were presented to the Quarkonium Working
Group in 2002, relying instead on counting of D0, D+,
and all ground-state charmed hadrons under minimal
cuts. Resolution was similar, with a lower limit on the
J/ψ cc fraction of 0.48 at 95% confidence.)

A complementary problem is the nature of e+e− →
J/ψX production by processes other than J/ψ cc.
Such production does seem to occur: there is a con-
tinuous component in inclusive recoil mass spectra
(Fig. 5) in excess of background, below the open-
charm threshold. The mystery is why this component
— due to the e+e− → ψ g process? — should obey
the cc threshold. A problem for experimental study
here is the lack of theoretical guidance: predictions
for the various e+e− → ψX processes that so pre-
occupied the original Belle [1] and BaBar [2] analyses
have been discredited, but new predictive studies have
not taken their place. Such work is overdue.

6. Summary

The period of fundamental doubt about double
charmonium production is now over. Questions
concerning the experimental method have been ad-
dressed, and the potential for confusion by e+e− →
γ∗γ∗ → J/ψX or other more exotic processes has
been excluded [8]. And the fear that some untrace-
able mistake had been made is effectively dispelled by
BaBar’s confirmation [9] of the Belle results [4].

Those results establish that e+e− → ψ cc domi-
nates charmonium production in the continuum at√
s ≈ 10.58 GeV, while ψ(′) (cc)res cross-sections are

at the 20 fb level, with no suppression of radially ex-
cited states. Recent work shows that prominent reso-
nant contributions continue above open-charm thresh-
old, with similar cross-sections; this process is proving
fruitful in the search for new hidden-charm states.

The ball now lies in the court of theory. Interpre-
tive work on the new states X(3940) and X(4160) is
already underway, but a predictive account of e+e− →
ψ(′)X amplitudes is still lacking. An advantage of the
NRQCD approach is its pretension to universal appli-
cation: at the Tevatron, for example, and the LHC.
We await an accurate account of double-charmonium
production in e+e− annihilation that can also embrace
quarkonium production at other facilities.
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Charm (and Beauty) Production at the Tevatron

Jonas Rademacker on behalf of the CDF and the DØ Collaboration
University of Bristol, H H Wills Physics Laboratory, Bristol, BS8 1TL, UK

We present recent results on heavy flavour production at Tevatron Run II for typically ∼ 1 fb−1

of analysed pp̄ data at
√
s = 1.96 TeV. This includes results on single and correlated open charm

and bottom cross sections, charm pair production kinematics, J/ψ, ψ(2S) and χcJ cross sections
and polarisation measurements in J/ψ, ψ(2S), Υ(1S), and Υ(2S).

I. INTRODUCTION

The large bb̄ and cc̄ cross section at
√

s = 1.96 TeV
pp̄ makes the Tevatron a unique place for the study
of the production and decay of heavy flavour. Al-
ready in Run I, heavy flavour production measure-
ments challenged theory, finding heavy flavour pro-
duction cross sections significantly higher than pre-
dicted by Next-to-Leading-Order (NLO) QCD calcu-
lations (see for example [1] and [2]). The discrepancy
between data and theory was particularly dramatic in
the quarkonium production, where the “Colour Sin-
glet Model” leading-order QCD calculation underes-
timates the measured cross section by more than an
order of magnitude (see e.g.[3]).

Since the first hadroproduction measurements in
Run I, a number of theoretical advances have been
made. Fixed-Order Next to Leading Logarithm
(FONLL) calculations [4], describe the open charm
and b production cross sections well. Competing mod-
els have been put forward that describe the observed
quarkonium production rates and pT spectra well, but
disagree on their results for quarkonium polarisation.

There has also been dramatic experimental
progress. In Run II, which started in 2001, the Teva-
tron collides p and p̄ at unprecedented luminosity and
energy, and the DØ and the CDF experiment have
undergone significant upgrades, many of them opti-
mising the detector for flavour physics. In this paper,
we summarise the heavy flavour production measure-
ments in Run II at DØ and CDF, and compare them
with theoretical predictions.

As we will see below, heavy flavour production at
hadron colliders is a vibrant field which is lead by ex-
periment rather than theory. A particular challenge
for theory is the quarkonium polarisation, for which
we present new results from the Tevatron in this pa-
per.

All numbers, unless accompanied by a reference to
a journal publication, are preliminary.

II. THE TEVATRON, CDF AND DØ

A. The Tevatron Run II

The Tevatron in Run II collides protons and an-
tiprotons at a centre of mass energy of 1.96 TeV
with a bunch crossing every 396 ns at each interac-
tion point. Some of the bunches are by design empty,
so while the detectors have to be able to cope with
peak rates of 2.5 MHz, the average collision rate is
∼ 1.7 MHz. Since the start of data taking, the Teva-
tron has delivered more than 3 fb−1 of integrated lumi-
nosity at each interaction point, and is now reaching
peak luminosities of typically 2 · 1032 cm−2s−1, with
the best runs exceeding 2.8 · 1032 cm−2s−1. Two gen-
eral purpose detectors take data at the Tevatron, CDF
and DØ. Both collaborations have analysed approxi-
mately 1 fb−1 of nearly 3 fb−1 each has on tape.

B. The CDF and DØ Detectors

Both the CDF and the DØ collaboration have a
strong heavy flavour physics programme, and in the
last upgrade many features have been added to the de-
tectors to facilitate this programme. These features
include precise vertexing, extended µ coverage, and
sophisticated read-out electronics and triggers. A de-
scription of the DØ detector can be found at [5] and
of the CDF detector at [6].

The same detector characteristics that make DØ
and CDF powerful B physics experiments, also pro-
vide the basis for a wide-ranging charm physics pro-
gramme. The feature that makes DØ stand out as
a heavy flavour experiment particularly is its large µ
coverage [7], up to |η| < 2. CDF’s most distinctive
detector element for B and charm physics is its fully
hadronic track trigger [8].

C. Triggers

Once every 396 ns there is a bunch crossing at each
Tevatron interaction point, typically resulting in a
very busy event; only a few tens of a per mill (ca
6 · 10−4 at CDF) of those events can be written to
tape and analysed in detail, the vast majority will be

http://arxiv.org/abs/0711.4375v1
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discarded instantly. The trigger is crucial, and has to
operate in a challenging environment. There are two
basic strategies to trigger on heavy flavour events.

• Trigger on leptons (µ, e). This provides a clean
signature in an hadronic environment, where
most tracks are pions. Both experiments use
this strategy. DØ benefits particularly from its
large µ coverage, giving large number of semilep-
tonic and leptonic B and charm events, as well as
charmonium and bottomium decays, e.g. 180k
J/ψ in the first 0.1 fb−1, and 28k B → J/ψK in
1.6fb−1 (after selection cuts).

• Trigger on the long lifetimes of B and D mesons.
This is very challenging in a hadronic environ-
ment because it requires very fast track and
impact parameter reconstruction in very busy
events, in time for the trigger decision. Both
experiments use this strategy. But only CDF’s
displaced track trigger has enough bandwidth to
trigger on fully hadronic decays alone, while DØ
have to require an additional lepton in the event
to keep the trigger rates manageable. This high-
bandwidth displaced track trigger gives CDF
unique access to fully hadronic heavy flavour
decays, such as 13M D0 → K−π+ events (here,
and in similar expressions in the rest of the note,
the charge-conjugate decay is always implied) ,
0.3M D+

s → φ(K+K−)π+ event as as well as 53k
Bs → D±

s π
∓ in ∼ 1 fb−1 [9] (numbers after selec-

tion cuts).

III. CROSS SECTIONS

A. D and B production cross sections

Amongst the earliest Tevatron Run II results were
heavy flavour cross section measurements. Figure
1 shows CDF’s measurement of the prompt differ-
ential charm production cross section versus pT for
|η| < 1, for D0, D+, D∗+ and Ds mesons. Using
only 5.8 pb−1, less than 0.5% of the presently anal-
ysed dataset, the statistical error, given by the in-
ner error bars, is already smaller than the systematic
uncertainty; the combined statistical and systematic
uncertainty is given by the outer error bars. The un-
certainty on the FONLL calculation [11] is given as
the grey band, with the central value shown as a solid
line. While the measured cross sections appear to be
consistently higher than the FONLL prediction, the
results are compatible within the (correlated) errors.

The analyses use the reconstructed impact param-
eter of the D to distinguish prompt D mesons (with
zero impact parameter) from those originating from B
decays (with large impact parameters).

The same technique of using either impact param-
eters or decay length has been used to measure inclu-

Ratio: measurement/NLO-prediction in 2006
pmin

t = 6-7 GeV 10GeV 15GeV ∼ 20 GeV

channel

b+ b̄ jets 1.2 ± 0.3 1.0 ± 0.3

µ+ b jet 1.5 ± 0.2

µ+ + µ− 3.0 ± 0.6

µ+ + µ− 2.3 ± 0.8

TABLE I: Ratios of measurements and predictions for
correlated bb̄ cross section measurements, presented by
F. Happacher at DIS 2006 [18]. New (2007) results from
CDF in the µ+µ− channel are presented in here. (Table
taken from [18], slightly modified.)

sive B cross sections in B → D0µ+νX, B → D∗−µ+νX
and B → J/ψX decays, where long decay lengths or
large impact parameters identify D0µ, D∗−µ and J/ψ
originating from B mesons. The inclusive differential
cross sections measured in the D0µ, D∗−µ and the J/ψ
channel are shown in Figures 2 and 3. The results are
in good agreement with FONLL calculations. The
preliminary result for the integrated inclusive B cross
section for b-hadrons with pt > 9 GeV and |y| < 0.6
is:

σ(pp̄ → Hb) = 1.34µb

±0.08µb(stat)+0.13
−0.14 µb(sys) ± 0.07µb(BR)

for the analysis using Hb → D0(K−π+)µX, and

σ(pp̄ → Hb) = 1.47µb

±0.18µb(stat)+0.17
−0.19 µb(sys) ± 0.11µb(BR)

for the analysis using Hb → D∗+(D0(K−π+) π+) µX,
where Hb stands for a generic b hadron. The last
uncertainty is due to the uncertainty in the branching
fractions of the specific final states of the D0 and D∗

being investigated. The result is in good agreement
with the FONLL value of 1.39+0.49

−0.34 µb [17].
CDF performed a measurement of the ex-

clusive B+ → J/ψK+ measurement, using
0.74 fb−1, finding σ (pt > 6 GeV, |y| < 1) =
(2.65 ± 0.12(stat)± 0.21(sys))µb [12]. The dif-
ferential cross sections for the exclusive measurement
can be seen in Fig 2 together with the B → J/ψX
inclusive results. All measurements disagree signifi-
cantly with NLO calculations. The agreement with
FONLL is however very good.

B. Correlated bb̄ and cc̄ cross sections

For correlated bb̄ and cc̄ cross sections, i.e. cross
sections where both the quark and the antiquark are
within a certain, central rapidity range, higher order
terms are expected to be smaller and consequently
NLO calculations are expected to describe the data
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FIG. 1: Differential charm cross section measured in fully hadronic charm decays using only 5.8 pb−1 at CDF ([10]).
The inner error bars represent the statistical uncertainty, the outer error bars represent the total uncertainty of the
measurement, and the black line and grey band the central value and uncertainty of the FONLL calculation by [11]. No
calculation for the Ds cross section was available at the time.

FIG. 2: Comparing inclusive B → J/ψX [6] and exclusive
B+

→ J/ψK+ [12]cross section measurements, with Run I
results [13], NLO [14, 15] and FONLL [4, 16] predictions.

better [18, 19]. In the past, Tevatron results on corre-
lated bb̄ cross sections have been inconclusive. Table I
shows the status presented by [18] at DIS 2006. Es-
pecially in the µ+µ− channel, results have been at
odds with NLO predictions. This year (2007) CDF
have presented a new measurement of the correlated
bb̄ and cc̄ cross section in the µ+µ− channel, based on
0.74 fb−1. The study uses µ+µ− pairs with transverse
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FIG. 3: Comparing inclusive B → DµνX with inclusive
B → J/ψX [6] and the FONLL calculation by [17].

momentum pT > 3 GeV, pseudorapidity |η| < 0.7 and
invariant mass mµµ ∈ [5, 80] GeV. This corresponds
to bb̄ pairs with pT ≥ 2 GeV and a rapidity |y| ≤ 1.3.
Prompt µ are separated from µ created in charm de-
cays, and those from µ created in B decays, using the
impact parameters of each muon in the µ+µ− pair.
The 1-D projection of the impact parameter distribu-
tion, and fit, is shown in Fig 4.

The preliminary result for the correlated bb̄ produc-
tion cross section, where each b quark decays to a µ,
is

σb→µ,b̄→µ = (1549 ± 133) pb.

and for cc̄ production where each charm quark decays
to a µ is

σc→µ,c̄→µ = (624 ± 104) pb
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FIG. 4: Impact parameter (d) distribution of µ+µ− pairs.
Although only the projection onto 1 dimension is shown,
the fit is performed on the full 2-D distribution of µ+ and
µ− impact parameters. The different letter combinations
that can be found in the legend distinguish muon pairs
from B (“BB”), from charm (“CC”), and prompt pairs
(“PP”) and various mixtures, such as “BP” where one
muon is prompt and the other from a B decay.

ǫ = 0.006 ǫ = 0.002

σmeasured

b→µ b̄→µ

σNLO

b→µ b̄→µ

1.2 ± 0.2 1.0 ± 0.2

σmeasured
c→µ c̄→µ

σNLO
c→µ c̄→µ

2.7 ± 0.6 1.6 ± 0.4

TABLE II: Measured correlated bb̄ and cc̄ cross sections in
0.74 fb−1 at CDF, divided by NLO predictions, for differ-
ent assumptions for the Peterson fragmentation parameter
ǫ [20].

Translating the b → µ, b̄ → µ cross section to an in-
clusive bb̄ cross section, independent of the final state:

σbb̄ (pT ≥ 6 GeV, |y| ≤ 1) =

(1618 ± 148 ± [∼ 400 fragmentation]) nb

where the dominant error comes from the uncertainty
in the fragmentation function, i.e. the fraction of b
quarks that decay to µ. Different values for the Pe-
terson fragmentation parameter ǫ [20] result in signif-
icantly different results, especially for the correlated
cc̄ cross section. This can be seen in Table II, where
the ratio of the measured cross sections and the NLO
predictions is given for two values of the Peterson frag-
mentation parameter ǫ. The value traditionally used,
ǫ = 0.006, is obtained from fits to e+, e− data [21].
However, [16] point out that these calculations, made
on the basis of LO parton level cross sections evalu-
ated with the leading-log approximation of the parton
shower event generator, cannot be consistently used
with exact NLO calculations, and find that a more
suitable value of the Peterson fragmentation param-
eter would be ǫ = 0.002. For bb̄ the results for both
values of ǫ are now in good agreement with NLO pre-
dictions, in contrast to previous measurements. For cc̄
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back-to-back production.
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g g
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FIG. 5: Heavy flavour production mechanisms in pp̄ colli-
sions. Different mechanisms lead to different kinematics.

the agreement between measurement and NLO pre-
diction depends crucially on the choice of ǫ, and no
firm statements regarding the compatibility between
CDF’s correlated cc̄ cross section measurement and
NLO calculations can be made until the issue of a
suitable fragmentation parameter is resolved.

IV. CHARM PAIR CROSS SECTION

Different production mechanisms for heavy flavour
quark-antiquark pairs lead to different kinematic dis-
tributions. The leading production mechanism, and
their kinematic signature, are depicted in Fig 5. The
lowest order diagrams (“Flavour Creation”) favours
back-to-back production of the quark-antiquark pair,
while “Gluon Splitting” favours collinear production.
Measuring the angular distribution in charm pair pro-
duction therefore gives clues about the cc̄ production
mechanism.

Figure 6 shows the D0, D∗− pair cross section and
the D+, D∗− pair cross section as a function of the an-
gle between the two charm mesons, for the kinematic

range |yD0 | < 1, pD
0

T ∈ [5.5, 20] GeV and |yD∗ | < 1,

pD
∗

T ∈ [5.5, 20] GeV. Using a D∗ in the reconstruc-
tion ensures clean data samples. It can be seen that
in both cases, collinear production is approximately
of the same size as back-to-back production. The
figure also shows the result from the Pythia event
generator, configured to run with leading order ma-
trix elements plus parton shower (Tune A). The total
pair production cross sections agree well between the
Pythia simulation and the data. However, the sim-
ulation over-estimates back-to-back production and
under-estimates collinear production.
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FIG. 6: D0, D∗ pair cross section and D+, D∗ pair cross
section as a function of the azimuthal angle between the
to charm mesons (dots with error bars). The black line
shows the result from the Pythia event generator [22], run
with leading order matrix elements + parton shower, tune
A [23, 24, 25, 26]. The coloured lines show the contri-
bution to the simulated events from different production
mechanisms.

(a) Colour (b) QCD with

Singlet higher-order terms

· · ·
FIG. 7: “Colour singlet” lowest order QCD (left), and
QCD with higher order terms (right). The hard scattering
process is shown in bold. The higher order terms consid-
ered are those where the “bleaching gluon” is absorbed by
one of the parton spectators [27].

V. CHARMONIUM, BOTTOMIUM

Producing a colour-neutral JP = 1− state directly
by gluon-gluon fusion is not possible. The simplest so-
lution to the problem is to produce a colour-charged
cc̄ (or bb̄) pair with gluon fusion and “bleach” it by
radiating off a gluon. The “colour-singlet” mecha-

nism, illustrated in Fig 7 (a), was first used to describe
quarkonium production [28, 29], but dramatically fails
to describe the observed data at the Tevatron, under-
estimating the J/ψ and ψ′ production in Run I by
more than an order of magnitude (see e.g. [30]). The
discussion about a solution to this problem is domi-
nated by two approaches:

• The “Colour Octet” mechanism proposed by
[31] is an effective field theory model based on
Non-Relativistic QCD (NRQCD). It combines
results from [32] and elements of the Colour
Evaporation model (CEM). The CEM was orig-
inally proposed in [33, 34]; more recent discus-
sions can be found in [35, 36]. In the CEM the
J/ψ is essentially formed in a coloured state, so
no “bleaching gluon” is needed. Then the colour
“evaporates” in the emission of soft gluons.

• [27] perform a calculation based on full, rela-
tivistic QCD, adding higher-order terms to the
colour singlet term of the type shown in Fig 7(b),
where the “bleaching gluon” is absorbed by
a spectator parton. Although each additional
term is small, there is such a large number of
such diagrams that the sum of them does indeed
make a large enough contribution to account for
the order-of-magnitude difference between the
observed cross sections and those predicted by
the colour-singlet model.

Both NRQCD colour-octet and higher-order perturba-
tive QCD describe the observed J/ψ and ψ′ cross sec-
tions and pt spectra well (see for example [27, 31, 37]),
where the NRQCD approach has a number of ad-
justable hadronisation parameters that allow a certain
level of tuning. However, NRQCD makes a firm pre-
diction that the J/ψ should be transversely polarised
[38] while perturbative QCD predicts a longitudinal
polarisation of the J/ψ [27].

The kt factorisation approach [39, 40, 41, 42, 43, 44,
45, 46, 47], can be combined with the colour singlet
and the colour octet mechanism. In contrast to the
usual collinear approach, kT factorisation takes the
non-vanishing transverse momentum of the interact-
ing gluons into account when calculating the hadronic
matrix element. Especially when combined with the
colour-octet mechanism, it describes the production
cross sections well, although there is a number of ad-
justable parameters that are not yet fixed by experi-
mental data [45, 46]. In contrast to the usual NRQCD
colour-octet mechanism, kT factorisation predicts a
longitudinal polarisation of the quarkonium that in-
creases with pT .

For a more complete and detailed review of the the-
ory of quarkonium production at hadron colliders, in-
cluding comparison to data, see [48] and references
therein.



6 Proceedings of the CHARM 2007 Workshop, Ithaca, NY, August 5-8, 2007

) [GeV/c]ψ(Tp
0 5 10 15 20 25 30

*B
R

 [
nb

/(
G

eV
/c

)]
T

/d
P

σd

-510

-410

-310

-210

-110

1

10

210 -1
(2S): Run II Nominal 1.1 fbψPrompt 

)
-1

                       (Actual 954 pb

>)T                   (stat.+syst. at <p
-1

:   Run II 39.7 pbψPrompt J/

>)T                   (stat.+syst. at <p

-1
CDF II Preliminary 1.1 fb

FIG. 8: Differential cross section of prompt ψ(2S) cross
section in ∼ 1 fb−1, with an earlier result for the J/ψ cross
section [6] superimposed.

A. The ψ(2S) Cross Section

The differential cross section of prompt ψ(2S) from
∼ 1 fb−1 at CDF Run II and, for comparison the dif-
ferential cross section of prompt J/ψ from 39.7 pb
at CDF Run II is shown in Fig 8. The prelimi-
nary result for the integrated cross section of pp̄ →
ψ(2S)X at

√
s = 1.96 TeV, with a subsequent de-

cay ψ(2S) → µ+µ−, in the kinematic range |yψ(2S)| <
0.6, pT > 2 GeV, is

σ(pp̄→ ψ(2S)X, |yψ(2S)| < 0.6, pT > 2 GeV)

× Br(ψ(2S) → µ+µ−)

=
(

2.60 ± 0.05(stat)+0.19
−0.18(syst)

)

nb

B. Measurement of charmonium polarisation

The J/ψ can have three polarisation states, two
transverse and one longitudinal. In J/ψ → µ+µ−

decays, the transverse and longitudinal polarisation
states can be disentangled by measuring the angle θ∗

between the J/ψ and the µ+ in the the J/ψ restframe.
It is useful to define the parameter α in terms of the
cross section of transversely polarised J/ψ, σT , and
the cross section of longitudinally polarised J/ψ, σL,
as:

α ≡ σT − 2σL
σT + 2σL

(1)

If the one longitudinal and the two transverse polari-
sation states are all equally populated, one would mea-
sure α = 0; for longitudinal polarisation, α < 0, and
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tribution longitudinal polarisation.

for transverse polarisation, α > 0. The parameter α
can be extracted from the distribution of events as a
function of cos θ∗:

dN

d(cos θ∗)
∝ 1 + α cos2 θ∗ (2)

In 0.8 fb−1, CDF finds 0.8M prompt J/ψ → µ+µ−

decays. The mass distribution of the µ+µ− pairs is
shown in Fig 9. J/ψ originating from B decays are
rejected using an impact parameter cut. The cos θ∗

distributions are analysed in six bins of different pT ,
as shown in Fig 10. The result in terms of the param-
eter α as a function of pT is shown in Fig 11 (a). The
plot shows pT -dependent, longitudinal polarisation of
the prompt J/ψ. This contradicts NRQCD which pre-
dicts increasingly transverse polarisation with higher
momenta; kT factorisation on the other hand appears
to over-estimate the longitudinal polarisation. The
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FIG. 11: The polarisation parameter α vs momentum for prompt J/ψ(a) and prompt ψ(2S) (b) at CDF [49]. Negative
α correspond to longitudinal polarisation, positive α to transverse polarisation. The NRQCD calculation [38, 50, 51] is
superimposed in turquoise, the kT factorisation calculation [46] in magenta.
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FIG. 12: The polarisation parameter α vs momentum for
prompt J/ψ at CDF Run I and Run II, where the Run II
data were re-analysed to match the binning in Run I.

result also disagrees with Run I results for 110 pb−1

at a centre-of-mass energy of 1.8 TeV, where evidence
of positive polarisation of the J/ψ was seen. To fa-
cilitate a comparison between the Run I and Run II
results, the Run II results have been re-analysed us-
ing the same binning as in Run I. The comparison is
shown in Fig 12.

The polarisation has also been measured in the the-
oretically cleaner (no feed down from higher states) ψ′

channel; the result is shown in Fig 11 (b). The event
numbers are much lower than for the J/ψ but the
results indicate a trend for the longitudinal polarisa-
tion fraction to increase with higher pT , inconsistent
with the NRQCD calculation. These results have been
published in [49].

D , Run 2 Preliminary, 1.3 fb
–1

FIG. 13: The µ+µ− mass distribution at DØ after selec-
tion cuts, on the left for all events, on the right only for
those events selected by the di-muon trigger.

VI. MEASUREMENT OF THE Υ
POLARISATION

The theoretical methods describing the production
and polarisation of Υ(1S) and Υ(2S) in p− p̄ collisions
are equivalent to those for charmonium presented in
the previous section.

The DØ experiment measures the polarisation of
the Υ(1S) and the Υ(2S) as a function of the Υ
transverse momentum in 1.3 fb−1 of data in Tevatron
Run II. Data are selected in the di-muon channel. To
achieve a more reliable estimate of the trigger effi-
ciency in the cross section calculation, only events se-
lected by the di-muon trigger are used in the analysis.
The invariant mass of the µ+µ− pairs near the Υ mass
is shown in Fig 13 for all data passing the selection
cut (a), and those that also were selected by the di-
muon trigger (b). Figure 14 shows the di-muon mass
spectrum for one bin in | cos θ∗| and pT , with the fit
to the data superimposed, and the Gaussians describ-
ing the individual contribution of the Υ(1S), Υ(2S)
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FIG. 14: The µ+µ− mass distribution at DØ after selec-
tion cuts, for one bin in cos |θ∗| and pT , with | cos θ∗| ∈
[0.4, 0.5] and pT ∈ [10 GeV, 15GeV]. The plot shows the
total fit to the data in red for the two fit models briefly
described in the text, and the Gaussians describing the in-
dividual contribution of the Υ(1S), Υ(2S) and Υ(3S). The
background fit is shown as a dotted line.

D , Run 2 Preliminary, 1.3 fb
—1

FIG. 15: The polarisation parameter α versus pT mea-
sured in Υ(1S) → µµ events in 1.3 fb−1 of data at DØ.
The measured results in eight pT bins are shown as black
circles with error bars. The yellow band corresponds the
NRQCD prediction given in [52]. The magenta lines cor-
respond to two limit cases of the kT -factorisation model
[46, 47]. The CDF Run I result [53] is shown as the green
triangles with error bars.

and Υ(3S). Because of the relatively small number of
Υ(3S) events, to ensure a stable fit, the width, rela-
tive position and the fraction of events in the Υ(3S)
peak were taken from MC simulation and fixed in the
fit. In another fit, the position of the Υ(3S) peak is
allowed to float. The difference between the two ap-
proaches is taken as a systematic error. The Υ(1S)
polarisation vs pT is shown in Fig 15. The data repre-
sent the result for an admixture of directly produced
Υ(1S) and Υ(1S) from other sources, in particular
from Υ(2S), Υ(3S) and χb. For comparison, the CDF
Run I result is superimposed in the same plot, as well
as theory predictions for the polarisation parameter α
of this admixture. The NRQCD prediction given in

D , Run 2 Preliminary, 1.3 fb
—1

FIG. 16: The polarisation parameter α versus pT mea-
sured in Υ(2S) → µµ events in 1.3 fb−1 of data at DØ.
The data are shown as black circles with error bars. The
yellow band shows the NRQCD prediction from [52].

[52] is shown as a yellow band, and two limit-cases of
the kT -factorisation model [46, 47] are given as ma-
genta curves; the flatter of the two magenta curves
corresponds to kT -factorisation with the assumption
of full quark-spin conservation, the steeper curve to
full quark-spin depolarisation. DØ find clear evidence
for longitudinal polarisation, in contradiction to the
NRQCD calculation. The polarisation vs pT in the
statistically less powerful Υ(2S) channel, which in-
cludes contributions from directly produced Υ(2S) as
well as feed-down from Υ(3S) and χb(2P), is shown
in Fig 16. In contrast to the result for the Υ(1S),
the measured Υ(2S) polarisation is compatible with
NRQCD.

VII. RELATIVE PRODUCTION CROSS
SECTION χc2 AND χc1

The measurement of the χcJ (J = 1, 2) cross sec-
tion is an interesting measurement in its own right,
as well as important input to J/ψ production mea-
surements to which it provides an important source
of feed-down. Experimentally, this measurement has
always been plagued by the poor mass resolution of
the reconstructed χcJ which is due to the soft photon
in the decay chain χcJ → J/ψγ. The high luminosity
at the Tevatron now provides sufficient statistics to
restrict the analysis only to events where the photon
undergoes conversions to an e+e− pair. The momenta
of the electrons can be measured precisely resulting
in a far superior energy resolution of the photon than
would be possible by measuring the photon’s energy in
the calorimeter. This leads to an excellent resolution
of the reconstructed χcJ mass, allowing a separation
of the J = 0, 1, 2 states. CDF reconstructs χcJ in in
the channel χcJ → J/ψ(µµ)γ(e+e−) within the kine-
matic range pT(J/ψ) ∈ [4, 20] GeV . To select photon
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FIG. 17: Reconstructed µ+µ−(γ → e+e−) mass, showing
clearly two distinct mass peaks at the χc1 and χc2 mass.

conversions, the e+e− pair is a required to form a well-
reconstructed vertex a large distance (> 12 cm) from
the beam, well inside the instrumented region of CDF.
The spectrum of the (µ+µ−γ) invariant mass is shown
in Fig 17, showing two well-separated peaks at the
χc1 mass and the χc2 mass. No significant evidence
for χc0 production can be seen. After all selection cut
total number of χcJ → J/ψ(µµ) γ(e+e−) events found
in 1.1 fb−1 is ∼ 7k.

The distance between the beamline and the µ+µ−

vertex is used to separate the prompt contribution
from χcJ originating from B decays. The measured
ratio for prompt production is:

σ(χc2)

σ(χc1)
= 0.70 ± 0.04(stat)± 0.03(sys)± 0.06(BF)

for pT (J/ψ) ∈ [4, 20] GeV. The last contribution to

the error is due to the uncertainty in the branching
fraction of χcJ → J/ψγ. This result is at odds with
the expectation from the colour octet model, which,
by counting spin-states, predicts a ratio of 5/3.

VIII. CONCLUSIONS

The large charm and bottom production cross sec-
tion at

√
s = 1.96 TeV proton-antiproton collisions,

combined with the capabilities of the DØ and the CDF
detector provide the opportunity for new measure-
ments with unprecedented statistics and precision.

In this paper we presented Run II results on single
and correlated open charm and bottom production as
well as quarkonium production and polarisation. The
same theoretical framework that managed to describe
successfully the unexpectedly large charmonium pro-
duction cross observed at Tevatron Run I now fails to
account for the significant longitudinal polarisation of
charmonium and bottomium observed in Run II, nor
the χc2 and χc1 cross section ratio. Several alternative
models are being developed, but at the time of writ-
ing this paper, none has provided a detailed quanti-
tative post-diction of the charmonium polarisation vs
pT that matches the observed data.

So heavy flavour production is, refreshingly, a field
that is clearly led by experiment. In response to the
data from the Tevatron, some of which have been pre-
sented here, we can look forward to new calculations
and models, offering new descriptions of the mecha-
nism of heavy flavour, and in particular quarkonium,
production. We will also see further new measure-
ments making use of the large amount of data yet to
be analysed. Only about 1/3 of the Tevatron data
taken so far have been used for the results presented
here, and with the machine going stronger than ever,
we can expect to at least double the integrated Teva-
tron luminosity before the end of Run II.
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Charm Production at RHIC
A. G. Knospe
Physics Department, Yale University, New Haven, CT 06520, USA

Observations by the PHENIX and STAR collaborations suggest that a strongly coupled quark-gluon plasma
is produced in heavy-ion collisions at the Relativistic Heavy Ion Collider (RHIC). After a brief introduction
to heavy-ion physics, measurements of heavy-quark production in heavy-ion collisions and the modification
of heavy-quark spectra by the QGP are presented. Measurements of the total charm cross-section in several
different collision systems confirm that cc̄ pairs are produced through parton hard-scattering in the initial stages
of the collisions. Non-photonic e

± (proxies for heavy quarks) are suppressed by a factor of ∼ 5 in central Au
+ Au collisions relative to p + p collisions. This is larger than most current theoretical predictions and has led
to a re-examination of heavy-quark energy loss in the medium. The relative contributions of c and b decays to
the non-photonic e± spectrum have been predicted by perturbative QCD calculations; STAR measurements of
azimuthal correlation functions of non-photonic e± and hadrons agree with these predictions.

1. Introduction

The main purpose of the PHENIX and STAR ex-
periments at the Relativistic Heavy Ion Collider is to
study the properties of strongly interacting matter at
high temperatures. Figure 1 shows a schematic the-
oretical phase diagram of nuclear matter for various
temperatures and baryon chemical potentials [1, 2].
At normal baryon chemical potentials and low tem-
peratures, strongly interacting matter exists as nu-
clei or a gas of interacting hadrons. At higher tem-
peratures, however, the quarks may become decon-
fined due to asymptotic freedom; the degrees of free-
dom of the system are not hadrons, but individual
quarks and gluons. This state of matter, called the
quark-gluon plasma (QGP), is thought to have ex-
isted in the first few microseconds following the Big
Bang, and may also have been produced in high-
energy nucleus-nucleus collisions such as those at
RHIC at Brookhaven National Laboratory and the
SPS at CERN.

Relativistic

     Heavy Ion

  Collisions

Early Universe

~170

MeV

Figure 1: Schematic phase diagram of strongly interacting
matter. On the vertical axis is temperature and on the
horizontal axis is baryon chemical potential, µbaryon.

Lattice QCD calculations predict a sudden increase
in the number of degrees of freedom of strongly inter-
acting matter near a critical temperature TC ∼ 170
MeV [1]. Whether or not there is a true phase transi-
tion and its exact nature has yet to be determined. It
has been proposed that a critical point may exist in
the phase diagram, and that for higher baryon den-
sities, a first-order phase transition may be observed
[1, 2]. A search for this critical point may be con-
ducted in the next few years at RHIC by reducing the
collision CM energy to lower values (∼5GeV) than
the collider’s present operating range (22 GeV to 200
GeV).

The collision of two nuclei introduces a large
amount of energy into a region of space approximately
the size of a nucleus for a short period of time. Lat-
tice calculations predict a critical energy density of
≈ 700 MeV/fm3 needed for QGP formation [1]. The
highest-energy RHIC collisions reach an energy den-
sity of at least 4.9 GeV/fm3, seven times the criti-
cal energy density [3]. The QCD vacuum is ”melted”
and a quark-gluon plasma is produced. It is believed
that the QGP quickly reaches thermal equilibrium,
expands, and cools for a few fm/c until the transition
temperature is reached. At this point, the partons be-
come confined into hadrons. The hadron gas expands
and the hadrons scatter inelastically until chemical
freeze-out. The hadron gas continues to expand for
a few more fm/c with elastic hadron-hadron interac-
tions until thermal freeze-out, after which hadronic
interactions are negligible [4]. The resulting shower of
particles can be detected in detector systems at RHIC.

Many phenomena in heavy-ion physics depend upon
the degree of overlap between the two colliding nu-
clei, called the centrality of the collision. If the dis-
tance between the centers of the nuclei (impact pa-
rameter) is small, the overlap between the nuclei is
large. Such collisions are called ”central” events. A
peripheral event has a small overlap and the impact
parameter approaches the sum of the radii of the two
nuclei. Npart is the number of nucleons that partici-

http://arxiv.org/abs/0710.1051v2
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pate in collisions and Nbinary is the number of binary
collisions between those participating nucleons. Npart

and Nbinary are large for central events and small for
peripheral events. The centrality of an event is es-
timated using the multiplicity of charged tracks at
mid-rapidity. Central collisions are characterized by
a higher charged-particle multiplicity than peripheral
events. Npart and Nbinary are estimated using the
Glauber model of nucleus-nucleus interactions [5, 6].

The ratios of various particle yields have been fit
with statistical thermal models, which indicate that
at the time of chemical freeze-out, the system is ther-
malized and has a temperature T = 170 − 180 MeV
for RHIC collision energies [7]. A non-central colli-
sion will have a spatially asymmetric overlap region,
roughly elliptically shaped. The spatial asymmetry
translates into a momentum-space asymmetry in the
spectra of final state particles, with hadrons emitted
preferentially near the reaction plane (the plane con-
taining the beam axis and the impact parameter vec-
tor). Measurements of this phenomenon (called el-
liptic flow) are well described by ideal hydrodynam-
ical models, indicating that the state of matter pro-
duced in the collision has a very low viscosity and is
a nearly perfect liquid [8, 9, 10]. All RHIC experi-
ments have observed the production of back-to-back
di-jets in p+p, d+ Au, and peripheral Au + Au colli-
sions. In central Au + Au collisions, however, di-jets
are not observed: the away-side jets appear to have
been quenched by the medium [11, 12].

Figure 2: Nuclear Modification Factor, RAA, for light-
flavor hadrons and direct photons. π0 and η are sup-
pressed by a factor of ∼ 5 in central Au + Au collisions at
√

sNN = 200 GeV relative to p + p collisions at the same
energy. Direct photons are not suppressed. The curve was
generated using a theoretical model of parton interactions
with the QGP. The data are used to constrain the value
of the gluon density (dNg/dy) in that model.

Hard-scattering processes (those with large momen-
tum transfer) between the incoming nucleons are ex-
pected to account for 30-50% of the particles pro-
duced in a nucleus-nucleus collision. Hard scatter-
ing often produces particles with high transverse mo-

mentum (pT > 2 GeV/c). Partons passing through
a quark-gluon plasma are expected to lose energy to
the medium through gluon radiation and collisions
with other partons in the medium [13, 14]. The pro-
duction of a QGP in a nucleus-nucleus collision will
therefore cause a depletion of high-pT particles rela-
tive to proton-proton collisions, which do not produce
a medium. The standard measure of the effect of the
medium on particle yields is the nuclear modification
factor RAA. RAA is the ratio of a particle yield in
nucleus-nucleus collisions to the yield produced in p+p
collisions. The ratio is scaled by 1/〈Nbinary〉, where
〈Nbinary〉 is the average number of nucleon-nucleon
collisions in a nucleus-nucleus collision.

RAA ≡
d2N(A+A)

dpT dy

〈Nbinary〉d2N(p+p)
dpT dy

(1)

If no medium is produced, then a nucleus-nucleus col-
lision can be viewed as an incoherent superposition
of nucleon-nucleon collisions and RAA will be unity.
Deviations from unity indicate the effects of nuclear
matter and the quark-gluon plasma on particle yields.
Central collisions produce a larger medium than pe-
ripheral collisions, which should result in a greater
suppression of high-pT particles.

Figure 2 shows measurements of RAA for direct
photons, π0, and η by PHENIX. RAA is unity for
direct photons [15], indicating that there is no sup-
pression of direct photons in nucleus-nucleus colli-
sions. This is expected since photons do not interact
strongly and should not be affected by the presence
of a QGP. However, the hadrons [16, 17, 18] are sup-
pressed by about a factor of 5 at high pT . Also shown
is a theoretical prediction of light-flavor-hadron sup-
pression from the GLV model of parton-QGP inter-
actions [19, 20]. dNg/dy is the gluon density, a pa-
rameter in the GLV model related to the opacity of
the medium. The observed light-flavor-hadron sup-
pression was used to constrain the value of this pa-
rameter, giving dNg/dy ≈ 1100. RAA has also been
measured for heavy-flavor decay products and com-
pared to models; this will be discussed in subsequent
sections. These and other measurements indicate that
the matter produced in RHIC collisions is a strongly
coupled quark-gluon plasma (sQGP) [21].

2. Experiments

The experiments described in these proceedings
are conducted at the Relativistic Heavy Ion Collider
(RHIC) at Brookhaven National Laboratory on Long
Island, NY [22]. Ions are accelerated from the tan-
dem Van de Graaff accelerators or the proton sources,
through the AGS Booster and the AGS, and are in-
jected into RHIC. Electrons are stripped off at sev-
eral locations along the way. RHIC consists of two
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synchrotron rings, 3.8 km in circumference. The two
counter-circulating beams of ions intersect in each of
the six interaction regions. The PHENIX and STAR
detectors sit at two of these interaction regions. At
RHIC, physicists can create and maintain beams of
ions ranging from protons (both polarized and unpo-
larized) to the heaviest nuclei. RHIC can be used to
collide protons with a center-of-mass collision energy
up to

√
s = 500 GeV and a luminosity of ∼ 1032

cm−2s−1. RHIC can also collide ions ranging in mass
from deuterons to gold nuclei with CM energy per
nucleon pair

√
sNN ≤ 200 GeV and a luminosity of

∼ 1026 cm−2s−1 [23].

Figure 3: The STAR detector. Measurements described
below use the Time Projection Chamber (TPC), Time-of-
Flight detector (TOF), and the electromagnetic calorime-
ter (EMC).

Figure 3 shows a diagram of the STAR (Solenoidal
Tracker At RHIC) detector [23]. The barrel and
forward time-projection chambers (TPC and FTPC)
record particle trajectories inside a room-temperature
solenoidal 0.5-T magnet. The TPC covers pseudo-
rapidity |η| < 1.8, while the FTPCs cover 2.5 <
|η| < 4. After passing through the TPC, particles
enter the barrel electromagnetic calorimeter (BEMC)
or the endcap electromagnetic calorimeter (EEMC,
not shown). The STAR calorimeters together cover
pseudorapidity -1 < η < 2. The Shower Maximum
Detectors (SMDs), located approximately 5 radiation
lengths inside each EMC tower module, provide ad-
ditional particle identification based on the shape of
the electromagnetic shower produced in the calorime-
ters. The SMDs allow shower shapes to be measured
to high precision (∆η = 0.007, ∆φ = 0.007 rad). A
silicon vertex tracker (SVT) covers |η| < 1 between
the beampipe and the TPC, providing accurate par-
ticle tracking near the collision vertex. A prototype
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Figure 4: The PHENIX detector in 2003. Measure-
ments described below use the Pad Chambers (PC), Drift
Chambers (DC), Time Expansion Chambers (TEC), Ring-
Imaging Cherenkov detectors (RICH), Time-of-Flight de-
tector (TOF), and the lead-scintillator (PbSc) and lead-
glass (PbGl) electronmagnetic calorimeters.

Time-of-Flight detector (TOF) has been installed out-
side the TPC covering −1 < η < 0 and ∆φ = 0.04 rad.
The TOF provides a precise measurement of particle
velocity. Plans call for the TOF to be extended to full
azimuthal coverage over pseudorapidity |η| < 1. A
full description of the STAR detector is given in [23].

Figure 4 shows a diagram of the PHENIX
(Pioneering High-Energy Nuclear Interaction
Experiment) detector. [24] The two central spec-
trometer arms sit in an axial magnetic field and
cover |η| < 0.35 and π/2 each in azimuth. Particle
tracking is provided by three sets of pad chambers
and (in the east arm) the time expansion chamber.
The Ring-Imaging Cherenkov detectors and the
Time-of-Flight detector provide particle identifica-
tion. Beyond these detector systems sit lead-glass
and lead-scintillator calorimeters. The two forward
muon spectrometer arms sit in radial magnetic fields.
They consist of drift chambers for precision tracking
and muon identifiers. The muon identifiers are made
up of alternating layers of steel absorber plates and
streamer-tube tracking layers. A full description of
the PHENIX detector, including the azimuthal and
pseudorapidity coverage of each detector subsystem,
is given in [24].
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3. Heavy Flavors

Due to the high luminosity at RHIC, even parti-
cles with comparatively low production cross-sections,
such as c and b quarks, can be used to probe the
strongly interacting matter produced. In nucleus-
nucleus collisions, the dominant production mecha-
nism for heavy quarks is gluon-gluon fusion in the ini-
tial hard scattering of nucleons [25]. Thermal produc-
tion of heavy-quark pairs in the medium is believed
to be negligible after the initial stages of the colli-
sion and the number of heavy quarks is essentially
”frozen.” Therefore, heavy quarks are probes sensi-
tive to all stages in the evolution of the QGP, from its
initial formation to hadronization and freeze-out.

The presence of a QGP is expected to lead to
the dissocation and suppression of heavy quarkonia
through Debye screening of color charges. Some the-
oretical calculations predict sequential dissociation of
heavy quarkonia, with the more weakly bound reso-
nances dissociating at lower temperatures [26]. If this
is true, measurements of heavy quarkonium suppres-
sion could lead to a measurement of the initial tem-
perature of the medium. PHENIX measurements of
RAA for J/ψ [27, 28, 29] show less suppression than
was expected based on SPS data. This may be due
to the regeneration of J/ψ through the recombination
of dissociated charm (anti)quarks into new cc̄ pairs
[30, 31, 32, 33, 34].

While all partons lose energy to the medium
through gluon bremsstrahlung, the intensity and an-
gular distribution of the gluon radiation is predicted
to depend upon the mass of the radiating parton. In
the small-angle approximation, the angular distribu-
tion of gluon radiation from heavy quarks differs from
the bremsstrahlung spectrum for massless partons by
the pre-factor given in equation 2.

dP (heavy quark)

dθ2
= (1+

MQ

EQ

· 1

θ2
)−2 dP (light quark)

dθ2

(2)
where MQ and EQ are the heavy-quark mass and
energy, respectively [35]. This suppression of gluon
radiation from heavy quarks is strongest for angles
less than MQ/EQ. The suppression of small-angle
gluon radiation is called the dead cone effect. Be-
cause of the dead cone effect, heavy quarks should
lose less energy to the medium through gluon radia-
tion than light quarks. Partons can also lose energy
through collisions with other partons in the medium.
For heavy quarks traversing the medium, the amount
of energy lost through collisions may be comparable
to the amount lost through gluon radiation [13, 14].

4. Measurements of Open Heavy Flavors

The RHIC experiments have studied several dif-
ferent heavy-flavor decay channels, including the
hadronic decays of D0 mesons to pions and kaons,
and the semileptonic decays of heavy-flavor hadrons
to muons and electrons.

4.1. Direct Reconstruction of D
0 Decays

The STAR collaboration has found the yields of D0

and D̄0 mesons [36] by reconstructing the D0(D̄0) →
K∓ + π± decays, which have a branching ratio of
3.83% [37]. The pions and kaons are identified by
their energy loss in the Time Projection Chamber.
STAR cannot reconstruct the full decay topology since
cτ(D0) = 124 µm [37] and the TPC does not have suf-
ficient track projection resolution to distinguish D0

decay products from tracks coming directly from the
primary collision vertex. The D0 invariant mass spec-
trum was obtained by pairing each kaon with oppo-
sitely charged pions from the same event. The com-
binatorial background was estimated through event
mixing techniques and subtracted. Figure 5a shows
the Kπ invariant mass spectrum for |y| < 1 in Au +
Au collisions at

√
sNN = 200 GeV [38]. A clear D0

peak is visible. Because of the small branching ratio
for this decay and the lack of a dedicated trigger, this
analysis is limited by statistics to pT < 3 GeV/c.

4.2. Decays to Muons

The STAR collaboration has identified low-pT

muons (0.17 GeV/c < pT < 0.25 GeV/c) through
measurements of energy loss in the Time Projection
Chamber and m2 = (p/(βγ))2 in the Time-of-Flight
detector and the TPC. Figure 5b shows the m2 dis-
tribution of particles after energy-loss selection [39].
The muon and pion peaks are clearly visible. In ad-
dition to muons from heavy flavor decays, the muon
peak contains a large number of muons from pion and
kaon decays; it was necessary to remove these ”back-
ground” muons. HIJING [40] was used to simulate the
DCA (distance of closest approach) of muon tracks
with the primary collision vertex (see Figure 5c). The
DCA distribution for muons from charm decays has
a maximum much closer to zero than the distribution
for muons from pion and kaon decays. The observed
DCA distribution was fit with a linear combination of
these two simulated DCA distributions to obtain the
contribution of charm-decay muons to the total muon
yield. [39]

4.3. Decays to Single Electrons

Both the PHENIX and STAR collaborations have
also studied the spectrum of single electrons, i.e. e±
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Figure 5: STAR heavy-flavor identification methods. (a) D0 meson reconstruction in 200-GeV Au+Au collisions. The
Kπ invariant mass distribution is shown after the subtraction of the combinitorial background (estimated using event-
mixing). The residual background is approximated by a linear function and subtracted. (b) m2 distribution measured
by TOF detector in 200-GeV Au + Au collisions. The particles have passed the energy-loss cut used to identify low-pT

muons. (c) DCA distributions used to identify charm-decay contribution to the inclusive muon spectrum (see explanation
in text).

produced with (anti)neutrinos in weak decays. The
spectrum of single e± is expected to be dominated
by heavy-flavor semileptonic decays (e.g. D0 →
e+ + K− + νe). The main sources of background to
the single e± signal are e+e− pairs from π0 and η
Dalitz decays and photon conversions [37]. For this
reason, single e± are called non-photonic e±, while
the background e± are called photonic e±. The de-
cays of vector mesons (e.g. ρ, φ, and ω) make small
contributions to the photonic e± background. Back-
ground e± from photon conversion is less significant at
PHENIX due to the reduced amount of material rel-
ative to STAR. Ke3 decays (K± → π0 + e± + νe(ν̄e)
and K0

L → π∓+e±+νe(ν̄e)) make small contributions
to the single e± signal.

The STAR collaboration identifies e± using two dif-
ferent methods. For pT < 3.5 GeV/c, e± are identified
through measurements of energy loss and m2 with the
Time Projection Chamber and Time-of-Flight detec-
tor (similar to the method of muon identification de-
scribed above) [36]. For pT > 1.5 GeV/c, e± are iden-
tified through measurements of TPC energy loss, the
energy E deposited in the electromagnetic calorime-
ter, and the shape of the electromagnetic shower mea-
sured in the shower maximum detector [41]. The use
of a trigger allows this measurement to extend up to
pT ≈ 8 GeV/c. An energy-loss cut of approximately
3.5 keV/cm < dE/dx < 5 keV/cm is used to identify

e± (the exact bounds are varied slightly depending on
track momentum and event charged-track multiplic-
ity). Compared to hadrons, e± produce larger show-
ers and deposit more of their energy in the EMC. The
ratio p/E has a maximum near 1 for e± (see Figure
6 [42]) and additional e± identification is provided by
cuts on the shower size in the SMD. The remaining
hadron contamination is ≈ 2% at pT ∼ 2 GeV/c and
≈ 20% at pT ∼ 8 GeV/c. STAR identifies photonic
(background) e± through invariant-mass reconstruc-
tion of e+e− pairs. The invariant-mass distribution
of e+e− pairs from photon conversions and π0 and η
Dalitz decays has a maximum near 0 mass. When
a cut of Minv(e

+e−) < 150 MeV/c2 is used, photonic
electrons are identified with an efficiency around 70%.

The PHENIX collaboration identifies e± using the
Ring-Imaging Cherenkov detector, measurements of
the shower shape in the electromagnetic calorimeter,
and a cut on the energy-to-momentum ratio [43, 44].
Photonic e± are identified using two different meth-
ods. In the ”cocktail subtraction” method, the spectra
of e± from various sources of background are simu-
lated. Measured yields of π0, η, direct photons, and
other sources of background are used as input for the
simulation generator. In the ”converter subtraction”
method, a photon converter (a thin brass sheet of
1.67% X0) is inserted around the beam pipe. ∆Ne,
the increase in the e± yield due to the converter, is
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Figure 6: p/E distributions for e± and hadrons in 200-
GeV p+p collisions at STAR. e± and hadrons are identified
through their energy loss in the Time Projection Cham-
ber. The hadron distribution has been scaled to match
the e± distribution at high values of p/E. This provides
an estimate of the hadron background that remains in the
e± peak.

measured. GEANT simulations are used to determine
Rγ , the fractional increase in the photonic e± yield
caused by the converter (Rγ ≈ 2.3 in the 2006 p + p
run). Knowledge of ∆Ne and Rγ allows the photonic
e± yield to be determined and removed from the in-
clusive e± yield. Where NNC

γe is the photonic e± yield
with no converter present,

NNC
γe =

∆Ne

Rγ − 1
. (3)

The non-photonic e± yields measured using the cock-
tail and converter subtraction methods are consistent
with each other.

5. Total Charm Cross-Section

STAR determines the total charm cross-section, σcc̄,
for each collision system through a combined fit of
the D0, muon, and non-photonic e± measurements
described above (e.g. Figure 7a for 200-GeV Au
+ Au collisions) [39]. PHENIX determines the to-
tal charm cross-section from the measurement of the
non-photonic e± yield (e.g. Figure 7b for 200-GeV
p + p collisions) [43]. Figure 8a shows measurements
of the scaled total charm cross-section by STAR and
PHENIX for p + p [43], d + Au [36], and Au +
Au [41, 44] collisions (in different centrality bins) at√
sNN = 200 GeV. A preliminary STAR measure-

ment for Cu + Cu using only D0 reconstruction is also

shown [45]. The cross-section is divided by 〈Nbinary〉,
the average number of binary collisions for the given
collision system. Within each experiment, the charm
cross-section scales with the number of binary colli-
sions. This is a confirmation that charm is indeed pro-
duced through initial parton hard-scattering and that
charm production through other mechanisms (such as
thermal production in the QGP) is not significant.
Note that the cross-sections measured by STAR are
higher than those measured by PHENIX by a factor
of ∼2. This is still under investigation.

Due to the large quark masses, the hard-scattering
processes that produce heavy flavor can be calculated
using perturbative QCD [46]. The most advanced
perturbative calculation scheme is the Fixed-Order
plus Next-to-Leading-Log-resummed approximation,
or FONLL. A FONLL prediction for the charm cross-
section [47, 48] is shown as prediction (I) in Figure
8a. The PHENIX data are consistent with this pre-
diction; the STAR data are greater than the FONLL
prediction by a factor of ∼5 and sit well above the
upper uncertainty bound. However, the charm cross-
section predictions are sensitive to the number of ac-
tive flavors, the choice of scale, and the parton densi-
ties in the collision system. A new calculation by R.
Vogt [48] (prediction (II) in Figure 8a) indicates that
the uncertainties on the perturbative calculation may
be larger than previously thought. The total charm
cross-section measured by STAR is consistent with the
new perturbative calculation.

Figure 8b shows the ratios of the measured non-
photonic e± yields [36, 41, 43] to the FONLL predic-
tion as functions of pT for p+p collisions at

√
s = 200

GeV. The dashed horizontal lines indicate the ratio
of the measured cross-sections to the FONLL cross-
section. Figure 8b indicates that STAR’s disagree-
ment with PHENIX (by a factor of ∼2) and FONLL
(by a factor of ∼5) exists even at high pT . However,
the FONLL prediction does describe the shape of the
STAR and PHENIX non-photonic e± spectra well.

6. Medium Modification of Non-photonic
e
± Spectra

The cross-section discrepancy between PHENIX
and STAR cancels in the nuclear modification fac-
tor RAA, which is the scaled ratio of particle yields
(see definition above). Figure 9a shows RAA of non-
photonic e± for Au + Au collisions at

√
sNN = 200

GeV for both PHENIX [44] and STAR [41, 49]. RAA

is plotted as a function of 〈Npart〉, the average num-
ber of nucleons participating in collisions in a given
centrality bin. The most central collisions have the
highest values of 〈Npart〉. The PHENIX and STAR
RAA are consistent with each other across the range
of 〈Npart〉 shown. Plotted in shaded bands are the val-
ues of RAA measured by PHENIX for π0 [16] and by
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Figure 7: Measurements used in calculation of total charm cross-section. (a) STAR D0, muon, and e± spectra for 200-
GeV Au + Au collisions in various centrality bins. (b) PHENIX non-photonic e± spectrum for 200-GeV p + p collisions.
Also shown are pQCD predictions (FONLL) for the c- and b-decay contributions to the spectrum (see discussion below
and Figure 10).

Figure 8: Comparisons of RHIC measurements to FONLL predictions. (a) Total charm cross-section (scaled by
1/〈Nbinary〉) in different collision systems at

√
sNN = 200 GeV. Theoretical predictions are also shown. (b) Ratios

of non-photonic e± yields in central 200-GeV Au + Au collisions for STAR and PHENIX to FONLL prediction (I) in
central 200-GeV Au + Au collisions. STAR e± have been selected using measurements of energy-loss (dE/dx) in the
TPC or m2 in the TOF.

STAR for charged light-flavor hadrons [50]. The mea-
sured suppression of non-photonic e± is similar to the
suppression observed for light-flavor hadrons. This
was unexpected, as heavy quarks were expected to
lose less energy in the medium than light quarks. As
a result, non-photonic e± (proxies for heavy quarks)
would be suppressed less than light-flavor hadrons.

Figure 9b shows a comparison of the non-photonic
e± suppression measured by STAR and PHENIX to
several theoretical models of heavy-quark interactions
with a quark-gluon plasma. The data are from cen-
tral Au + Au collisions at

√
sNN = 200 GeV. In

d + Au collisions at this energy a ∼ 50% enhance-

ment of non-photonic e± is observed (data [41] not
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Figure 9: Nuclear modification factor (RAA) for non-photonic e± in Au + Au collisions at 200 GeV. (a) RAA vs. 〈Npart〉.
Also shown are light-flavor hadron RAA data. (b) RAA vs. pT for central collisions. The data are compared to theoretical
predictions.

shown). The enhancement is explained by the Cronin
effect (multiple scattering in normal nuclear matter).
Therefore, the strong non-phonic-e± suppression ob-
served in central Au + Au collisions does not appear
to be due to such cold nuclear matter effects. The
calculations that produce curves (I) and (II) include
only energy loss through gluon radiation; these calcu-
lations under-predict the suppression of non-photonic
e± [51, 52]. dNg/dy is the gluon density in the DGLV
model (curve (I)) and q̂ is the time-averaged transport
coefficient in the BDMPS model (curve (II)). These
parameters are related to the opacity of the QGP,
with higher values corresponding to a more opaque
medium. Light-hadron suppression data are used to
constrain the values of these parameters. The DGLV
model with dNg/dy ≈ 1000 and the BDMPS model
with q̂ ≈ 10 GeV2/fm describe the observed light-
hadron suppression well.

In addition to energy loss through gluon radiation,
partons can lose energy through collisions with other
partons in the medium. Calculations [13] indicate
that, for heavy quarks, collisional energy loss is as
important as radiative energy loss. Curve (III) is gen-
erated using the DGLV model (which produced curve
(I)) including both radiative and collisional energy
loss [53]. Curve (IV) is generated using the model
of van Hees et al. [54], which includes heavy-quark
energy loss through elastic collsions in the medium
and the formation of resonant D- and B-meson states
through quark coalescence. Curves (III) and (IV)
seem to describe the data better than curves (I) and

(II), which include only radiative energy loss, but still
tend to under-predict the observed suppression of non-
photonic e±, especially at high pT . The model of Adil
and Vitev [55] (curve (VI)) uses the fragmentation
of heavy quarks and the subsequent dissociation of
D- and B-meson states in the medium to explain the
suppression pattern of non-photonic e±. This model
does describe the observed suppression well.

Curves (I)-(IV) and (VI) were generated using
FONLL predictions [47] for the relative contributions
of c- and b- quark decays to the non-photonic e±

spectrum. Curve (V) is generated with the assump-
tion that only c-quark decays contribute to the non-
photonic e± spectrum and that the b-quark contribu-
tion is insignificant for the pT range shown [53]. Curve
(V) (which includes both radiative and collisional en-
ergy loss) is consistent with the measured suppression.
It is therefore important to disentangle the c and b
contributions and determine their relative strengths;
this will be discussed in the next section.

7. Electron-Hadron Azimuthal
Correlations

Figure 10 shows FONLL calculations of the D-
andD-meson-decay contributions to the non-photonic
electron cross-section as functions of pT [47]. The up-
per and lower limits result from the variation of model
parameters including quark masses and renormaliza-
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tion scales. The charm contribution is dominant at
low pT . The bottom contribution becomes larger than
the charm contribution around pT ∼ 5 GeV/c.

Figure 10: FONLL predictions for the contributions of D-
and B-meson decays to the mid-rapidity non-photonic e±

cross-section at
√

s = 200 GeV.

Figure 11: ∆φ for pairs of non-photonic e± and hadrons.
5.5 GeV/c < pT (e±) < 6.5 GeV/c and pT (h) > 0.3 GeV/c.
On the vertical axis is the number of charged tracks per
trigger e±.

To disentangle the charm and bottom contributions,
the STAR collaboration has studied azimuthal corre-
lations between non-photonic e± and hadrons. Fig-
ure 11 shows the difference in azimuthal angle (∆φ)
between non-photonic e± and hadrons in 200-GeV
proton-proton collisions for one pT bin [56]. Due to
decay kinematics, there will be an azimuthal corre-
lation between the leptons and hadrons produced in
heavy-flavor semi-leptonic decays. Due to the larger
B-meson mass, a B-meson can give more kinetic en-
ergy to its decay products than a D-meson, resulting
in a broader near-side (∆φ ∼ 0) correlation peak. The
expected charm and bottom contributions to this dis-
tribution are simulated with PYTHIA. Varying the
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Figure 12: Fractional contribution of B-meson decays to
the non-photonic e± spectrum at

√
s = 200 GeV.

quark fragmentation functions inside PYTHIA does
not significantly alter the shapes of the simulated ∆φ
distributions. The measured distribution is then fit
with a linear combination of the simulated charm and
bottom distributions to find their relative strengths.
B/(B +D), the fraction of the total non-photonic e±

cross-section due to B-meson decays, is plotted in Fig-
ure 12. The measurement of B/(B + D) through e-
h correlations [56] is consistent with FONLL predic-
tions. This is an indication that b-quark suppression
should be taken into account in describing the sup-
pression of non-photonic e± at moderate pT (see the
discussion in the previous section).

8. Conclusions

Measurements of jet quenching and elliptic flow sug-
gest that the state of matter created in a heavy-ion
collision at RHIC energies is a strongly coupled quark-
gluon plasma (sQGP) [21] and is a near-perfect liquid
[10]. PHENIX and STAR have calculated the total
charm cross-section σcc̄ for p + p, d + Au, Cu +
Cu, and Au + Au collisions at

√
sNN = 200 GeV

[36, 41, 43, 44, 45]. The cross-section scales with
the number of binary nucleon-nucleon collisions, an
indication that charm quarks are indeed produced
through initial parton hard-scattering. PHENIX and
STAR have measured the nuclear modification fac-
tor RAA for light-flavor hadrons [18] and for non-
photonic e±, which come predominantly from heavy-
flavor semileptonic decays [41, 43, 44]. The suppres-
sion of non-photonic e± in central Au + Au collisions
is greater than expected. It has been difficult for the-
oretical models [51, 52, 53, 54, 55] to describe the
suppression of light-flavor hadrons and non-photonic
e± simultaneously. Perturbative QCD calculations
(FONLL) [47] predict that the b-decay contribution
to the non-photonic e± becomes comparable to the
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c-decay contribution at pT ∼ 5 GeV/c. STAR mea-
sures the difference in azimuth angle φ for pairs of
non-photonic e± and hadrons [56]. This distribution
is fit with PYTHIA simulations of the expected c-
and b-decay contributions to determine their relative
strengths; these data are consistent with the FONLL
predictions.
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D
0–D

0 Mixing at BABAR

A. Seiden
Santa Cruz Institute for Particle Physics, University of California, Santa Cruz, CA, USA
Representing the BABAR Collaboration

The BABAR and Belle collaborations have recently found evidence for mixing within the D meson system. We
present some of the mixing search techniques used by BABAR and their status as of the beginning of the summer
2007. These have culminated in a measurement in the Kπ decay final state of the D that is inconsistent with
the no-mixing hypothesis with a significance of 3.9 standard deviations.

1. Introduction

Mixing among the lightest neutral mesons of each
flavor has traditionally provided important informa-
tion on the electroweak interactions, the CKM matrix,
and the possible virtual constituents that can lead to
mixing. Among the long-lived mesons, the D meson
system exhibits the smallest mixing phenomena. The
B-factories have now accumulated sufficient luminos-
ity to observe mixing in the D system and we can
expect to see more detailed results as more luminos-
ity is accumulated and additional channels sensitive to
mixing are analyzed. The B-factories produce about
1.3 million Charm events per fb−1 of integrated lumi-
nosity accumulated. The BABAR integrated luminos-
ity of about 384 fb−1 used for the evidence for mixing
result we will present corresponds to about 500 mil-
lion charm events produced. The present BABAR inte-
grated luminosity is approximately 500 fb−1. BABAR

is a high acceptance general-purpose detector provid-
ing excellent tracking, vertexing, particle ID, and neu-
trals detection. All of these capabilities are crucial for
making the difficult mixing measurement.

2. Mixing Measureables for the D

System

The propagation eigenstates, including the elec-
troweak interactions for the D mesons are given by:

|D1,2〉 = p
∣

∣D0
〉

± q
∣

∣D0
〉

, |p|2 + |q|2 = 1. (1)

Propagation parameters that determine the time-
evolution for the two states are given by:

Γ = 1
2 (Γ1+Γ2), ∆M = M1−M2, ∆Γ = (Γ1−Γ2);

(2)
with the observable oscillations determined by the
scaled parameters

x =
∆M

Γ
, y =

∆Γ

2Γ
. (3)

In the case of CP conservation the two D eigen-
states are the CP even and odd combinations. We

will choose D1 to be the CP even state. The sign
choice for the mass and width difference varies among
papers, we use the choice above.

Assuming CP conservation, small mixing parame-
ters, and an initial state tagged as a D0, we can write
the time dependence to first order in x and y:

D(t) =

(

D0 + D0(−y − ix)
Γ

2
t

)

e−(Γ/2+im)t. (4)

Projecting this onto a final state f gives to first order
the amplitude for finding f :

(

Af + Āf (−y − ix)
Γ

2
t

)

e−(Γ/2+im)t. (5)

This leads to a number of ways to measure the effect
of mixing, for example:

(1) Wrong sign semileptonic decays. Here Af is zero
and we measure directly the quantity, after integrating
over decay times:

RM = (x2 + y2)/2. (6)

Limits using this measurement, however, are not
yet sensitive enough to get down to the 10−4 level for
RM . Using 334 fb−1 of data, electron decays only,
and a double tag technique, BABAR measures RM =
0.4×10−4, with a 68% confidence interval (−5.6, 7.4)×
10−4[1].

(2) Cabibbo favored, right sign (RS) hadronic de-
cays (for example K−π+). These are used to measure
the average lifetime, with the correction from the term
involving x and y usually ignored (provides a correc-
tion of O(10−3)).

(3) Singly suppressed decays (for example K+K−

or π+π−). In this case tagging the initial state isn’t
necessary. For CP even final states: Af = Āf . This
provides the most direct way to measure y. With tag-
ging we can also check for CP violation, by looking at
the value of y for each tag type. BABAR will be updat-
ing this measurement with the full statistics later this
year. The initial BABAR measurement was based on
91 fb−1 and gave the result y = 0.8%, with statistical
and systematic errors each about 0.4% [2], measure-
ment [3].

http://arxiv.org/abs/0710.1211v1
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4) Doubly suppressed and mixed, wrong sign (WS)
decays (for example K+π−. Mixing leads to an ex-
ponential term multiplied by both a linear and a
quadratic term in t. The quadratic term has a uni-
versal form depending on RM . For any point in the
decay phase space the decay rate is given by

(

|Af |2 + |Af | |Āf | y ′Γt + |Āf |2RM

(Γt)2

2

)

e−Γt.

(7)
Here y ′ = y cos δ−x sin δ, where δ is a strong phase

difference between the Cabibbo favored and doubly
suppressed amplitudes. For the K+π− decay there is
just the one phase and the ratio of |Af |2 to |Āf |2 is
defined to be RD. For multibody decays the strong
phase varies over the phase space and the term pro-
portional to t will involve a sum with different phases
if we add all events in a given channel.

BABAR has analyzed the decay channel K+π−π0,
with a mass cut that selects mostly K+ρ− decays,
the largest channel for the Cabibbo allowed ampli-
tude arising from mixing. Based on 230 fb−1, BABAR

measures [4]

αy ′ = (−1.2+0.6
−0.8 ± 0.2)%

RM = (0.023+0.18
−0.13 ± 0.004)%. (8)

The parameter α allows for the phase variation over
the region summed over. A fit to the full Dalitz plot
would allow more events to be used in the mixing
study. This, however, requires a model for all the
resonant and smooth components that contribute to
the given channel, which may introduce uncertainties.
BABAR is working on such a fit, which will be based
on approximately 1500 signal events.

Another important 3-body channel is the Ksπ
+π−

decay channel. Analysis of this channel was pioneered
by CLEO [5]. It contains: CP-even, CP-odd, and
mixed-CP resonances. Now one must correctly model
the relative amounts of CP-odd and CP-even contri-
butions (including smooth components) to get the cor-
rect lifetime difference. This channel also provides the
possibility to directly measure x. BABAR is working on
this channel; Belle has published their results [6].

In the Standard Model y and x are mainly due
to long-distance effects. They may be comparable in
value but this depends on physics that is difficult to
model. Long-distance effects control how complete the
SU(3) cancellation is, which would make both param-
eters vanish in the symmetry limit. The exact values
therefore depends on SU(3) violations in matrix ele-
ments and phase space. Also, the sign of x/y provides
an important measurement. One might expect the x
and y parameters to be in the range O(10−3 to 10−2).
Thus the present data are consistent with the Stan-
dard Model. Searches for CP violation are important
goals of the B-factories, since observation at a non-
negligible level would signify new physics.

We will turn now to the strongest evidence for D-
mixing from BABAR, using the Kπ final state. This
result has recently been published [7].

3. Analysis of the Kπ channel

We study the right-sign (RS), Cabibbo-favored
(CF) decay D0 → K−π+ [8] and the wrong-sign
(WS) decay D0 → K+π−. The latter can be pro-
duced via the doubly Cabibbo-suppressed (DCS) de-
cay D0 → K+π− or via mixing followed by a CF decay
D0 → D0 → K+π−. The DCS decay has a small rate
RD of order tan4 θC ≈ 0.3% relative to the CF decay
with θC the Cabibbo angle. We tag the D0 at pro-
duction using the decay D∗+ → π+

s D0 where the π+
s

is referred to as the “slow pion”. In RS decays the π+
s

and kaon have opposite charges, while in WS decays
the charges are the same. The time dependence of the
WS decay rate is used to separate the contributions
of DCS decays from D0-D0 mixing.

We study both CP -conserving and CP -violating
cases. For the CP -conserving case, we fit for the pa-

rameters RD, x′2, and y′. To search for CP violation,
we apply Eq. (7) to the D0 and D0 samples separately,

fitting for the parameters {R±

D, x′2±, y′±} for D0 (+)

decays and D0 (−) decays.
We select D0 candidates by pairing oppositely-

charged tracks with a K∓π± invariant mass mKπ be-
tween 1.81 and 1.92 GeV/c2. We require the π+

s to
have a momentum in the laboratory frame greater
than 0.1 GeV/c and in the e+e− center-of-mass (CM)
frame below 0.45 GeV/c.

To obtain the proper decay time t and its error σt

for each D0 candidate, we refit the K∓ and π± tracks,
constraining them to originate from a common vertex.
We also require the D0 and π+

s to originate from a
common vertex, constrained by the position and size
of the e+e− interaction region. The vertical RMS
size of each beam is typically 6 µm. We require the
χ2 probability of the vertex-constrained combined fit
P (χ2) to be at least 0.1%, and the mKππs

−mKπ mass
difference ∆m to satisfy 0.14 < ∆m < 0.16 GeV/c2.

To remove D0 candidates from B-meson decays and
to reduce combinatorial backgrounds, we require each
D0 to have a momentum in the CM frame greater
than 2.5 GeV/c. We require −2 < t < 4 ps and
σt < 0.5 ps (the most probable value of σt for signal
events is 0.16 ps). For D∗+ candidates sharing one or
more tracks with other D∗+ candidates, we retain only
the candidate with the highest P (χ2). After applying
all criteria, we keep approximately 1,229,000 RS and
64,000 WS D0 and D0 candidates.

The mixing parameters are determined in an un-
binned, extended maximum-likelihood fit to the RS
and WS data samples over the four observables mKπ,
∆m, t, and σt. The fit is performed in several stages.
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First, RS and WS signal and background shape pa-
rameters are determined from a fit to mKπ and ∆m,
and are not varied in subsequent fits. Next, the D0

proper-time resolution function and lifetime are deter-
mined in a fit to the RS data using mKπ and ∆m to
separate the signal and background components. We
fit to the WS data sample using three different mod-
els. The first model assumes both CP conservation
and the absence of mixing. The second model allows
for mixing, but assumes no CP violation. The third
model allows for both mixing and CP violation.

The RS and WS {mKπ, ∆m} distributions are de-
scribed by four components: signal, random π+

s , mis-
reconstructed D0 and combinatorial background. The
signal component has a characteristic peak in both
mKπ and ∆m. The random π+

s component models re-
constructed D0 decays combined with a random slow
pion and has the same shape in mKπ as signal events,
but does not peak in ∆m. Misreconstructed D0 events
have one or more of the D0 decay products either not
reconstructed or reconstructed with the wrong parti-
cle hypothesis. They peak in ∆m, but not in mKπ.
For RS events, most of these are semileptonic D0 de-
cays. For WS events, the main contribution is RS
D0 → K−π+ decays where the K− and the π+ are
misidentified as π− and K+, respectively. Combinato-
rial background events are those not described by the
above components; they do not exhibit any peaking
structure in mKπ or ∆m.

The functional forms of the probability density
functions (PDFs) for the signal and background com-
ponents are chosen based on studies of Monte Carlo
(MC) samples. However, all parameters are deter-
mined from two-dimensional likelihood fits to data
over the full mKπ and ∆m region.

We fit the RS and WS data samples simultane-
ously with shape parameters describing the signal and
random π+

s components shared between the two data
samples. We find 1, 141, 500± 1, 200 RS signal events
and 4, 030 ± 90 WS signal events. The dominant
background component is the random π+

s background.
Projections of the WS data and fit are shown in Fig. 1.
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Figure 1: a) mKπ for wrong-sign (WS) candidates with
0.1445 < ∆m < 0.1465 GeV/c2, and b) ∆m for WS candi-
dates with 1.843 < mKπ < 1.883 GeV/c2. The fitted PDFs
are overlaid.

The measured proper-time distribution for the RS
signal is described by an exponential function con-
volved with a resolution function whose parameters
are determined by the fit to the data. The resolution
function is the sum of three Gaussians with widths
proportional to the estimated event-by-event proper-
time uncertainty σt. The random π+

s background is
described by the same proper-time distribution as sig-
nal events, since the slow pion has little weight in the
vertex fit. The proper-time distribution of the com-
binatorial background is described by a sum of two
Gaussians, one of which has a power-law tail to ac-
count for a small long-lived component. The combi-
natorial background and real D0 decays have differ-
ent σt distributions, as determined from data using a
background-subtraction technique based on the fit to
mKπ and ∆m.

The fit to the RS proper-time distribution is per-
formed over all events in the full mKπ and ∆m re-
gion. The PDFs for signal and background in mKπ

and ∆m are used in the proper-time fit with all pa-
rameters fixed to their previously determined values.
The fitted D0 lifetime is found to be consistent with
the world-average lifetime [9].

The measured proper-time distribution for the WS
signal is modeled by Eq. (7) convolved with the res-
olution function determined in the RS proper-time
fit. The random π+

s and misreconstructed D0 back-
grounds are described by the RS signal proper-time
distribution since they are real D0 decays. The
proper-time distribution for WS data is shown in
Fig. 2. The fit results with and without mixing are
shown as the overlaid curves.

The fit with mixing provides a substantially bet-
ter description of the data than the fit with no mix-
ing. The significance of the mixing signal is evaluated
based on the change in negative log likelihood with
respect to the minimum. Figure 3 shows confidence-
level (CL) contours calculated from the change in log

likelihood (−2∆ lnL) in two dimensions (x′2 and y′)
with systematic uncertainties included. The likeli-

hood maximum is at the unphysical value of x′2 =
−2.2 × 10−4 and y′ = 9.7 × 10−3. The value of
−2∆ lnL at the most likely point in the physically al-
lowed region (x′2 = 0 and y′ = 6.4×10−3) is 0.7 units.
The value of −2∆ lnL for no-mixing is 23.9 units. In-
cluding the systematic uncertainties, this corresponds
to a significance equivalent to 3.9 standard deviations
(1−CL = 1× 10−4) and thus constitutes evidence for
mixing. The fitted values of the mixing parameters
and RD are listed in Table I. The correlation coeffi-
cient between the x′2 and y′ parameters is −0.94.

Allowing for the possibility of CP violation, we

calculate the values of RD =
√

R+
DR−

D and AD =

(R+
D −R−

D)/(R+
D + R−

D) listed in Table I, from the fit-

ted R±

D values. The best fit points (x′2±, y′±) shown in
Table I are more than three standard deviations away
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Figure 2: a) Projections of the proper-time distribution of
combined D0 and D0 WS candidates and fit result inte-
grated over the signal region 1.843 < mKπ < 1.883 GeV/c2

and 0.1445 < ∆m < 0.1465 GeV/c2. The result of the fit
allowing (not allowing) mixing but not CP violation is
overlaid as a solid (dashed) curve. b) The points repre-
sent the difference between the data and the no-mixing
fit. The solid curve shows the difference between fits with
and without mixing.
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Figure 3: The central value (point) and confidence-level
(CL) contours for 1 − CL = 0.317 (1σ), 4.55 × 10−2 (2σ),
2.70 × 10−3 (3σ), 6.33 × 10−5 (4σ) and 5.73 × 10−7 (5σ),
calculated from the change in the value of −2 lnL com-
pared with its value at the minimum. Systematic uncer-
tainties are included. The no-mixing point is shown as a
plus sign (+).

from the no-mixing hypothesis. The shapes of the

(x′2±, y′±) CL contours are similar to those shown in
Fig. 3. All cross checks indicate that the close agree-
ment between the separate D0 and D0 fit results is
coincidental.

As a cross-check of the mixing signal, we perform
independent {mKπ, ∆m} fits with no shared param-
eters for intervals in proper time selected to have ap-

Table I Results from the different fits. The first uncer-
tainty listed is statistical and the second systematic.

Fit type Parameter Fit Results (/10−3)
No CP viol. or mixing RD 3.53 ±0.08 ± 0.04

No CP

violation

RD 3.03 ±0.16 ± 0.10

x′2
−0.22 ±0.30 ± 0.21

y′ 9.7 ± 4.4 ± 3.1

CP

violation
allowed

RD 3.03 ±0.16 ± 0.10
AD −21 ± 52 ± 15

x′2+
−0.24 ±0.43 ± 0.30

y′+ 9.8 ± 6.4 ± 4.5

x′2−
−0.20 ±0.41 ± 0.29

y′− 9.6 ± 6.1 ± 4.3

proximately equal numbers of RS candidates. The
fitted WS branching fractions are shown in Fig. 4 and
are seen to increase with time. The slope is consistent
with the measured mixing parameters and inconsis-
tent with the no-mixing hypothesis.

t (ps)
-2 -1 0 1 2

 (
%

)
W

S
R

0.3

0.35

0.4

0.45

Figure 4: The WS branching fractions from indepen-
dent {mKπ , ∆m} fits to slices in measured proper time
(points). The dashed line shows the expected wrong-sign
rate as determined from the mixing fit shown in Fig. 2.
The χ2 with respect to expectation from the mixing fit is
1.5; for the no-mixing hypothesis (a constant WS rate),
the χ2 is 24.0.

We validated the fitting procedure on simulated
data samples using both MC samples with the full
detector simulation and large parametrized MC sam-
ples. In all cases we found the fit to be unbiased. As
a further cross-check, we performed a fit to the RS
data proper-time distribution allowing for mixing in
the signal component; the fitted values of the mixing
parameters are consistent with no mixing.

In evaluating systematic uncertainties in RD and
the mixing parameters we considered variations in the
fit model and in the selection criteria. We also consid-
ered alternative forms of the mKπ, ∆m, proper time,
and σt PDFs. We varied the t and σt requirements. In
addition, we considered variations that keep or reject
all D∗+ candidates sharing tracks with other candi-
dates.
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For each source of systematic error, we compute the

significance s2
i = 2t

[

lnL(x′2, y′) − lnL(x′2
i , y

′

i)
]

/2.3,

where (x′2, y′) are the parameters obtained from the

standard fit, (x′2
i , y

′

i) the parameters from the fit in-
cluding the ith systematic variation, and L the like-
lihood of the standard fit. The factor 2.3 is the 68%
confidence level for 2 degrees of freedom. To estimate

the significance of our results in (x′2, y′), we reduce
−2∆ lnL by a factor of 1 + Σs2

i = 1.3 to account for
systematic errors. The largest contribution to this fac-
tor, 0.06, is due to uncertainty in modeling the long
decay time component from other D decays in the sig-
nal region. The second largest component, 0.05, is due
to the presence of a non-zero mean in the proper time
signal resolution PDF. The mean value is determined
in the RS proper time fit to be 3.6 fs and is due to small
misalignments in the detector. The error of 15× 10−3

on AD is primarily due to uncertainties in modeling
the differences between K+ and K− absorption in the
detector.

In conclusion we summarize the BABAR evidence
for D0-D0 mixing. Our result is inconsistent with
the no-mixing hypothesis at a significance of 3.9 stan-
dard deviations. We measure y′ = [9.7± 4.4 (stat.) ±
3.1 (syst.)] × 10−3, while x′2 is consistent with zero.

We find no evidence for CP violation and measure RD

to be [0.303± 0.016 (stat.) ± 0.010 (syst.)]%. The re-
sult is consistent with Standard Model estimates for
mixing.
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D
0 Mixing at Belle

L. M. Zhang (on behalf of the Belle Collaboration)
Syracuse University, Syracuse, New York 13244, USA

We report the recent two results of D
0-D 0 mixing studies at Belle in D

0
→ K

+
K

−
/π

+
π
− and D

0
→ K

0
S
π

+
π
−

decays. The former measures the relative difference of the lifetimes yCP , giving the evidence of D
0-D 0 mixing;

the latter measures the D
0 mixing parameters x and y.

1. Introduction

Mixing phenomenon, i.e. the oscillation of a neutral
meson into its corresponding anti-meson as a function
of time, has been observed in the K0, B0, and most
recently B0

s systems. This process is also possible in
the D-meson system, but has not previously been ob-
served.

Mixing in heavy flavor systems such as that of B0

and B0
s is governed by the short-distance box dia-

gram. However, in the D0 system this diagram is both
GIM-suppressed and doubly-Cabibbo-suppressed rel-
ative to the amplitude dominating the decay width,
and thus the short-distance rate is very small. Conse-
quently, D0-D 0 mixing is expected to be dominated
by long-distance processes that are difficult to calcu-
late; theoretical estimates for the mixing parameters
x = (m1−m2)/Γ and y = (Γ1−Γ2)/2Γ range over two-
three orders of magnitude [1]. Here, m1, m2 (Γ1, Γ2)
are the masses (decay widths) of the mass eigenstates
|D1,2〉 = p|D0〉 ± q|D 0〉, and Γ = (Γ1 + Γ2)/2. The
parameters p and q are complex coefficients satisfying
|p|2 + |q|2 = 1.

The general experimental method identifies the fla-
vor of the neutral D meson when produced by recon-
structing the decay D∗+ → D0π+ or D∗− → D 0π−

[2]; the charge of the accompanying pion identifies the
D flavor. Because the energy release in D∗ decays is
only ∼ 6 MeV, the background is largely suppressed.
The D0 decay time (t) is calculated via (l/p) × mD0 ,
where l is the distance between the D∗ and D0 de-
cay vertices and p is the D0 momentum. The D∗

vertex position is taken to be the intersection of the
D0 momentum with the beamspot profile. To reject
D(∗) decays originating from B decays, one requires
pD∗ > 2.5 GeV, which is the kinematic endpoint.

2. CP -eigenstates K
+

K
− and π

+
π

−

We have studied the decays to CP eigenstates D0→
K+K−and D0 → π+π−; treating the decay-time dis-
tributions as exponential, we measured the quantity

yCP =
τK−π+

τK+K−

− 1, (1)

where τK−π+ and τK+K− are the lifetimes of D0 →
K−π+ and D0 →K+K−(or D0 → π+π−) decays. It
can be shown that yCP = y cosφ − 1

2AMx sin φ [3],
where AM parameterizes CPV in mixing and φ is a
weak phase. If CP is conserved, AM = φ = 0 and
yCP = y. This method has been used by numerous
experiments to constrain yCP [4]. Our measurement,
based on 540 fb−1 data, yields a nonzero value of yCP

with > 3σ significance [5]. We also searched for CPV
by measuring the quantity

AΓ =
τ(D 0 → K−K+) − τ(D0 → K+K−)

τ(D 0 → K−K+) + τ(D0→K+K−)
; (2)

this observable equals AΓ = 1
2AMy cosφ − x sin φ [3].

We reconstruct D∗+ → D0π+
s decays and D0 →

K+K−, K−π+, and π+π−. Candidate D0 mesons are
selected using two kinematic observables: the invari-
ant mass of the D0 decay products, M , and the energy
release in the D∗+ decay, Q = (MD∗ − M − mπ+)c2.
According to Monte Carlo (MC) simulated distribu-
tions of t, M and Q, background events fall into four
categories: (1) combinatorial, with zero apparent life-
time; (2) true D0 mesons combined with random slow
pions (this has the same apparent lifetime as the sig-
nal) (3) D0 decays to three or more particles, and (4)
other charm hadron decays. The apparent lifetime of
the latter two categories is 10-30% larger than τD0 .

For the lifetime measurements, we select the events
satisfying |∆M |/σM < 2.3, |Q − 5.9 MeV| < 0.80
MeV and σt < 370 fs, where ∆M ≡ M − mD0 , and
σt is the decay time uncertainties calculated event-
by-event. The invariant mass resolution σM varies
from 5.5-6.8 MeV/c2, depending on the decay chan-
nel. The selection criteria are chosen to minimize the
expected statistical error on yCP using the MC. We
find 111× 103 K+K−, 1.22× 106 K−π+ and 49× 103

π+π− signal events, with purities of 98%, 99% and
92% respectively.

The relative lifetime difference yCP is determined
by performing a simultaneous binned maximum like-
lihood fit to the D0 → K+K−, D0 → K+π−, D0 →
π+π−decay time distributions. Each distribution is
assumed to be a sum of signal and background con-
tributions, with the signal contribution being a con-
volution of an exponential and a detector resolution

http://arxiv.org/abs/0711.0785v1
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function,

dN/dt =
Nsig

τ

∫

e−t′τ · R(t − t′) dt′ + B(t). (3)

The resolution function R(t−t′) is constructed from
the normalized distribution of the decay time uncer-
tainties σt. The σt of a reconstructed event ideally
represents an uncertainty with a Gaussian probabil-
ity density: in this case, bin i in the σt distribution
is taken to correspond to a Gaussian resolution term
of width σi, with a weight given by the fraction fi

of events in that bin. However, the distribution of
“pulls”, i.e. the normalized residuals (trec − tgen)/σt

(where trec and tgen are reconstructed and generated
decay times), is not well-described by a Gaussian. We
found that this distribution can be fitted with a sum
of three Gaussians of different widths σpull

k and frac-
tions wk, constrained to the same mean. Therefore,
we choose the parameterization

R(t − t′) =
n

∑

i=1

fi

3
∑

i=1

wkG(t − t′; σik, t0), (4)

with σik = skσpull
k σi, where the sk are three scale fac-

tors introduced to account for differences between the
simulated and real σpull

k , and t0 allows for a (common)
offset of the Gaussian terms from zero.

The background B(t) is parameterized assuming
two lifetime components: an exponential and a δ func-
tion, each convolved with corresponding resolution
functions as parameterized by Eq. (4). Separate B(t)
parameters for each final state are determined by fits
to the t distributions of events in M sidebands. The
MC is used to select the sideband region that best re-
produces the timing distribution of background events
in the signal region.

Fitting the K−π+, K+K−, and π+π− decay time
distributions (Figs. 1(a)-(c)) shows a statistically sig-
nificant difference between the K−π+ and h+h− life-
times. The effect is visible in Fig. 1d, which plots
the ratio of event yields N

h+h−
/NKπ as a function of

decay time. The fitted lifetime of D0 meson in the
K−π+ final states is 408.7 ± 0.6 fs, which is consis-
tent with the PDG value [6] (and actually has greater
statistical precision). We measure

yCP = (1.31 ± 0.32 ± 0.25)% , (5)

which deviates from zero by 3.2σ. The systematic
error is dominated by uncertainty in the background
decay time distribution, variation of selection criteria,
and the assumption that t0 is equal for all three final
states. The analysis also measures

AΓ = (0.01 ± 0.30 ± 0.15)% , (6)

which is consistent with zero (no CPV ). The sources
of systematic error for AΓ are similar to those for yCP.
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Figure 1: Projections of the decay-time fit superimposed
on the data for D0

→ K+K−, D0
→ K−π+, and D0

→

π+π− decays. The hatched area represents the back-
ground contribution. Plot (d) shows the ratio of decay-
time distributions for D0

→ (K+K− + π+π−) and D0
→

K−π+; the solid line is a fit to the points.

3. Dalitz Plot Analysis of D
0
→K

0
S

π
+

π
−

The time dependence of the Dalitz plot for D0 →
K0

S π+π− decays is sensitive to mixing parameters x
and y without ambiguity due to strong phases. For
a particular point in the Dalitz plot (m2

+, m2
−

), where
m+ ≡ m(K0

S π+) and m
−

≡ m(K0
S π−), the overall

decay amplitude is

AD0(m2
+, m2

−
)

e1(t) + e2(t)

2
+

(

q

p

)

A
D 0(m

2
+, m2

−
)

e1(t) − e2(t)

2
, (7)

where e(1,2)(t) = e−(im1,2+Γ1,2/2)t. The first term

represents the (time-dependent) amplitude for D0 →
K0

S π+π−, and the second term represents the ampli-

tude for D0→D 0→K0
S π+π−. Taking the modulus

squared of Eq. (7) gives the decay rate or, equiva-
lently, the density of points ρ(m2

+, m2
−

; t). The result
contains terms proportional to cosh(y Γt), cos(xΓt),
and sin(xΓt), and thus fitting the time-dependence of
ρ(m2

+, m2
−

; t) determines x and y. This method was
developed by CLEO [7].

To use Eq. (7) requires choosing a model for the
decay amplitudes A

D0,D 0
(m2

+, m2
−
). This is usually

taken to be the “isobar model” [8], and thus, in ad-
dition to x and y, one also fits for the magnitudes
and phases of various intermediate states. Specifi-
cally, A

D0(m2
+, m2

−
) =

∑

j aj eiδ
j Aj , where δj is a
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strong phase, Aj is the product of a relativistic Breit-
Wigner function and Blatt-Weiskopf form factors, and
the parameter j runs over all intermediate states. This
sum includes possible scalar resonances and, typically,
a constant non-resonant term. For no direct CPV ,
A

D 0
(m2

+, m2
−

) = A
D0(m2

−
, m2

+); otherwise, one must

consider separate decay parameters (aj , δj) for D0 de-

cays and (āj , δ̄j) for D 0 decays.

We have fit a large D0→K0
S π+π− sample selected

from 540 fb−1 of data [9]. The analysis proceeds in
two steps. First, signal and background yields are
determined from a two-dimensional fit to variables
M(Kππ) and Q = M(πsKππ) − M(Kππ) − mπ+ .
Within a signal region |M(Kππ)−m

D0 |<15 MeV/c2

and |Q− 5.9 MeV|<1.0 MeV (corresponding to 3σ in
resolution), there are 534 000 signal candidates with
95% purity. These events are fit for x and y; the
(unbinned ML) fit variables are m2

+, m2
−

, and the
decay time t. Most of the background is combina-
toric, i.e., the D0 candidate results from a random
combination of tracks. The decay-time distribution
of this background is modeled as the sum of a delta
function and an exponential function convolved with
a Gaussian resolution function, and all parameters
are determined from fitting events in the sideband
30 MeV/c2 < |M(Kππ) − mD0 | < 55 MeV/c2.

The results from two separate fits are listed in Ta-
ble I. In the first fit CP conservation is assumed, i.e.,
q/p=1 and A

D 0
(m2

+, m2
−

) = A
D0(m2

−
, m2

+). The free

parameters are x, y, τ
D0 , some timing resolution func-

tion parameters, and decay model parameters (ar, δr).
The results for the latter are listed in Table II. The
results for x and y indicate that x is positive, about 2σ
from zero. Projections of the fit are shown in Fig. 2.
The fit also yields τD = (409.9 ± 1.0) fs, which is
consistent with the PDG value [6] (and actually has
greater statistical precision).

Table I Fit results and 95% C.L. intervals for x and y,
from analysis of D0

→ K0
S π+π− decays. The errors are

statistical, experimental systematic, and decay-model sys-
tematic, respectively.

Fit Param. Result 95% C.L. inter.

No x (%) 0.80 ± 0.29 +0.09 +0.10

−0.07 −0.14 (0.0, 1.6)

CPV y (%) 0.33 ± 0.24 +0.08 +0.06

−0.12 −0.08 (−0.34, 0.96)

CPV x (%) 0.81 ± 0.30 +0.10 +0.09

−0.07 −0.16 |x| < 1.6

y (%) 0.37 ± 0.25 +0.07 +0.07

−0.13 −0.08 |y| < 1.04

|q/p| 0.86 +0.30 +0.06

−0.29 −0.03 ± 0.08 −

φ (◦) −14 +16 +5+2

−18−3−4 −

For the second fit, CPV is allowed and the D0

and D 0 samples are considered separately. This in-
troduces additional parameters |q/p|, Arg(q/p) = φ,
and (āj , δ̄j). The fit gives two equivalent solutions,
(x, y, φ) and (−x,−y, φ + π). Aside from this pos-

Table II Fit results for D0
→ K0

S π+π− Dalitz
plot parameters. The errors are statistical
only. The fit fraction is defined as the ratio
of the integral

∫

|ar Ar(m
2
− , m2

+)|2 dm2
− dm2

+ to
∫

|
∑

n

r=1
ar eiδ

rAr(m
2
− , m2

+)|2 dm2
− dm2

+.

Resonance Amplitude Phase (deg) Fit fraction

K∗(892)− 1.629 ± 0.006 134.3 ± 0.3 0.6227

K∗
0 (1430)− 2.12 ± 0.02 −0.9 ± 0.8 0.0724

K∗
2 (1430)− 0.87 ± 0.02 −47.3 ± 1.2 0.0133

K∗(1410)− 0.65 ± 0.03 111 ± 4 0.0048

K∗(1680)− 0.60 ± 0.25 147 ± 29 0.0002

K∗(892)+ 0.152 ± 0.003 −37.5 ± 1.3 0.0054

K∗
0 (1430)+ 0.541 ± 0.019 91.8 ± 2.1 0.0047

K∗
2 (1430)+ 0.276 ± 0.013 −106 ± 3 0.0013

K∗(1410)+ 0.33 ± 0.02 −102 ± 4 0.0013

K∗(1680)+ 0.73 ± 0.16 103 ± 11 0.0004

ρ(770) 1 (fixed) 0 (fixed) 0.2111

ω(782) 0.0380 ± 0.0007 115.1 ± 1.1 0.0063

f0(980) 0.380 ± 0.004 −147.1 ± 1.1 0.0452

f0(1370) 1.46 ± 0.05 98.6 ± 1.8 0.0162

f2(1270) 1.43 ± 0.02 −13.6 ± 1.2 0.0180

ρ(1450) 0.72 ± 0.04 41 ± 7 0.0024

σ1 1.39 ± 0.02 −146.6 ± 0.9 0.0914

σ2 0.267 ± 0.013 −157 ± 3 0.0088

NR 2.36 ± 0.07 155 ± 2 0.0615
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Figure 2: Projection of the unbinned ML fit superimposed
on the data for D0

→K0
S π+π− decays. In (d), the hatched

area represents the combinatorial background contribu-
tion, and the lower plot shows the ratio of decay-time
distributions for events in the K∗(892)+ and K∗(892)−

regions, where sensitivity to (x, y) is highest.
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sible sign change, the effect upon x and y is small,
and the results for |q/p| and φ are consistent with
no CPV . The sets of Dalitz parameters (ar, δr) and
(ār, δ̄r) are consistent with each other, indicating no
direct CPV . Taking aj = āj and δj = δ̄j (i.e., no direct

CPV ) and repeating the fit gives |q/p| = 0.95 +0.22
−0.20

and φ = (−2 +10
−11)

◦.
The dominant systematic errors are from the time

dependence of the Dalitz plot background, and the
effect of the pD∗ momentum cut used to reject D∗’s
originating from B decays. The default fit includes ππ
scalar resonances σ1 and σ2; when evaluating system-
atic errors, the fit is repeated without any ππ scalar
resonances using K-matrix formalism [10]. The influ-
ence upon x and y is small and included as a system-
atic error.

The 95% C.L. contour for (x, y) is plotted in Fig. 3.
The contour is obtained from the locus of points where
−2 lnL rises by 5.99 units from the minimum value;
the distance of the points from the origin is subse-
quently rescaled to include systematic uncertainty.
We note that for the CPV -allowed case, the reflec-
tions of the contours through the origin are also al-
lowed regions.

x (%)

y 
(%

)

no CPV (stat. only)
no CPV
CPV (stat. only)
CPV

-1

0

1

2

-1 0 1 2

Figure 3: 95% C.L. contours for (x, y): dotted (solid)
is statistical (statistical plus systematic) contour for no
CPV ; dashed-dotted (dashed) is statistical (statistical
plus systematic) contour allowing for CPV . The point
is the best-fit value for no CPV .
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Measurement of the Strong Phase in D
0

→ K
+
π

− Using Quantum
Correlations

W. M. Sun (for the CLEO Collaboration)
Laboratory for Elementary-Particle Physics, Cornell University, Ithaca, NY 14853, USA

We exploit the quantum coherence between pair-produced D0 and D̄0 in ψ(3770) decays to study charm mixing
and to make a first measurement of the relative strong phase δ between D0 → K+π− and D̄0 → K+π−. Using
281 pb−1 of e+e− collision data collected with the CLEO-c detector at Ecm = 3.77 GeV, as well as branching
fraction input from other experiments, we make a preliminary determination of cos δ = 1.03 ± 0.19 ± 0.08,
where the uncertainties are statistical and systematic, respectively. By further including other external mixing
parameter measurements, we obtain an alternate measurement of cos δ = 0.93±0.32±0.04, where the systematic
uncertainty from assuming x sin δ = 0 has not been included.

1. Introduction

Recent measurements of D0-D̄0 mixing parame-
ters [1, 2, 3, 4] highlight the need for information on
the relative phase between the Cabibbo favored de-
cay D0 → K−π+ and the doubly Cabibbo suppressed
decay D̄0 → K−π+. Here, we present a measure-
ment that takes advantage of the correlated produc-
tion of D0 and D̄0 mesons in e+e− collisions. If there
are no accompanying particles, the D0D̄0 pair is in
a quantum-coherent C = −1 state. Because the ini-
tial state (the virtual photon) has JPC = 1−−, there
follows a set of selection rules for the decays of the
D0 and D̄0 [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15]. For
example, both D0 and D̄0 cannot decay to CP eigen-
states with the same eigenvalue. On the other hand,
decays to CP eigenstates of opposite eigenvalue are
enhanced by a factor of two. More generally, final
states that can be reached by both D0 and D̄0 (such
as K−π+) are subject to similar interference effects.
As a result, the effectiveD0 branching fractions in this
D0D̄0 system differ from those measured in isolated
D0 mesons. Moreover, using time-independent rate
measurements, it becomes possible to probe D0-D̄0

mixing as well as the relative strong phases between
D0 and D̄0 decay amplitudes to any given final state.

In the Standard Model, D0-D̄0 mixing is suppressed
both by the GIM mechanism and by CKM matrix
elements, although sizeable mixing could arise from
new physics [14]. Charm mixing is conventionally de-
scribed by two small dimensionless parameters:

x = 2
M2 −M1

Γ2 + Γ1
(1)

y =
Γ2 − Γ1

Γ2 + Γ1
, (2)

where M1,2 and Γ1,2 are the masses and widths, re-
spectively, of the neutral D meson CP eigenstates,
D1 (CP -odd) and D2 (CP -even), which are defined

as follows:

|D1〉 ≡
|D0〉 + |D̄0〉√

2
(3)

|D2〉 ≡
|D0〉 − |D̄0〉√

2
, (4)

assuming CP conservation. The mixing probability is
then denoted by RM ≡ (x2 + y2)/2, and the width of
the D0 and D̄0 flavor eigenstates is Γ ≡ (Γ1 + Γ2)/2.

Many previous searches for charm mixing have fo-
cused on D0 decay times. Direct measurements of
y come from comparing lifetimes in D0 → K+K−

and π+π− decay to that in D0 → K−π+. An in-
direct measure of y is provided by the “wrong-sign”
process D0 → K+π−, where interference between
the doubly-Cabibbo-suppressed (DCS) amplitude and
the mixing amplitude manifests itself in the appar-
ent D0 lifetime. These analyses are sensitive to y′ ≡
y cos δ−x sin δ, where −δ is the phase of the amplitude
ratio 〈K+π−|D0〉/〈K+π−|D̄0〉. Below, we also denote
the magnitude of this ratio by r, which is measured to
be approximately 0.06. Because δ has not previously
been measured, the separate determinations of y and
y′ above have not been directly comparable.

In this note, we present an implementation of the
method described in Ref. [16] for measuring y and
cos δ using quantum correlations at the ψ(3770) res-
onance. Our experimental technique is an extension
of the double tagging method previously used to de-
termine absolute hadronic D-meson branching frac-
tions at CLEO-c [17]. This method combines yields
of fully-reconstructed single tags (ST), which are in-
dividually reconstructed D0 or D̄0 candidates, with
yields of double tags (DT), which are events where
both D0 and D̄0 are reconstructed, to give absolute
branching fractions without needing to know the lu-
minosity or D0D̄0 production cross section. Given a
set of input yields, efficiencies, and background esti-
mates, a least-squares fitter [18] extracts the number
of D0D̄0 pairs produced (N ) and the branching frac-
tions (B) of the reconstructed D0 final states, while
accounting for all statistical and systematic uncertain-

http://arxiv.org/abs/0712.0498v1
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ties and their correlations. We employ a modified ver-
sion of this fitter that also determines y, x2, r2, and
r cos δ using the following categories of reconstructed
final states: D → K∓π±, CP -even (S+) and CP -odd
(S−) eigenstates, and semileptonic decays (e±). For
optimal precision on δ, we also incorporate measure-
ments of branching fractions and mixing parameters
from other CLEO-c analyses or from external sources.
CP violation in D and K decays are negligible second
order effects that we ignore.

2. Formalism

To first order in x and y, the C-odd width
ΓD0D̄0(i, j) for D0D̄0 decay to final state i/j follows
from the anti-symmetric amplitude Mij :

ΓD0D̄0(i, j) ∝ M2
ij =

∣

∣AiĀj − ĀiAj

∣

∣

2

= |〈i|D2〉〈j|D1〉 − 〈i|D1〉〈j|D2〉|2 , (5)

where Ai ≡ 〈i|D0〉, Āi ≡ 〈i|D̄0〉. The total width,
ΓD0D̄0 , is the same as for uncorrelated decay, as are
ST rates. However, unlike the case of uncorrelated
D0D̄0, we can consider the C-odd D0D̄0 system as a
D1D2 pair. If only flavored final states are considered,
as in Ref. [17], then the effects of quantum correlations
are negligible. In this analysis, we also include CP
eigenstates, which brings additional sensitivity to y
and δ, as demonstrated below.

Quantum-correlated semileptonic rates probe y be-
cause the decay width does not depend on the CP
eigenvalue of the parent D meson, as this weak de-
cay is only sensitive to flavor content. However, the
total width of the parent meson does depend on its
CP eigenvalue: Γ1,2 = Γ(1 ∓ y), so the semileptonic
branching fraction for D1 or D2 is modified by 1 ± y.
If we reconstruct a semileptonic decay in the same
event as a D2 → S+ decay, then the semileptonic
D must be a D1. Therefore, the effective quantum-
correlated D0D̄0 branching fractions (Fcor) for CP -
tagged semileptonic final states depend on y:

Fcor
S±/ℓ ≈ 2BS±Bℓ(1 ± y). (6)

Combined with estimates of Bℓ and BS± from ST
yields, external sources, and flavor-tagged semilep-
tonic yields, this equation allows y to be determined.

Similarly, if we reconstruct a D → K−π+ decay
in the same event as a D2 → S+, then we know the
K−π+ was produced from aD1. The effective branch-
ing fraction for this DT process is therefore

Fcor
S+/Kπ = |〈S+|D2〉〈K−π+|D1〉|2

= A2
S+

|AK−π+ + ĀK−π+ |2

= A2
S+
A2

K−π+ |1 + re−iδ|2

≈ BS+BKπ(1 +RWS + 2r cos δ + y), (7)

where RWS ≡ Γ(D̄0 → K−π+)/Γ(D0 → K−π+) =
r2 + ry′ + RM, and we have used BS± ∝ A2

S±
(1 ∓ y)

and BKπ ∝ A2
K−π+(1 + ry cos δ + rx sin δ). In an

analogous fashion, we find Fcor
S−/K−π+ ≈ BS−BKπ(1 +

RWS−2r cos δ−y). When combined with knowledge of
BS+ , y, and r, the asymmetry between these two DT
yields gives cos δ. In the absence of quantum corre-
lations, the effective branching fractions above would
be BS±BKπ(1 +RWS).

More concretely, we evaluate Eq. 5 with the above
definitions of r and δ to produce the expressions in
Table I. In doing so, we use the fact that inclusive ST
rates are given by the incoherent branching fractions
since each event contains one D0 and one D̄0. Com-
parison of Fcor with the uncorrelated effective branch-
ing fractions, Func, also given in Table I, allows us to
extract r2, r cos δ, y, and x2. Information on Bi is
obtained from ST yields at the ψ(3770) and from ex-
ternal measurements using incoherently-produced D0

mesons. These two estimates of Bi are averaged by
the fitter to obtain Func.

Table I Correlated and uncorrelated effective D0D̄0

branching fractions, F
cor and F

unc, to leading order in
x, y and r2, divided by Bi for ST modes i (first section)
and BiBj for DT modes i/j (second section). Charge con-
jugate modes are implied.

Mode C-odd Uncorr.

K−π+ 1 + RWS 1 + RWS

S+ 2 2

S− 2 2

K−π+/K−π+ RM RWS

K−π+/K+π− (1 + RWS)
2
− 4r cos δ(r cos δ + y) 1 + R2

WS

K−π+/S+ 1 + RWS + 2r cos δ + y 1 + RWS

K−π+/S− 1 + RWS − 2r cos δ − y 1 + RWS

K−π+/e− 1 − ry cos δ − rx sin δ 1

S+/S+ 0 1

S−/S− 0 1

S+/S− 4 2

S+/e− 1 + y 1

S−/e− 1 − y 1

3. Fit Inputs

We analyze 281 pb−1 of e+e− collision data pro-
duced by the Cornell Electron Storage Ring (CESR)
at Ecm = 3.77 GeV and collected with the CLEO-c
detector, which is described in detail elsewhere [19].
We reconstruct the D0 and D̄0 final states listed
in Table II, with π0/η → γγ, ω → π+π−π0, and
K0

S → π+π−. Signal and background efficiencies, as
well as crossfeed probabilities among signal modes, are
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determined from simulated events that are processed
in a fashion similar to data.

Table II D final states reconstructed in this analysis.

Type Final States

Flavored K−π+, K+π−

S+ K+K−, π+π−, K0
Sπ0π0, K0

Lπ0

S− K0
Sπ0, K0

Sη, K0
Sω

e± Inclusive Xe+ν, Xe−ν̄

Hadronic final states without K0
L mesons are fully

reconstructed via two kinematic variables: the beam-
constrained candidate mass, Mc2 ≡

√

E2
0 − p

2
Dc

2,
where pD is the D0 candidate momentum and E0 is
the beam energy, and ∆E ≡ ED − E0, where ED is
the sum of the D0 candidate daughter energies. We
extract ST and DT yields from M distributions using
unbinned maximum likelihood fits (ST) or by count-
ing candidates in signal and sideband regions (DT).

Because most K0
L mesons and neutrinos produced

at CLEO-c are not detected, we only reconstruct
modes with these particles in DTs, by demanding
that the other D in the event be fully reconstructed.
Ref. [20] describes the missing mass technique used
to identify K0

Lπ
0 candidates. For semileptonic de-

cays, we use inclusive, partial reconstruction to max-

Table III ST and DT yields, efficiencies, and their sta-
tistical uncertainties. For DT yields, we sum groups of
modes and provide an average efficiency for each group;
the number of modes in each group is given in parenthe-
ses. Modes with asterisks are not included in the standard
and extended fits.

Mode Yield Efficiency (%)

K−π+ 25400 ± 200 64.70 ± 0.04

K+π− 25800 ± 200 65.62 ± 0.04

K+K− 4740 ± 70 57.25 ± 0.09

π+π− 2100 ± 60 72.92 ± 0.13

K0
Sπ0π0 2440 ± 70 12.50 ± 0.06

K0
Sπ0 7520 ± 90 29.73 ± 0.05

K0
Sη 1050 ± 40 10.34 ± 0.06

K0
Sω 3240 ± 60 12.48 ± 0.04

K∓π±/K∓π± (2) 4 ± 2 40.2 ± 2.4

K−π+/K+π− (1) 600 ± 25 41.1 ± 0.2

K∓π±/S+ (8) 605 ± 25 26.1 ± 0.1

K∓π±/S− (6) 243 ± 16 12.3 ± 0.1

K∓π±/e∓ (2) 2346 ± 65 45.6 ± 0.1

S+/S+ (9*) 10 ± 6 12.5 ± 0.6

S−/S− (6*) 2 ± 2 3.9 ± 0.2

S+/S− (12) 242 ± 16 7.7 ± 0.1

S+/e∓ (6) 406 ± 44 22.2 ± 0.1

S−/e∓ (6) 538 ± 40 13.8 ± 0.1

imize efficiency, demanding that only the electron be
identified with a multivariate discriminant [21] that
combines measurements from the tracking chambers,
the electromagnetic calorimeter, and the ring-imaging
Čerenkov counter.

Table III gives yields and efficiencies for 8 ST modes
and 58 DT modes, where the DT modes have been
grouped into categories. Fifteen of the DT modes are
forbidden by CP conservation and are not included
in the standard fit. In general, crossfeed among sig-
nal modes and backgrounds from other D decays are
smaller than 1%. Modes with K0

Sπ
0π0 have approxi-

mately 3% background, and yields for K∓π±/K∓π±

and S±/S± are consistent with being entirely from
background.

External inputs to the fit include measurements of
RM, RWS, BK−π+ , and BS± , as well as an indepen-
dent BK0

L
π0 from CLEO-c, as shown in Table IV. The

external RWS is required to constrain r2, and thus,
to determine cos δ from r cos δ. We also use the ex-
ternal mixing parameter measurements shown in Ta-
ble V. The fit incorporates the full covariance matrix
for these inputs, accounting for statistical overlap with
the yields in this analysis. Covariance matrices for
the fits in Ref. [27] have been provided by the CLEO,
Belle, and BABAR collaborations.

Table IV Averages of external measurements used in the
standard fit. Charge-averaged D0 branching fractions are
denoted by final state.

Parameter Average

RWS 0.00409 ± 0.00022 [22]

RM 0.00017 ± 0.00039 [23]

K−π+ 0.0381 ± 0.0009 [24]

K−K+/K−π+ 0.1010 ± 0.0016 [25]

π−π+/K−π+ 0.0359 ± 0.0005 [25]

K0
Lπ0 0.0097 ± 0.0003 [20]

K0
Sπ0 0.0115 ± 0.0012 [24]

K0
Sη 0.00380 ± 0.00060 [24]

K0
Sω 0.0130 ± 0.0030 [24]

Table V Averages of external measurements used in the
standard and extended fits.

Parameter Average

y 0.00662 ± 0.00211 [2, 25, 26]

x 0.00811 ± 0.00334 [26]

r2 0.00339 ± 0.00012 [27]

y′ 0.0034 ± 0.0030 [27]

x′2 0.00006 ± 0.00018 [27]

Systematic uncertainties associated with efficiencies
for reconstructing tracks, K0

S decays, π0 decays, and
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for hadron identification are assigned as described in
Ref. [29]. Other sources of efficiency uncertainty in-
clude: ∆E requirements (0.5–5.5%), η reconstruc-
tion (4.0%), electron identification (1.0%), model-
ing of particle multiplicity and detector noise (0.1–
1.3%), simulation of initial and final state radiation
(0.5–1.2%), and modeling of resonant substructure in
K0

Sπ
0π0 (0.7%). We also include additive uncertain-

ties of 0.0–0.9% to account for variations of yields with
fit function.

These systematic uncertainties are included directly
in the covariance matrix given to the fitter, which
propagates them to the fit parameters. The other
fit inputs determined in this analysis are ST and DT
yields and efficiencies, crossfeed probabilities, back-
ground branching fractions and efficiencies, and sta-
tistical uncertainties on all of these measurements.
Quantum correlations between signal and background
modes are accounted for using assumed values of am-
plitude ratios and strong phases that are systemati-
cally varied and found to have negligible effect. We
validated our analysis technique in a simulated C-odd
D0D̄0 sample 15 times the size of our data sample.

4. Preliminary Fit Results

Our standard fit excludes the 15 same-CP DT
modes and includes the measurements in Table IV
but not Table V. In this fit, there is not enough in-
formation to reliably determine x sin δ, so we fix it
to zero, and the associated systematic uncertianty is
negligible. We obtain a first measurement of cos δ =
1.03±0.19±0.08, consistent with being at the bound-
ary of the physical region. The fit results for y, r2, x2,
and branching fractions are consistent with previous
measurements.

The likelihood curve for cos δ, computed as L =

e−(χ2
−χ2

min)/2 and shown in Figure 1, is slightly non-
Gaussian. For values of | cos δ| < 1, we also show
L as a function of | sin δ|. We integrate these curves
within the physical region to obtain 95% confidence
level limits of cos δ > 0.54 and | sin δ| < 0.72.

We also perform an extended fit that includes the
previous measurements of y and y′ in Table V, in ad-
dition to all the inputs to the standard fit above. In
this fit, we find cos δ = 0.93 ± 0.32 ± 0.04. The sys-
tematic uncertainty does not include the contribution
from assuming x sin δ = 0, which is still under study.
From the corresponding likelihood functions shown in
Figure 1, we determine 95% confidence level limits of
cos δ > 0.38 and | sin δ| < 0.84.

The cos δ uncertainty in the extended fit is larger
than in the standard fit because of a non-linear effect.
Most of the information on r2 (and therefore on r)
is provided by RWS. Because RWS also depends on
y · r cos δ, the sign of the correlation between r2 and
r cos δ is given by the sign of y. In the standard fit,

0 0.8 1.6

cosδ

Li
ke

lih
oo

d

0.00 0.50 1.00

|sinδ|

0 1 2

cosδ

Li
ke

lih
oo

d

0.00 0.50 1.00

|sinδ|

Figure 1: Standard (top) and extended (bottom) fit like-
lihood functions for cos δ and | sin δ|, including both sta-
tistical and systematic uncertainties, excluding the uncer-
tainty from assuming x sin δ = 0. The dashed curve shows
the Gaussian likelihood corresponding to the standard fit
result. The hatched regions contain 95% of the areas in
the physical regions.

y attains a more negative central value than in the
extended fit, where y is constrained to the precise ex-
ternal measurements. Hence, the uncertainty on cos δ
becomes inflated in the extended fit.

By observing the change in 1/σ2
cos δ as each fit in-

put is removed, we identify the major contributors of
information about cos δ to be the Kπ/S± DT yields
and the ST yields. We also find that no single in-
put or group of inputs exerts a pull larger than three
standard deviations on cos δ or y. Moreover, removing
all external inputs gives branching fractions consistent
with those in Table IV.

We also allow for a C-even D0D̄0 admixture in the
initial state, which is expected to be O(10−8) [30], by
including the 15 S±/S± DT yields in the fit. These
modes limit the C-even component, which can modify
the other yields as described in Ref. [16]. In both the
standard and extended fits, we find a C-even fraction
consistent with zero with an uncertainty of 2.4%, and
neither the fitted cos δ values nor their uncertainties
are shifted noticeably from the results quoted above.

5. Summary

Using 281 pb−1 of e+e− collisions produced at the
ψ(3770), we make a preliminary first determination of
the strong phase δ, with cos δ = 1.03±0.19±0.08. By
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further including external mixing parameter measure-
ments in our analysis, we obtain an alternate measure-
ment of cos δ = 0.93±0.32±0.04, where the systematic
uncertainty from assuming x sin δ = 0 has not been in-
cluded. Knowledge of δ allows independent measure-
ments of y and y′ to be combined, thereby improving
our overall knowledge of charm mixing parameters.
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HFAG Charm Mixing Averages
B. Petersen
CERN, CH-1211 Genve 23, Switzerland

Recently the first evidence for charm mixing has been reported by several experiments. To provide averages of
these mixing results and other charm results, a new subgroup of the Heavy Flavor Averaging Group has been
formed. We here report on the method and results of averaging the charm mixing results.

1. Introduction

Almost since the discovery of charm mesons, mix-

ing of D0 −D
0

mesons have been sought in analogy

to the well-known K0−K0
mixing. Due to very effec-

tive GIM suppression, the expected mixing rate in the
charm system is much smaller than for kaons. Only
very recently, the BaBar [1] and Belle [2] collabora-
tions have reported the first evidence of charm mix-
ing1. These results have renewed the interest from the
theory community as the observed mixing rate could
be caused by physics beyond the standard model or at
least provide additional constraints on new physics.

None of the mixing measurement have a significance
above four standard deviations, but several have simi-
lar precision for the mixing parameters. By combining
the measurements we therefore obtain more precise
values for the mixing parameters and exclude the no-
mixing hypothesis with larger confidence. Combining
the different mixing measurements is not completely
straightforward, since not all measurements are sensi-
tive to the same charm mixing parameters.

The Heavy Flavor Averaging Group (HFAG) in
2006 created a subgroup with the responsibility of pro-
viding averages of charm physics measurements. One
of the high priority tasks of this group is to combine
the charm mixing measurements into world-average
values for the fundamental mixing parameters. The
first average assuming CP conservation was shown at
FPCP [3]. Besides those results, we here report the
first results of combining mixing measurements where
we allow for CP violation.

2. Averaging Method

Mixing is present in the D0 − D
0

system if the
mass eigenstates, |D1〉 and |D2〉, differ from the flavor

eigenstates, |D0〉 and |D0〉. Generally one can write

1Shortly after the CHARM2007 workshop additional results
with evidence for charm mixing has been reported by the BaBar
and CDF collaborations. In these proceedings we will summa-
rize the status at the time of the workshop.

|D1,2〉 = p|D0〉± q|D0〉. The variables of fundamental
interest are the mass difference, ∆M = M1 −M2 and
decay width difference, ∆Γ = Γ1 − Γ2 between the
two mass eigenstates. Traditionally, in charm mix-
ing one uses the dimensionless variables, x = ∆M/Γ
and y = ∆Γ/2Γ, where Γ is the average decay width.
CP violation in mixing or in the interference between
mixing and decay would manifest itself as |q/p| 6= 1
and φ = arg(q/p) 6= 0, respectively2. In addition CP
violation could show up in the decay itself giving rise
to decay mode dependent parameters.

Most measurements do not directly measure (x, y).
For instance in mixing measurements using D0 →
K+π− decays there is a unknown strong phase, δKπ,
so the results obtained are for x′ = x cos δKπ +
y sin δKπ and y′ = −x sin δKπ + y cos δKπ. In the av-
eraging procedure, we first combine measurements of
the same parameters to obtain the more precise ob-
servables. Most measurements are performed using
likelihood fits and the combination is therefore per-
formed by multiplying likelihood functions from each
measurement and finding the new maximum. By com-
bining likelihoods, correlations between observables
and possible non-Gaussian tails are taken into ac-
count. For measurements which are not using like-
lihoods, we construct a likelihood using symmetrized,
Gaussian uncertainties. To combine different types
of measurements, the different combined likelihoods
are recalculated as a function of (x, y, δKπ) minimiz-
ing over any other variables. δKπ is included since
there is both a direct measurement [4] and by com-
bining the D0 → K+π− measurement with the other
measurement of x and y, one can also get a precise
measurement of δKπ. When plotting confidence con-
tours for (x, y) we minimize the likelihood over δKπ.

The combining of likelihood functions is currently
only done for the CP conserving case. In principle it
can be done also for the CP violating case by sim-
ply having two more variables, |q/p| and φ, in the
final likelihood function. Unfortunately not all like-
lihoods are currently available for the measurements
which allow for CP violation. A simple combination

2The phase φ is for the moment assumed to be independent
of decay mode.

http://arxiv.org/abs/0712.1589v1
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is therefore performed by forming a χ2 of all measure-
ments expressed in terms of the fundamental mixing
parameters. The χ2 assumes Gaussian errors, but cor-
relations between observables in each individual mea-
surement is taken account by using the full covariance
matrix for each result.

3. CP Conserving Averages

The following averages were performed by adding
log likelihoods from fits where CP conservation was
assumed.

3.1. Lifetime Ratio Average

One can observe charm mixing by finding a differ-
ence in the lifetime measured in decays to CP eigen
states such as D0 → K+K− and D0 → π+π− and
the mixed-CP decay D0 → π+K−. We combine six
results [2, 5, 6, 7, 8, 9] from such analyzes. All of
these measure yCP = τKπ/τhh − 1. In the limit of CP
conservation one has yCP = y. The average of the six
measurements is yCP = (1.12 ± 0.32) × 10−2. This is
3.5σ from the no-mixing hypothesis. As can be seen
from Figure 1, this average is mainly driven by the
recent Belle measurement.

-4 -3 -2 -1 0 1 2 3 4 5

yCP (%)

World average  1.122 ± 0.321 %

Belle 2007  1.310 ± 0.320 ± 0.250 %

Belle 2002 -0.500 ± 1.000 ± 0.800 %

BaBar 2003  0.800 ± 0.400 ± 0.500 %

CLEO 2002 -1.200 ± 2.500 ± 1.400 %

FOCUS 2000  3.420 ± 1.390 ± 0.740 %

E791 1999  0.732 ± 2.890 ± 1.030 %

 HFAG-charm 

    Moriond 2007  

 HFAG-charm 

      FPCP 2007  

Figure 1: Measured yCP values and the HFAG average.

3.2. Mixing Rate Average

Wrong-signed semileptonic decays provide a clean
way of searching for charm mixing, but the mea-

surements are only sensitive to the integrated mix-
ing rate RM = (x2 + y2)/2. Four measurements
[10, 11, 12, 13] are combined and give an average
of RM = (1.7 ± 3.9) × 10−4. In addition to the
semileptonic decays, RM can also measured in the
analysis of fully hadronic decays. The semileptonic re-
sult is therefore combined from two hadronic analyzes
[14, 15] and in addition an analysis of tagged decays at
the ψ(3770) [4]. The combination is illustrated in Fig-
ure 2 and gives an average value ofRM = (2.1±1.1)−4.
In the transformation to a likelihood in (x, y), we ig-
nore the non-physical region of RM < 0.

0 0.05 0.1 0.15 0.2 0.25 0.3

RM (%)

World average  0.021 ± 0.011 %

CLEOc 2006 double-tag  0.170 ± 0.150 %

BaBar 2006 Kππ+π-  0.019 + 0.016  ± 0.002 % 0.019  - 0.015

BaBar 2006 Kππ0  0.023 + 0.018  ± 0.004 % 0.023  - 0.014

All semileptonic  0.017 ± 0.039 %
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Figure 2: The mixing rate from measurements using
semileptonic D0 decays are averaged with results from
multi-body hadronic charm decays.

3.3. (x, y) Average

One can measure x and y directly using a time-
dependent Dalitz plot analysis of D0 → K0

Sπ
+π− de-

cays. Two measurements [16, 17] have been published
and these have been averaged by HFAG and gives
x = (8.1 ± 3.3) × 10−3 and y = (3.1 ± 2.8) × 10−3.
Combining this average with the averages above for
RM and yCP using likelihoods mapped as a func-
tion of (x, y) we obtain x = (9.2 ± 3.4) × 10−3 and
y = (7.0 ± 2.2) × 10−3. Contours of the combined
likelihood function at the levels corresponding to 1
to 5σ confidence levels are shown in Figure 3. Note
that the confidence levels shown correspond to two-
dimensional coverage probabilities of 68.27%, 95.45%,
etc., and therefore 2∆ lnL = 2.30, 6.18, etc.
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Figure 3: Confidence level contours in the mixing pa-
rameters (x, y) from the combination of yCP, RM and
(x, y) from the time-dependent Dalitz analysis of D0

→

KSπ+π−.

3.4. Averages for D
0 → K

+
π
− Decays

As mentioned above, one can measure x′ and y′

using the doubly-Cabibbo suppressed (DCS) decay
D0 → K+π−. The likelihood functions are available
for two measurements [1, 18] of this type. These are
combined and gives the averages x′2 = (−0.1± 2.0)×
10−4 and y′ = (5.5+2.8

−3.7) × 10−3. The corresponding
likelihood contours are shown in Figure 4.

2′x
-0.001 -0.0005 0 0.0005 0.001

′y
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Figure 4: Confidence level contours from the combination
of BaBar and Belle measurements using D0

→ K+π−.
The wiggles in the 4 and 5σ contours for x′2 < 0 is a
binning effect.

3.5. World Average

The combined likelihood for D0 → K+π− decays
can be expressed as a function of (x, y, δKπ) ignoring
the part with x′2 < 0. This likelihood can be com-
bined with the likelihood from the combination of the

other mixing results in Section 3.3 which do not de-
pend on δKπ. An additional constraint comes from
a CLEO-c measurement [4] of cos δKπ = 1.09 ± 0.66,
where a small dependence on x and y is ignored in
the combination. Figure 5 shows the likelihood con-
tours in (x, y) after minimizing over δKπ. The region
around the central value is almost unchanged with re-
spect to the result without the D0 → K+π− decays
(Figure 3). This is also reflected in the over all average
for x and y which are

x = (8.7+3.0
−3.4) × 10−3,

y = (6.6 ± 2.1) × 10−3.

The D0 → K+π− measurements do not contribute
much to the central value, because of the poorly
known phase δKπ. However they do help exclude the
no-mixing hypothesis and cause the dip seen in the
contours close to (x, y) = (0, 0). At (x, y) = (0, 0) we
obtain 2∆ lnL = 37 with respect to the minimum.
This corresponds to a significance of the combined
mixing signal of 5.7σ.
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Figure 5: Confidence level contours from combining all
mixing measurements under the assumption of CP con-
servation.

The combination also gives an improved value for
δKπ. This can be seen in the projection of the like-
lihood after minimizing over x and y in Figure 6.
The combination gives δKπ(= 0.33+0.26

−0.29)rad. With-
out the CLEO-c measurement of δKπ, there would be
an equally good second minimum at δKπ = −2.17rad.

4. CP Violating Averages

Measurements of charm mixing can be done with-

out assuming CP conservation by fitting D0 and D
0

mesons as separate samples. Most of the measure-
ments above have done that and we therefore can com-
bine those to also provide constraints on the CP vi-
olating parameters. When allowing for CP violation,
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Figure 6: Log-likelihood function for the strong phase,
δKπ , from combining all mixing measurements.

the measured parameters are related slightly differ-
ently to the mixing parameters. For the lifetime ratio
measurements, one has

2yCP = (|q/p| + |p/q|)y cosφ− (|q/p| − |p/q|)x sinφ,

2AΓ = (|q/p| − |p/q|)y cosφ− (|q/p| + |p/q|)x sinφ,

where AΓ is the measured relative lifetime difference

for D0 → h+h− and D
0 → h+h−. For D0 → K+π−

decays, the x′ and y′ measured for D0 and D
0

are
related as follows

x′± =

(

1 ±AM

1 ∓AM

)1/4

(x′ cosφ± y′ sinφ),

y′± =

(

1 ±AM

1 ∓AM

)1/4

(y′ cosφ∓ x′ sinφ),

where AM = |q/p|2−|p/q|2

|q/p|2+|p/q|2
. For D0 → K0

Sπ
+π− de-

cays the measurement directly gives x, y, |q/p| and
φ, while for the RM analysis the results are not sepa-
rated and therefore just measure RM = (x2 + y2)/2.
The measurement of δKπ from CLEO-c is not done

separately for D0 and D
0

mesons and is not included
in the combined result allowing for CP violation.

In total 22 measurements are combined in a χ2-fit
to extract seven parameters, the four mixing and CP
violation parameters, x, y, |q/p| and φ, and three char-
acterizing D0 → K+π−, namely δKπ, the DCS rate
RD, and the direct decay rate asymmetry AD. The fit
gives χ2 = 14.4 and the following mixing parameters

x = (8.4+3.2
−3.4) × 10−3,

y = (6.9 ± 2.1) × 10−3,

|q/p| = 0.88+0.23
−0.20,

φ = (−0.09+0.17
−0.19) rad.

The mixing parameters are almost unchanged with
respect to the CP conserving average. This is also seen
from the confidence levels shown in Figure 7. One can
also draw the 1 to 5σ confidence level contour for φ
versus |q/p| using ∆χ2. This is shown in Figure 8. The
no-CP violation hypothesis is seen to lie well within
the 1σ contour.

The combined results for the D0 → K+π− param-
eters are

δKπ = 0.33+0.26
−0.29 rad,

RD = (3.35 ± 0.11)× 10−3,

AD = (−0.8 ± 3.1).

There is little change in δKπ with respect to the CP
conserving average and no evidence for direct CP vi-
olation as AD is consistent with zero.
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Figure 7: Confidence level contours for (x, y) from com-
bining mixing measurements with CP violation allowed.
The dashed blue curve shows the 1σ contour from the CP
conserving case for comparison.

5. Summary

Evidence of charm mixing has been reported from
several experiments in the last year. A new subgroup
of HFAG has performed an average of these and other
existing charm mixing results. The combined result
has a signal significance in excess of 5 standard devi-
ations and gives the mixing parameters

x = (8.4+3.2
−3.4) × 10−3,

y = (6.9 ± 2.1) × 10−3.
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Figure 8: Confidence level contours for (|q/p|, φ) from
combining mixing measurements with CP violation al-
lowed.

CP violation parameters have also been combined and
gives

|q/p| = 0.88+0.23
−0.20,

φ = (−0.09+0.17
−0.19)rad.

This is fully consistent with no CP violation being
present in charm mixing. HFAG intends to period-
ically update these averages as new results become
available in order to provide the most precise mixing
parameters to the community.
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Charm Mixing - Theory

E. Golowich
Physics Department, University of Massachusetts, Amherst, MA 01003, USA

We discuss Standard Model (SM) and New Physics (NP) descriptions of D0 mixing. The SM part
of the discussion addresses both quark-level and hadron-level contributions. The NP part describes
our recent works on the rate difference ∆ΓD and the mass difference ∆MD. In particular, we
describe how the recent experimental determination of ∆MD is found to place tightened restrictions
on parameter spaces for 17 of 21 NP models considered in a recent paper by Hewett, Pakvasa, Petrov
and myself.

I. INTRODUCTION

Given the forthcoming operation of the LHC, per-
haps the dominant role of experimental flavor studies
in particle physics will be supplanted by discoveries in
the so-called new physics. Even if flavor physics faces
an unsure future, all would acknowledge its remark-
able recent progress via the observation of rare phe-
nomena such as CP-violation in B-mesons or particle-
antiparticle mixing for Bs and D0 mesons. If new
physics is indeed observed, the continued exploration
of rare observables could well be an asset in decipher-
ing exotic LHC events.

My purpose in this talk is to describe two recent
theoretical contributions to D0 mixing [1, 2].[22] Both
Ref. [1] and Ref. [2] should be considered in the con-
text of the recent HFAG values [3],

xD ≡ ∆MD

ΓD
=

(

8.4+3.2
−3.4

)

· 10−3

yD ≡ ∆ΓD

2ΓD
= (6.9 ± 2.1) · 10−3 . (1)

In light of the Physical Review Letters criteria of ’ob-
servation’ (> 5σ) or ’evidence’ (3σ-to-5σ), we see that
the above 2.4σ determination for xD amounts to a
’measurement’ (< 3σ). As such, we all await improv-
ments in sensitivity for charm mixing.

The observed signal is seen to occur at about the 1%
level. Whether or not this is the magnitude expected
for the SM signal is a topic I will discuss shortly. At
any rate, I wish to also consider the possibility of a
NP component in D0 mixing amplitude,

Mmix = MSM + MNP . (2)

The relative phase between MSM and MNP is not
known. Thus, in our detailed study of various NP
contributions to xD in Ref. [2] we most often compared
the NP predictions to ±1σ,±2σ windows relative to
the central xD value of Eq. (1).

A. Operator Product Expansion (OPE) and
Renormalization Group

An important technical aspect of Refs. [1, 2] is the
process of relating an amplitude at some NP scale

µ = M to one at, say, the charm scale µ = mc. This
takes the form

〈f |HNP |i〉 = G
∑

i=1

Ci(µ) 〈f |Qi|i〉(µ) , (3)

where the prefactor G has the dimension of inverse-
squared mass, the Ci are dimensionless Wilson coeffi-
cients, and the Qi are the effective operators. At the
leading order of dimension six, it turns out that there
are eight four-quark operators,

Q1 = (uLγµcL) (uLγµcL) ,

Q2 = (uLγµcL) (uRγµcR) ,

Q3 = (uLcR) (uRcL) ,

Q4 = (uRcL) (uRcL) ,

Q5 = (uRσµνcL) (uRσµνcL) ,

Q6 = (uRγµcR) (uRγµcR) ,

Q7 = (uLcR) (uLcR) ,

Q8 = (uLσµνcR) (uLσµνcR) . (4)

Any given NP contribution will often involve several
of these, but in all events never more than these eight.
The evolution is determined by solving the RG equa-
tions obeyed by the Wilson coefficients,

d

d log µ
~C(µ) = γ̂T ~C(µ) , (5)

where γ̂ is the 8 × 8 anomalous dimension matrix [4].
The output of this calculation is a set of RG fac-
tors ri(µ, M) which are expressed in terms of ratios
of QCD fine structure constants evaluated at different
scales, e.g. as with

r1(µ, M) = (6)
(

αs(M)

αs(mt)

)2/7 (

αs(mt)

αs(mb)

)6/23 (

αs(mb)

αs(µ)

)6/25

.

B. Operator Matrix Elements

One needs ultimately to evaluate the D0-to-D̄0 ma-
trix elements of the eight operators {Qi}. In general,
eight non-perturbative parameters would need to be

http://arxiv.org/abs/0710.0151v1
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evaluated by some means such as a lattice determi-
nation. As a practical matter, the method used in
Refs. [1, 2] is to introduce a ‘modified vacuum sat-
uration’ (MVS), where all such matrix elements are
written in terms of the known matrix elements of (V-
A)×(V-A) and (S-P)×(S+P) matrix elements BD and

B
(S)
D [5],

〈Q1〉 =
2

3
f2
DM2

DBD ,

〈Q2〉 = −1

2
f2
DM2

DBD − 1

Nc

f2
DM2

DB̄
(S)
D ,

〈Q3〉 =
1

4Nc

f2
DM2

DBD +
1

2
f2
DM2

DB̄
(S)
D ,

〈Q4〉 = −2Nc − 1

4Nc

f2
DM2

DB̄
(S)
D ,

〈Q5〉 =
3

Nc

f2
DM2

DB̄
(S)
D ,

〈Q6〉 = 〈Q1〉 ,

〈Q7〉 = 〈Q4〉 ,

〈Q8〉 = 〈Q5〉 , (7)

where the number of colors is Nc = 3 and, as in
Ref. [6], we define

B̄
(S)
D ≡ B

(S)
D · M2

D

(mc + mu)2
. (8)

With the above theoretical machinary in hand, we are
now ready to consider SM and NP contributions to D0

mixing.

II. STANDARD MODEL ANALYSIS

One can use quarks or hadrons as the basic degrees
of freedom in carrying out the SM analysis of D0 mix-
ing. In principle, these should give the same result.
However, as we shall see, rather different features ap-
pear in each description.

A. Quark-level Analysis

At leading order in the SM, the OPE for D0 mix-
ing consists of two dimension-six four-quark opera-
tors [7]. The next order contains fifteen dimension-
nine six-quark operators. For each increasing order in
the OPE, there are still more local quark and gluon
operators and the problem of determining operator
matrix elements becomes ever more severe. For this
reason, the dimension six sector has received by far
the most attention.

The dimension six amplitude is depicted in Fig. 1.
Since the b-quark is essentially decoupled due to the
tiny Vub value, only the light d, s quarks propagate in
the loop. The Cabibbo dependence of this diagram,

D
0

D̄
0

q

q̄
′

FIG. 1: Loop diagram for D0
→ D

0
.

sin2 θc, itself seems to suggest that the experimental
signal (near the 0.01 level) is easily understood. But
not so fast! For convenience, let us set md = 0. Then
the only mass ratio that appears in the problem is

z ≡ (ms/mc)
2 ≃ 0.006 . (9)

Table I examines one of the loop-functions for ∆ΓD

and shows the results of carrying out an expansion
in powers of z. We see that the contributions of the
individual intermediate states in the mixing diagram
are not intrinsically small – in fact, they begin to con-
tribute at O(z0). However, flavor cancellations re-
move all contributions through O(z2) for ∆ΓD, so the
net result is O(z3). Charm mixing clearly experiences
a remarkable GIM suppression!

We understand the reason for this. D0 mixing van-
ishes in the limit of exact SU(3) flavor symmtery. It
is nonzero only because flavor SU(3) is broken, and
indeed, D0 mixing occurs at second order in SU(3)
breaking [8]. A factor of z will accompany each or-
der of SU(3) breaking and the rate difference yD will
experience an additional factor of z due to helicity
suppression.

TABLE I: Flavor cancellations in ∆ΓD.

Intermediate State O(z0) O(z1) O(z2)

ss 1/2 −3z 3z2

dd 1/2 0 0

sd + ds −1 3z −3z2

Total 0 0 0

Of course, this is just the leading order (LO) result
in QCD, and we should consider the next-to-leading
order result as well,

xD = x
(LO)
D + x

(NLO)
D ,

yD = y
(LO)
D + y

(NLO)
D . (10)

This has been done in Ref. [6] and the results are
summarized in Table II, which reveals that yD is
given by yNLO to a reasonable approximation (due
to the removal of helicity suppression by virtual glu-
ons) whereas xD is greatly affected by destructive in-
terference between xLO and xNLO. The net effect is
to render yD and xD of similar small magnitudes, at
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TABLE II: Results at dimension-six in the OPE.

LO NLO LO + NLO

yD −(5.7 → 9.5) · 10−8 (3.9 → 9.1) · 10−7
≃ 6 · 10−7

xD −(1.4 → 2.4) · 10−6 (1.7 → 3.0) · 10−6
≃ 6 · 10−7

least through this order of analysis, as compared to
the experiment signal.

It is not inconceivable that the quark-level predic-
tion of xD and yD just described might be considerably
affected by a higher order in the OPE [9] which suffers
less z suppression. Simple dimensional analysis [10]
suggests the magnitudes xD ∼ yD ∼ 10−3 might be
achievable, although order-of-magnitude cancellations
or enhancements are possible.

B. Hadron-level Analysis

Most of the work involving the hadron degree-of-
freedom has been done on yD. One starts with the
following general expression for ∆ΓD,

∆ΓD =
1

MD
Im I (11)

I ≡ 〈D̄0| i
∫

d4xT
{

H|∆C|=1
w (x)H|∆C|=1

w (0)
}

|D0〉 .

To utilize this relation, one inserts intermediate states
between the |∆C| = 1 weak hamiltonian densities

H|∆C|=1
w . Although this can be done using either

quark or hadron degrees of freedom, let us consider
the latter here. Clearly, some knowledge of the ma-

trix elements 〈n|H|∆C|=1
w |D0〉 is required.

One approach is to model |∆C| = 1 decays theoret-
ically and fit the various model parameters to charm
decay data. Some time ago, ∆ΓD was determined in
this manner and the result yD ≃ 10−3 was found [11].
This value is smaller than the recent BaBar and Belle
central values.

Alternatively, one can arrange for charm decay
data to play a somewhat different role. The earli-
est work in this regard focussed on the P+P− =
π+π−, K+K−, K−π+, K+π− states [12, 13]. In the
flavor SU(3) limit, this subset of states gives zero con-
tribution due to cancellations. But SU(3) breaking
had already been known to be significant in individ-
ual charm decays. Since the study of charm decays in
the 1980’s lacked an abundance of data, these refer-
ences could only conclude that ’yD might be large’.

A modern version of this approach now exists, al-
though the analysis takes an unexpected direction [8].
Since SU(3) breaking occurs at second order in D0

mixing, let us hypothesize that the contribution of the
P+P− sector is in fact negligible due to flavor cancel-
lations. Likewise for all other sectors whose decays

are kinematically allowed. However, this cannot be
true for four-pseudoscalars because decay into four-
kaon states is kinematically forbidden. In Ref. [8] it
is estimated that these ‘kinematically-challenged’ sec-
tors can provide enough SU(3) violation to induce
yD ∼ 10−2. I personally find such an argument to
be an important advance in our understanding of the
subject. At the same time, it is unfortunately more
persuasive than compelling due to the uncontrollable
uncertainties inherent in this line of reasoning.

To summarize, we have just described how the ob-
served D0 mixing signal could well arise from SM
physics, but the associated numerical prediction is
seen to be lacking in precision. This conceivably leaves
room for some NP mechanism to co-contribute or even
dominate the SM signal. In the following we consider
in turn NP analyses of the width difference yD and
the mass difference xD.

III. NP AND THE WIDTH DIFFERENCE

At first glance, it would appear unlikely that NP
could affect yD because the particles contributing to
the loop amplitude of Fig. 1 must be on-shell. Since
NP particles will be heavier than the charm mass,
‘there can be no NP contribution to yD’. Or so goes
the argument.

However, as explained in Ref. [1], NP effects in

H|∆C|=1
w can generally contribute to yD. In the loop

amplitude of Fig. 1, the NP contribution (empirically
small for ∆C = −1 processes) arises from either of
the two vertices. We represent the NP ∆C = −1
hamiltonian as (indices i, j, k, ℓ represent color),

H∆C=−1
NP =

∑

q,q′

Dqq′

[

C1(µ)O1 + C2(µ)O2

]

,

O1 = uiΓ1q
′

j qjΓ2ci ,

O2 = uiΓ1q
′

i qjΓ2cj , (12)

where Dqq′ and the spin matrices Γ1,2 encode the NP

model. C1,2(µ) are Wilson coefficients evaluated at
energy scale µ and the flavor sums on q, q′ extend over
the d, s quarks.

This leads to a prediction for the NP contribution
to yD. For a generic NP interaction, one finds (with
the number of colors Nc = 3)

yD = − 4
√

2GF

MDΓD

∑

q,q′

V
∗

cq′VuqDqq′ (K1δikδjℓ

+ K2δiℓδjk)
5

∑

α=1

Iα(x, x′) 〈D0| Oijkℓ
α |D0〉, (13)

where {Kα} are combinations of Wilson coefficients,

K1 =
(

C1C1Nc +
(

C1C2 + C1C2

))

,

K2 = C2C2 , (14)
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and the {Oijkℓ
α } are four-quark operators written

down in Ref. [1]. Numerical results for some NP mod-
els are displayed in Table III.

TABLE III: Some NP Models and yD.

Model yD Comment

RPV-SUSY 6 · 10−6 Squark Exchange

-4 · 1026 Slepton Exchange

Left-right -5 · 10−6 ‘Manifest’

-8.8 · 10−5 ‘Nonmanifest’

Multi-Higgs 2 · 10−10 Charged Higgs

Extra Quarks 10−8 Not Little Higgs

One sees that the entries, aside from R-parity vi-
olating SUSY, produce small contributions. We em-
phasize, however, that Eq. (12) and Eq. (13) represent
general formulae for the contribution of all NP mod-
els of |∆C| = 1 interactions, encompassing those not
included in Table III.

IV. NP AND THE MASS DIFFERENCE

As the operation of the LHC looms near, the num-
ber of potentially viable NP models has never been
greater. In this section, I will give an overview of
Ref. [2], whose hallmark is the study of many (21 in
all) NP models. Perhaps the best way to start is to
consider the different ways that ‘extras’ can be added
to the SM:

• Extra gauge bosons (LR models, etc)

• Extra scalars (multi-Higgs models, etc)

• Extra fermions (little Higgs models, etc)

• Extra dimensions (universal extra dims., etc)

• Extra global symmetries (SUSY, etc)

Although this approach does not provide a totally
clean partition of NP models (e.g. obviously SUSY
contains extra particles appearing in other categories),
it proved useful to the authors of Ref. [2].

The broad menu of NP models which were analyzed
is listed in Table IV. The extensive content of this list
(e.g. there are four different SUSY realizations and
three involving large extra dimension) indicates how
rich the field of NP models has become. Of course,
the subject of NP is by now fairly mature (in prepar-
ing this talk, I realized that my first paper on charged
Higgs bosons [14] was written nearly 30 years ago!)
and thus many models have been well exposed to the
scrutiny of experiment. This would seem to imply
that parameter spaces for the various models have
shrunk so much that a measurement like D0 mixing

TABLE IV: NP models studied in Ref. [2]

Model

Fourth Generation

Q = −1/3 Singlet Quark

Q = +2/3 Singlet Quark

Little Higgs

Generic Z′

Family Symmetries

Left-Right Symmetric

Alternate Left-Right Symmetric

Vector Leptoquark Bosons

Flavor Conserving Two-Higgs-Doublet

Flavor Changing Neutral Higgs

FC Neutral Higgs (Cheng-Sher ansatz)

Scalar Leptoquark Bosons

Higgsless

Universal Extra Dimensions

Split Fermion

Warped Geometries

Minimal Supersymmetric Standard

Supersymmetric Alignment

Supersymmetry with RPV

Split Supersymmetry

would have little impact. In fact, in giving this talk
in several venues I challenged each audience to pre-
dict how many of the 21 models considered here were
constrained by the D0 mixing values or equivalently
how many evaded constraint. Before answering this
question, we consider a specific NP example in some
detail.

Suppose a vector-like quark of charge Q = +2/3 [15]
is added to the SM. Recall that a vector-like quark
is one whose electric charge is either Q = +2/3 or
Q = −1/3 and which is an SU(2)L singlet. Both
choices of charge are actually well motivated, as such
fermions appear explicitly in several NP models. For
example, weak isosinglets with Q = −1/3 appear in
E6 GUTs [16, 17], with one for each of the three
generations (D, S, and B). Weak isosinglets with
Q = +2/3 occur in Little Higgs theories [18, 19] in
which the Standard Model Higgs boson is a pseudo-
Goldstone boson, and the heavy iso-singlet T quark
cancels the quadratic divergences generated by the
top quark in the mass of the Higgs boson. We re-
strict our attention here to the Q = +2/3 case. Since
the electroweak quantum number assignments are dif-
ferent than those for the SM fermions, flavor changing
neutral current interactions will be generated in the
left-handed up-quark sector. Thus, there will also be
FCNC couplings with the Z0 boson [15]. These cou-
plings contain a mixing parameter λuc which is con-
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FIG. 2: Tree-level contribution from Z0-exchange.

strained by the unitarity condition

λuc ≡ − (V ∗

udVcd + V ∗

usVcs + V ∗

ubVcb) . (15)

A tree-level contribution to ∆MD is thus generated
from Z0-exchange (see Fig. 2). It is straightforward
to calculate that

x
(2/3)
D =

GF λ2
uc√

2MDΓD

r1(mc, MZ)〈D̄0| Q1 |D0〉

=
2GF f2

DMD

3
√

2ΓD

BD (λuc)
2
r1(mc, MZ) (16)

where we have made use of Eq. (4) and Eq. (7). The
result is displayed in the graph of Fig. 3, which con-
trasts a ±1σ window (dashed lines) about the HFAG

central value with the NP prediction x
(2/3)
D (solid line),

as a function of the mixing parameter λuc. The bound
on λuc from D0 mixing turns out to be roughly two
orders of magnitude better than that from the CKM
unitarity constraint.

Upon performing analogous analyses for the other
NP models, we arrive at a set of constraints (mainly
in the form of graphs) like the one depicted in Fig. 3.
It is not possible here to summarize the results for
all 21 models of Table IV. One must refer to Ref. [2]
for that. However, we can answer the question raised
earlier about how many models avoid being meaning-
fully constrained by the D0 mixing data. The answer

0.01 0.015 0.02 0.025 0.03 0.035
λ uc·10

-2

0

0.005

0.01

0.015

0.02

x
D
(
2
/
3
)

1-sigma Excluded

FIG. 3: Value of xD as a function of the mixing parameter
λuc in units of 10−2 in the Q = +2/3 quark singlet model.
The 1σ experimental bounds are as indicated, with the
yellow shaded area depicting the region that is excluded.

is just 4 of the 21 models, which came as a surprise to
many. These 4 models are Split SUSY, Universal Ex-
tra Dimensions, LR Symmetric and Flavor-conserving
Higgs Doublet.

It is of interest to briefly consider a few of these, in
order to understand how the D0 mixing constraints
can be evaded:

1. Split SUSY [20]: This is a relatively new vari-
ant of SUSY (2003-4) in which SUSY breaks at
a very large scale MS ≫ 1000 TeV. All scalars
except the Higgs have mass M ∼ MS whereas
fermions have the usual weak-scale mass. It
is known that large D0 mixing in SUSY will
involve squark amplitudes. But since squark
masses in Split SUSY are huge, the mixing be-
comes suppressed.

2. Universal Extra Dimensions [21]: UED is a vari-
ant of the idea that TeV−1-sized extra dimen-
sions exist. There are no branes appearing in
this approach, so all SM fields reside in the bulk
and just one extra dimension is usually consid-
ered. Each SM field will have an infinity of KK
excitations. It turns out that GIM cancellations
suppress all but a few b-quark KK terms, but
these are CKM inhibited.

So we see that supressions can arise from more than
one source and that the suppressing mechanism will
depend on the specific model.

V. CONCLUSIONS

At long last, signals for xD and yD have been ob-
served. These experimental findings, although greatly
welcome, whet our appetite for ever more precise de-
terminations. Hopefully these will be forthcoming, so
we can put aside any lingering concerns that all the
excitement has been the result of statistical fluctua-
tions.

The SM analysis, as is so often the case, is not with-
out its difficulties. At the quark level, theoretical anal-
ysis in the dimension six sector through NLO gives
xD ∼ yD ≃ 10−6. These values are tiny compared to
the reported experimental signals. It is evident that
the triple sum over the operator dimension dn, the
QCD coupling αs and the mass expansion parame-
ter z of Eq. (9) is slowly convergent. This approach
remains inconclusive at best.

A more promising avenue is to study yD with the
hadronic degree of freedom. This yields a plausi-
ble, and quite possibly correct, explanation for reach-
ing the yD ∼ 0.01 level. Again, however, the ef-
fect of strong interaction uncertainties mars predictive
power.

Finally, the work of Refs. [1, 2] has explored which
NP models can yield sizable values for xD, yD and
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which cannot. Charm mixing data has been found
to infer useful constraints on NP parameters spaces,
and as should be clear to all, provides a most welcome
addition to the High Energy Physics community.
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CP violation in charm
Alexey A Petrov
Department of Physics and Astronomy, Wayne State University, Detroit, MI 48201, USA

CP-violating asymmetries in charm provide a unique probe of physics beyond the Standard Model. I review
several topics relevant to searches for CP-violation in charmed meson and baryon transitions.

1. Introduction

Charm transitions play a unique dual role in the
modern investigations of flavor physics. They provide
valuable supporting measurements for studies of CP-
violation in B-decays, such as formfactors and decays
constants, as well as outstanding opportunities for in-
direct searches for physics beyond the Standard Model
(SM). It must be noted that in many dynamical mod-
els of new physics the effects of new particles observed
in s, c, and b transitions are correlated. Therefore,
such combined studies could yield the most stringent
constraints on parameters of those models. For exam-
ple, loop-dominated processes such as D0−D0 mixing
or flavor-changing neutral current (FCNC) decays are
influenced by the dynamical effects of down-type par-

ticles, whereas up-type particles are responsible for
FCNC in the beauty and strange systems. Finally,
from the practical point of view, charm physics exper-
iments provide outstanding opportunities for studies
of New Physics because of the availability of large sta-
tistical samples of data.

CP-violation can be introduced in Quantum Field
Theory in a variety of ways [1]. One way, CP-violation
can be introduced explicitly through dimension-4 op-
erators (the so-called “hard” CP-breaking). This is
how CP-invariance is broken in the Standard Model
via quark Yukawa interactions,

LY = ξikψiψkφ+ h.c. (1)

The complex Yukawa couplings ξik lead to complex-
valued Cabibbo-Kobayashi-Maskawa (CKM) quark
mixing matrix providing the natural source of CP-
violation for the case of the Standard Model with three
(or more) generations. Another way could be via op-
erators of dimensions less than four (the “soft” CP-
breaking), which is popular in supersymmetric mod-
els. Yet another way is to break CP-invariance spon-
taneously. This method, which is somewhat aestheti-
cally appealing, introduces CP-violating ground state
with CP-conserved Lagrangian. It is realized in a class
of left-right-symmetric models or multi-Higgs models.
All these mechanisms can be probed in charm tran-
sitions. In fact, observation of CP-violation in the
current round of charm experiments is arguably one
of the cleanest signals of physics beyond the Standard
Model (BSM).

It can be easily seen why manifestation of new
physics interactions in the charm system is associated
with the observation of (large) CP-violation. This
is due to the fact that all quarks that build up the
hadronic states in weak decays of charm mesons be-
long to the first two generations. Since 2× 2 Cabibbo
quark mixing matrix is real, no CP-violation is pos-
sible in the dominant tree-level diagrams which de-
scribe the decay amplitudes. CP-violating amplitudes
can be introduced in the Standard Model by including
penguin or box operators induced by virtual b-quarks.
However, their contributions are strongly suppressed
by the small combination of CKM matrix elements
VcbV

∗

ub. It is thus widely believed that the observa-
tion of (large) CP violation in charm decays or mixing
would be an unambiguous sign for new physics. This
fact makes charm decays a valuable tool in searching
for new physics, since the statistics available in charm
physics experiment is usually quite large.

As with other flavor physics, CP-violating contri-
butions in charm can be generally classified by three
different categories:

(I) CP violation in the ∆C = 1 decay amplitudes.
This type of CP violation occurs when the ab-
solute value of the decay amplitude for D to de-
cay to a final state f (Af ) is different from the
one of corresponding CP-conjugated amplitude
(“direct CP-violation”). This can happen if the
decay amplitude can be broken into at least two
parts associated with different weak and strong
phases,

Af = |A1| eiδ1eiφ1 + |A2| eiδ2eiφ2 , (2)

where φi represent weak phases (φi → −φi un-
der CP-transormation), and δi represents strong
phases (δi → δi under CP-transformation).
This ensures that CP-conjugated amplitude, A

f

would differ from Af .

(II) CP violation in D0 −D0 mixing matrix. Intro-
duction of ∆C = 2 transitions, either via SM or
NP one-loop or tree-level NP amplitudes leads
to non-diagonal entries in the D0−D0 mass ma-
trix,

[

M − i
Γ

2

]

ij

=

(

A p2

q2 A

)

(3)

http://arxiv.org/abs/0711.1564v1
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This type of CP violation is manifest when
R2

m = |p/q|2 = (2M12−iΓ12)/(2M
∗

12−iΓ∗

12) 6= 1.

(III) CP violation in the interference of decays with
and without mixing. This type of CP violation
is possible for a subset of final states to which
both D0 and D0 can decay.

For a given final state f , CP violating contributions
can be summarized in the parameter

λf =
q

p

Af

Af

= Rme
i(φ+δ)

∣

∣

∣

∣

Af

Af

∣

∣

∣

∣

, (4)

where Af and Af are the amplitudes for D0 → f and

D0 → f transitions respectively and δ is the strong
phase difference between Af and Af . Here φ repre-
sents the convention-independent weak phase differ-
ence between the ratio of decay amplitudes and the
mixing matrix.

The non-diagonal entries in the mixing matrix of
Eq. (3) lead to mass eigenstates of neutral D-mesons
that are different from the weak eigenstates,

|D1
2
〉 = p|D0〉 ± q|D̄0〉, (5)

where the complex parameters p and q are obtained
from diagonalizing the D0 − D0 mass matrix with
|p|2+|q|2 = 1. If CP-violation in mixing is neglected, p
becomes equal to q, so |D1,2〉 become CP eigenstates,
CP |D±〉 = ±|D±〉,

|D±〉 =
1√
2

[

|D0〉 ± |D0〉
]

(6)

The mass and width splittings between these eigen-
states are given by

x ≡ m2 −m1

Γ
, y ≡ Γ2 − Γ1

2Γ
. (7)

It is known experimentally that D0 −D0 mixing pro-
ceeds extremely slowly, which in the Standard Model
is usually attributed to the absence of superheavy
quarks destroying GIM cancellations [2, 3, 4]. As
we shall see later, this fact additionally complicates
searches for CP-violation in charmed mesons.

2. CP-violation in mesons

CP violation can be searched for by a variety of
methods. In general, one can separate two ways.
One way employs “static” observables, such as elec-
tric dipole moment of a baryon. Another way, more
applicable to charm physics, employs “dynamical” ob-
servables, i.e. decay probabilities and asymmetries.
Here we shall concentrate on this methods of search-
ing for CP-violation.

a. CP-violation in transitions, forbidden by CP-
invariance. This method is based on the idea that
if both initial and final states are prepared as CP-
eigenstates, the transition from the initial to final
state would be forbidden if their CP-eigenvalues do
not match. If CP is broken then transition probabil-
ity would be proportional to CP-breaking parameter.

While neither of D-mesons constitute a CP-
eigenstates, a linear combination of neutral D-mesons
of Eq. (6) is. Thus such measurements can be per-
formed at threshold charm factories, such as CLEO-
c or BES-III, using quantum coherence of the initial
state.

An example of this type of signal is a decay
(D0D0) → f1f2 at ψ(3770) with f1 and f2 being the
different final CP-eigenstates of the same CP-parity.
These types of signals are very easy to detect experi-
mentally. The corresponding CP-violating decay rate
for the final states f1 and f2 is

Γf1f2 =
1

2R2
m

[

(

2 + x2 − y2
)

|λf1 − λf2 |2

+
(

x2 + y2
)

|1 − λf1λf2 |2
]

Γf1Γf2 . (8)

The result of Eq. (8) represents a slight generaliza-
tion of the formula given in Ref. [5]. It is clear that
both terms in the numerator of Eq. (8) receive contri-
butions from CP-violation of the type I and III, while
the second term is also sensitive to CP-violation of the
type II. Moreover, for a large set of the final states the
first term would be additionally suppressed by SU(3)F

symmetry, as for instance, λππ = λKK in the SU(3)F

symmetry limit. This expression is of the second or-
der in CP-violating parameters (it is easy to see that
in the approximation where only CP violation in the

mixing matrix is retained, Γf1f2 ∝
∣

∣1 −R2
m

∣

∣

2 ∝ A2
m).

The existing experimental constraints [6] demon-
strate that CP-violating parameters are quite small
in the charm sector, regardless of whether they are
produced by the Standard Model mechanisms or by
some new physics contributions. Since the above mea-
surements involve CP-violating decay rates, these ob-
servables are of second order in the small CP-violating
parameters, a challenging measurement.
b. CP-violation in decay asymmetries.

Most of the experimental techniques that are sen-
sitive to CP violation make use of decay asymme-
tries, which are similar to the ones employed in B-
physics [1],

af =
Γ(D → f) − Γ(D → f)

Γ(D → f) + Γ(D → f)
. (9)

One can also introduce a related asymmetry,

a
f

=
Γ(D → f) − Γ(D → f)

Γ(D → f) + Γ(D → f)
. (10)
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Table I Current experimental constraints on CP-violating
asymmetries in charged D-decays [6].

Decay mode CP asymmetry

D+
→ KSπ+

−0.016 ± 0.017

D+
→ KSK+ +0.071 ± 0.062

D+
→ K+K−π+ +0.007 ± 0.008

D+
→ π+π−π+

−0.017 ± 0.042

D+
→ KSK+π+π−

−0.042 ± 0.068

For charged D-decays the only contribution to
the asymmetry of Eq. (9) comes from the multi-
component structure of the ∆C = 1 decay amplitude
of Eq. (2). In this case,

af =
2Im (A1A

∗

2) sin δ

|A1|2 + |A2|2 + 2ReA1A∗

2 cos δ

= 2rf sinφ sin δ, (11)

where δ = δ1 − δ2 is the CP-conserving phase differ-
ence and φ is the CP-violating one. rf = |A2/A1| is
the ratio of amplitudes. Both rf and δ are extremely
difficult to compute reliably in D-decays. However,
the task can be significantly simplified if one only con-
centrates on detection of New Physics in CP-violating
asymmetries in the current round of experiments [7],
i.e. at the O(1%) level. This is the level at which af

is currently probed experimentally, as summarized in
Table I. As follows from Eq. (11), in this case one
should expect rf ∼ 0.01.

It is easy to see that the Standard Model asymme-
tries are safely below this estimate. First, Cabibbo-
favored (Af ∼ λ0) and doubly Cabibbo-suppressed
(Af ∼ λ2) decay modes proceed via amplitudes that
share the same weak phase, so no CP-asymmetry
is generated1. Moreover, presence of NP ampli-
tudes does not significantly change this conclusion [9].
On the other hand, singly-Cabibbo-suppressed decays
(Af ∼ λ1) readily have two-component structure, re-
ceiving contributions from both tree and penguin am-
plitudes. In this case the same conclusion follows from
the consideration of the charm CKM unitarity,

VudV
∗

cd + VusV
∗

cs + VubV
∗

cb = 0. (12)

In the Wolfenstein parameterization of CKM, the first
two terms in this equation are of the order O(λ)
(where λ ≃ 0.22), while the last one is O(λ5). Thus,
CP-violating asymmetry is expected to be at most
af ∼ 10−3 in the Standard Model. Model-dependent
estimates of this asymmetry exist and are consitent
with this estimate [10].

1Technically, there is a small,O(λ4) phase difference between
the dominant tree T amplitude and exchange E amplitudes [8].

Asymmetries of Eq. (9) can also be introduced for
the neutral D-mesons. In this case a much richer
structure becomes available due to interplay of CP-
violating contributions to decay and mixing ampli-
tudes [7, 11],

af = ad
f + am

f + ai
f ,

ad
f = 2rf sinφ sin δ, (13)

am
f = −Rf

y′

2

(

Rm −R−1
m

)

cosφ,

ai
f = Rf

x′

2

(

Rm +R−1
m

)

sinφ,

where ad
f , am

f , and ai
f represent CP-violating contri-

butions from decay, mixing and interference between
decay and mixing amplitudes respectively. For the fi-
nal states that are also CP-eigenstates, f = f and
y′ = y.

As can be seen from Eq. (13), the CP-violating

asymmetries in neutral D-decays depend on D0 −D0

mixing parameters x′ and y′. Presently, experimen-
tal information about the D0 − D0 mixing parame-
ters x and y comes from the time-dependent analyses
that can roughly be divided into two categories. First,
more traditional studies look at the time dependence
of D → f decays, where f is the final state that can
be used to tag the flavor of the decayed meson. The
most popular is the non-leptonic doubly Cabibbo sup-
pressed decay D0 → K+π−. Time-dependent studies
allow one to separate the DCSD from the mixing con-
tribution D0 → D0 → K+π−,

Γ[D0 → K+π−] = e−Γt|AK−π+ |2
[

R+
√
RRm(y′ cosφ− x′ sinφ)Γt (14)

+
R2

m

4
(y2 + x2)(Γt)2

]

,

where R is the ratio of DCS and Cabibbo favored (CF)
decay rates. Since x and y are small, the best con-
straint comes from the linear terms in t that are also
linear in x and y. A direct extraction of x and y
from Eq. (14) is not possible due to unknown rela-
tive strong phase δD of DCS and CF amplitudes [12],
as x′ = x cos δD + y sin δD, y′ = y cos δD − x sin δD.
This phase can be measured independently [13]. The

corresponding formula can also be written [11] for D0

decay with x′ → −x′ and Rm → R−1
m .

Second, D0 mixing can be measured by comparing
the lifetimes extracted from the analysis of D decays
into the CP-even and CP-odd final states. This study
is also sensitive to a linear function of y via

τ(D → K−π+)

τ(D → K+K−)
− 1 = y cosφ− x sinφ

[

R2
m − 1

2

]

.

(15)
Time-integrated studies of the semileptonic transi-
tions are sensitive to the quadratic form x2 + y2 and
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Table II Current experimental constraints on CP-
violating asymmetries in neutral D-decays [6].

Decay mode CP asymmetry

D0
→ K+K− +0.0136 ± 0.012

D0
→ KSKS −0.23 ± 0.19

D0
→ π+π− +0.0127 ± 0.0125

D0
→ π0π0 +0.001 ± 0.048

D0
→ π+π−π0 +0.01 ± 0.09

D0
→ KSπ0 +0.001 ± 0.013

D0
→ K−π+π0

−0.031 ± 0.086

D0
→ K+K−π+π−

−0.082 ± 0.073

at the moment are not competitive with the analyses
discussed above.

Three experimental collaborations (BaBar, Belle
and CDF) have recently announced evidence for ob-

servation of D0 − D0 mixing [14] using the analyses
described above. The results reported by these col-
laborations were combined by the Heavy Flavor Av-
eraging Group (HFAG) to yield [6]

x =
(

8.4+3.2
−3.4

)

× 10−3,

y = (6.9 ± 2.1) × 10−3. (16)

Once again, it can be seen that the results depend
on hadronic parameters, such as the strong phase
δD. While the observed values of x and y, which
are believed to be dominated by the Standard Model
contributions (for recent analyses of NP contribu-
tions see [15]) and happen to be quite large, the SM
CP-violating phases are still quite small. Thus, one
can talk about almost background-free search for CP-
violation induced by BSM interactions. Current ex-
perimental constraints on CP-violating asymmetries
in neutral D-decays are summarized in Table II. As
one can see, most measurements are the percent sen-
sitivity. One should note that the rate asymmetries
of Eq. (9) for neutral D-mesons require tagging of the
initial state with the consequent reduction of the avail-
able dataset.

One question that can be asked is what models of
New Physics can be probed via CP-violating observ-
ables in D-decays in the near future. A decompo-
sition of Eq. (13) allows to address this question by
studying parameters that enter Eq. (13). In particu-
lar, one needs to study the amplitude ratio rf to see
the feasibility of constraining a given NP model via
charge asymmetries in D-decays. A general conclu-
sion of the recent study [7] is that O(1%) asymme-
tries are possible for SUSY models where new contri-
butions come from QCD penguin operators and es-
pecially from chromomagnetic dipole operators, while
tree-level direct CP violation in various known mod-
els is constrained to be much smaller than 10−2 (see

Table III Tree-level NP contributions to rf [7].

Model rf

Extra quarks in vector-like rep < 10−3

R-parity violating SUSY < 1.5 × 10−4

Two-Higgs doublet < 4 × 10−4

Table III). Clearly, neutral D decays could exhibit
contributions from indirect or direct CP violation (or
both). One can experimentally distinguish between
these possibilities [7] by selecting particular combina-
tions of final states. For instance, combined analysis
of D → Kπ and D → KK can yield interesting con-
straints on CP-violating parameters, which are uni-
versal [11],

∆YKK =
Γ′(D0 → K+K−) − Γ′(D0 → K+K−)

Γ′(D0 → K+K−) + Γ′(D0 → K+K−)

= am
KK + ai

KK , (17)

where Γ′(D0 → K+K−) and Γ′(D0 → K+K−) are
the modified decay rate parameters [11]

Γ′(D0 → K+K−) = ΓD (1

+ ηCP
f Rm(y cosφ− x sinφ)

)

,

Γ′(D0 → K+K−) = ΓD (1 (18)

+ ηCP
f R−1

m (y cosφ+ x sinφ)
)

.

Here ηCP
f = +(−) for CP even (odd) states. The cur-

rent experimental world average is ∆Y = (−0.35 ±
0.47) × 10−2, which gives a direct probe of CP-
violating asymmetries related to mixing.
c. CP-violation with untagged samples.

It is possible to use a method that both does not
require flavor or CP-tagging of the initial state and re-
sults in the observable that is first order in CP violat-
ing parameters [16]. Let’s concentrate on the decays
of D-mesons to final states that are common for D0

andD0. If the initial state is not tagged the quantities
that one can easily measure are the sums

Σi = Γi(t) + Γi(t) (19)

for i = f and f . A CP-odd observable which can be
formed out of Σi is the asymmetry

AU
CP (f, t) =

Σf − Σ
f

Σf + Σ
f

≡ N(t)

D(t)
. (20)

We shall consider both time-dependent and time-
integrated versions of the asymmetry (20). Note that
this asymmetry does not require quantum coherence
of the initial state and therefore is accessible in anyD-
physics experiment. It is expected that the numerator
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and denominator of Eq. (20) would have the form,

N(t) = Σf − Σ
f

= e−T
[

A+BT + CT 2
]

,

D(t) = 2e−T

[

|Af |2 +
∣

∣

∣
A

f

∣

∣

∣

2
]

, (21)

where we neglected direct CP violation in D(t). In-
tegrating the numerator and denominator of Eq. (20)
over time yields

AU
CP (f) =

1

D
[A+B + 2C] , (22)

where D = Γ
∫

∞

0
dt D(t).

Both time-dependent and time-integrated asymme-
tries depend on the same parameters A,B, and C.
The result is

A = |Af |2 −
∣

∣

∣
A

f

∣

∣

∣

2

−
∣

∣

∣
A

f

∣

∣

∣

2

+
∣

∣Af

∣

∣

2
,

B = −2y
√
R

[

sinφ sin δ

(

∣

∣Af

∣

∣

2
+

∣

∣

∣
A

f

∣

∣

∣

2
)

− cosφ cos δ

(

∣

∣Af

∣

∣

2 −
∣

∣

∣
A

f

∣

∣

∣

2
)]

, (23)

C =
x2

2
A.

We neglect small corrections of the order of
O(Amx, rfx, ...) and higher. It follows that Eq. (23)
receives contributions from both direct and indirect
CP-violating amplitudes. Those contributions have
different time dependence and can be separated ei-
ther by time-dependent analysis of Eq. (20) or by the
“designer” choice of the final state. Note that this
asymmetry is manifestly first order in CP-violating
parameters.

In Eq. (23), non-zero value of the coefficient A is an
indication of direct CP violation. This term is impor-
tant for singly Cabibbo suppressed (SCS) decays. The
coefficient B gives a combination of a contribution of
CP violation in the interference of the decays with and
without mixing (first term) and direct CP violation
(second term). Those contributions can be separated
by considering DCS decays, such as D → K(∗)π or
D → K(∗)ρ, where direct CP violation is not expected
to enter. The coefficient C represents a contribution
of CP-violation in the decay amplitudes after mixing.
It is negligibly small in the SM and all models of new
physics constrained by the experimental data. Note
that the effect of CP-violation in the mixing matrix
on A, B, and C is always subleading.

Eq. (23) is completely general and is true for both
DCS and SCS transitions. Neglecting direct CP vio-
lation we obtain a much simpler expression,

A = 0, C = 0,

B = −2y sin δ sinφ
√
R

[

∣

∣Af

∣

∣

2
+

∣

∣

∣
A

f

∣

∣

∣

2
]

. (24)

For an experimentally interesting DCS decay D0 →
K+π− this asymmetry is zero in the flavor SU(3)F

symmetry limit, where δ = 0 [17]. Since SU(3)F is
badly broken in D-decays, large values of sin δ [12]
are possible. At any rate, regardless of the theo-
retical estimates, this strong phase could be mea-
sured at CLEO-c. It is also easy to obtain the time-
integrated asymmetry for Kπ. Neglecting small sub-
leading terms of O(λ4) in both numerator and denom-
inator we obtain

AU
CP (Kπ) = −y sin δ sinφ

√
R. (25)

It is important to note that both time-dependent and
time-integrated asymmetries of Eqs. (24) and (25) are
independent of predictions of hadronic parameters, as
both δ and R are experimentally determined quanti-
ties and could be used for model-independent extrac-
tion of CP-violating phase φ. Assuming R ∼ 0.4% and
δ ∼ 40o [12] and y ∼ 1% one obtains

∣

∣AU
CP (Kπ)

∣

∣ ∼
(0.04%) sinφ. Thus, one possible challenge of the
analysis of the asymmetry Eq. (25), is that it involves
a difference of two large rates, ΣK+π− and ΣK−π+ ,
which should be measured with the sufficient preci-
sion to be sensitive to AU

CP , a problem tackled in
determinations of tagged asymmetries in D → Kπ
transitions.

Alternatively, one can study SCS modes, whereR ∼
1, so the resulting asymmetry could be O(1%) sinφ.
However, the final states must be chosen such that
AU

CP is not trivially zero. For example, decays of D
into the final states that are CP-eigenstates would
result in zero asymmetry (as Γf = Γ

f
for those fi-

nal states) while decays to final states like K+K∗−

or ρ+π− would not. It is also likely that this asym-
metry is larger than the estimate given above due to
contributions from direct CP-violation (see eq. 23).
The final state f can also be a multiparticle state.
In that case, more untagged CP-violating observables
could be constructed, for instance involving asymme-
tries of the Dalitz plots, such as the ones proposed for
B-decays [18].

As any rate asymmetry, Eq. (20) requires either a

“symmetric” production of D0 and D0, a condition
which is automatically satisfied by all pp and e+e−

colliders, or a correction for D0/D0 production asym-
metry.

3. CP-violation in baryons

Charmed baryons provide another system for
searches for CP-violation in charm. The fact that
baryons are spin-1/2 particles allows us to form CP-
violating asymmetries that are different from the ones
in the meson systems.

Taking Λc as an example, a charmed baryon decay
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amplitude can be parameterized as

A(Λc → Bπ) = uB(p, s) [AS +APγ5]uΛc
(pΛ, sΛ),

(26)
where B is a charmless baryon, and AS and AP pa-
rameterize s− and p−wave decay amplitudes respec-
tively. They can be combined in an “asymmetry pa-
rameter” αΛc

as

αΛc
=

2Re (A∗

SAP )

|AS |2 + |AP |2
. (27)

This parameter can be directly measured experimen-
tally using angular distribution of decay products in
Λc decay,

dW

dθ
=

1

2
(1 + PαΛc

cos θ) . (28)

Here P is polarization of the initial-state baryon. If
this analysis can be done for Λc decay as well, then a
CP-violating asymmetry can be formed,

Af =
αΛc

+ αΛc

αΛc
− αΛc

, (29)

which follows from the fact that αΛc
→ −αΛc

under

CP-transformation (if CP is conserved).
There were some experimental studies of this ob-

servable. In particular, FOCUS collaboration re-
ported [19]

AΛπ = −0.07± 0.19 ± 0.24. (30)

New studies of CP-asymmetries in charmed baryon
decays are urged, which could be performed at LHCb
or even in one of the new experiments associated with
Project-X at FNAL [20].

4. Conclusions

In summary, charm physics, and in particular stud-
ies of CP-violation, could provide new and unique
opportunities for indirect searches for New Physics.
Large statistical samples of charm data allow unique
sensitive measurements of charm mixing and CP-
violating parameters. While unambiguous theoreti-
cal predictions of CP-violating asymmetries in charm
transitions are hard, observation of CP-violation at
the level of O(1%) would indicate new physics contri-
bution to charm decays.
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Experimental Prospects for CP and T Violation Studies in Charm∗

G. Mancinelli
University of Cincinnati, Cincinnati, OH 45221, USA
from the BABAR Collaboration

We present the current status of experimental results and prospects for the determination of CP and T violation
in the charm sector. Such measurements have acquired renewed interest in recent years in view of theoretical
work, which has highlighted the possibility to probe experimental signatures from New Physics beyond the
Standard Model, since the effect of CP violation due to Standard Model processes is expected to be highly sup-
pressed in D decays. The current limits of experimental sensitivities for these studies are reaching the interesting
theoretical regimes. We include new measurements from the Belle, BABAR, and CLEO-c collaborations.

1. Introduction

The amount of CP violation (CPV) currently dis-
covered in nature is not sufficient to explain the uni-
verse as we see it. Looking in the charm sector is a
natural extension of this task. Three are the kinds of
CPV we deal with: CPV in the D0 − D0 mixing ma-
trix, which is expected to be insignificant in the charm
sector, CPV in the decay amplitudes, and CPV in the
interference between mixing and decay, which should
be very small as well. The second one is also known
as direct CPV and will be covered in this paper.

The expression for the CP asymmetry resulting
from a process f and its CP conjugate f̄ is given by:

ACP =
Γ(f) − Γ(f̄)

Γ(f) + Γ(f̄)

=
2ℑ(A1A

∗

2) sin (δ1 − δ2)

|A1|2 + |A2|2 + ℜ(A1A∗

2) cos (δ1 − δ2)
(1)

A1 and A2 are two components of the decay am-
plitude and δ1 − δ2 the corresponding strong phase
difference. It follows that two amplitudes with differ-
ent strong as well as weak phases are needed to have
CPV. In the realm of the SM, usually this means a
tree and a penguin amplitude. The kinds of processes
described in the following are categorized as Cabibbo
favored (CF, c → sd̄u), suppressed (CS, c → ss̄u,
c → dd̄u), and doubly suppressed (DCS, c → ds̄u),
according to the kind of vertices that intervene in the
charm quark decay.

In contrast to the beauty sector, the Standard
Model (SM) charm sector is largely CP conserving,
as it involves 4 quarks and the 2 × 2 Cabibbo mixing
matrix is real. In singly Cabibbo suppressed decays
diluted weak phases can produce asymmetries of the
order 10−3 − 10−4, while no weak phases, hence no
CPV, exist in CF and DCS decays, except for some
minimal asymmetry in the D+ → KSπ+ mode. It is

∗University of Cincinnati preprint number UCHEP-07-08

interesting to notice that it is possible in principle to
distinguish direct and indirect CPV, either combining
direct CP asymmetries with time-dependent measure-
ments both for CP eigenstates, or just using time in-
tegrated measurements for CF CP eigenstate modes
(assuming negligible CPV in CF modes) as KSπ0 [1].

New Physics (NP) can contain CP violating
couplings that could show up at the percent
level [1] [2] [3] [4]. Several extensions of the SM pre-
dict such asymmetries, including models with lepto-
quarks, a fourth generation of fermions, right-handed
weak currents, or extra Higgs doublets. Precision
measurements and theory are required to detect NP.
The charm sector is in a unique position to test physics
beyond the SM. In particular it can test models where
CPV is generated in the up-like quark sector. Flavor
models where the CKM mixing is generated in the
up sector generally predict large D-mixing and siz-
able CPV in charm, but smaller effects in the beauty
sector. Furthermore, SCS D decays are now more sen-
sitive to gluonic penguin amplitudes than are charm-
less B decays [1]. In summary, finding CPV in CF
and DCS decays or finding CPV above 0.1% in SCS
decays would indicate NP.

2. Current Experimental Results

There are several ways direct CP and T violation
can be looked for: by measuring asymmetries in time
integrated partial widths or in final state distributions
of Dalitz plots or by measuring T violation via T-
odd correlations with 4-body D decays. As an ex-
ample of charged D decays, Fig. 1 shows the recon-
structed mass distributions in D+ → K−K+π+ and
D+ → π+π+π− candidates in the BABAR detector,
with fairly large datasets (80 fb−1) [5]. The CP asym-
metry results of these and many other analyses are
listed in Table I.

As mentioned earlier, in the SM we can expect di-
rect CPV at the 10−3 level in SCS decays, but no CPV
in CF modes. In the K+K− and π+π− modes it is
puzzling that the ratio of their branching ratios is so
different from 1 (∼2.8). This entails the presence of

http://arxiv.org/abs/0711.1571v3
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Figure 1: BABAR’s sample of D+
→ K−K+π+ and D+

→

π+π+π− candidates (mass distributions) used for CPV
measurements.

large final state interactions (FSI) and/or large pen-
guin contributions, which could be fertile ground for
NP to manifest itself. Phenomenological calculations
set SM limits at or well below the 10−3 level [6]. The
CDF collaboration has to date the best CP measure-
ments for these modes. The asymmetries are normal-
ized to the CF Kπ mode. Difficulties for this analysis
are due to the track charge asymmetry which is cali-
brated with KS control samples and to the partially
reconstructed D background for the K+K− mode.
Total systematics are slightly above 0.5% [7].

A high precision analysis at BABAR reports ACP =
0.00 ± 0.34 ± 0.13 for the K+K− mode and ACP =
−0.24 ± 0.52 ± 0.22 for the π+π− mode [8]. To keep
the systematics so low, the keys are to calibrate charge
and tagging asymmetries using data, namely the CF
Kπ mode, and to account for forward-backward asym-
metries due to QED effects, which can produce detec-
tion asymmetries in a detector as BABAR, due to the
boost of the center of mass system with respect to the
laboratory.

Charm factories benefit with respect to the beauty
ones from a pure DD̄ final state with low multiplic-
ity, hence high tagging efficiency. This makes them
competitive with the high statistics at BABAR and
Belle. Single tag efficiencies range from 25 to 65%,
values unimaginable at the B-factories. Most of the
new CP violation results from CLEO-c, with 281 pb−1

of data, are for CF modes, with the exception of
D+ → K+K−π+ (see Tables I and II). The un-

certainties are of the order of 1% in most cases, For
modes with charged kaons, the kaon systematics are
the largest ones.

In case of indirect CPV and final CP eigenstates,
the time integrated and time dependent CP asym-
metries are universal and equal to each other. In
contrast, for direct CPV, the time-integrated asym-
metries in principle are not expected to be univer-
sal. Hence parts of phase-space in a multi-body de-
cay might have different asymmetries (which may even
cancel each other out when integrated over the whole
phase-space). In addition, NP might not show up in
the decay rates asymmetries but instead in the phase
difference between amplitudes. 3-body decays per-
mit the measurement of such phase differences. The
Dalitz plot technique allows increased sensitivity to
CP asymmetry by probing the decay amplitude rather
than the decay rate and access to both CP eigenstates
and non CP eigenstates with relatively high statis-
tics. The CLEO-c collaboration has measured the CP
asymmetry in the π+π−π0 mode (integrated over the
sum of all amplitudes in the Dalitz plot) and has also
performed a full fledged Dalitz plot analysis of the
D0 → KSπ+π− decay [9]. The BABAR and Belle col-
laborations can exploit their larger datasets for similar
measurements.

T violation measurements can be performed ex-
ploiting T-odd correlations between the momenta of
the decay products of 4-body D decays as KKππ,
while assuming CPT conservation:

CT = pK+ · (pπ+ × pπ−). (2)

Under time reversal CT changes sign, but its be-
ing different from 0 is not sufficient to establish T-
violation as final state interactions can fake this asym-
metry [10]. To overcome this problem the analogous
quantity from the CP conjugate decay can be defined
as:

CT = pK− · (pπ− × pπ+). (3)

Finding CT 6= −CT establishes T violation. T-odd
asymmetries can be built as:

AT = Γ(CT >0)−Γ(CT <0)
Γ(CT >0)+Γ(CT <0) (4)

AT = Γ(CT >0)−Γ(CT <0)

Γ(CT >0)+Γ(CT <0)
(5)

and the T violation asymmetry as:

AT−viol =
1

2
(AT − AT ) (6)

and if this is different from 0, T violation is es-
tablished, even in the presence of strong phases [11].
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As for the available measurements the only ones to
date are from the FOCUS collaboration (see Ta-
bles I and II). The CLEO, BABAR, and Belle experi-
ments should better this analysis with their larger and
cleaner data samples.

Most of the measurements of CP and T violation in
neutral D decays to date are shown in Table I. No ev-
idence of direct CPV has been found. The best limits
are of the order of one to few percent statistical errors
with systematics of similar magnitude; few measure-
ments have errors below the 1% level. Most of these
are old measurements, except for the new ones from
the CLEO-c collaboration and the ones “byproducts”
of the mixing analyses of the BABAR and Belle collab-
orations.

Table I ACP measurements to date using neutral D de-
cays. The last row reports a measurement of AT by the
FOCUS collaboration.

Experiment(year) Decay mode ACP %

CDF(2005) D0
→ K+K− 2.0 ± 1.2 ± 0.6

CLEO(2002) D0
→ K+K− 0.0 ± 2.2 ± 0.8

FOCUS(2000) D0
→ K+K−

−0.1 ± 2.2 ± 1.5

CDF(2005) D0
→ π+π− 1.0 ± 1.3 ± 0.6

CLEO(2002) D0
→ π+π− 1.9 ± 3.2 ± 0.8

FOCUS(2000) D0
→ π+π− 4.8 ± 3.9 ± 2.5

CLEO(2001) D0
→ K0

SK0
S −23 ± 19

CLEO(2001) D0
→ π0π0 0.1 ± 4.8

CLEO(2001) D0
→ K0

Sπ0 0.1 ± 1.3

CLEO(1995) D0
→ K0

Sφ 2.8 ± 9.4

CLEO(2005) D0
→ π+π−π0 1+9

−7 ± 5

CLEO(2004) D0
→ K0

Sπ+π−
−0.9 ± 2.1+1.6

−5.7

Belle(2005) D0
→ K+π+π−π−

−1.8 ± 4.4

FOCUS(2005) D0
→ K+K−π+π−

−8.2 ± 5.6 ± 4.7

CLEO(2007) D0
→ K−

S
π+

−0.4 ± 0.5 ± 0.9

CLEO(2007) D0
→ K−

S
π+π0 0.2 ± 0.4 ± 0.8

CLEO(2007) D0
→ K−π+π+π− 0.7 ± 0.5 ± 0.9

Belle(2005) D0
→ K+π−π0

−0.6 ± 5.3

BABAR(2007) D0
→ K+π−

−2.1 ± 5.2 ± 1.5

Belle(2007) D0
→ K+π− 2.3 ± 4.7

FOCUS(2005) AT D0
→ K+K−π−π+ 1.0 ± 5.7 ± 3.7

Table II reports the results for charged D decays,
where many new results from CLEO-c in SCS Ds de-
cays and in several CF decays are listed. With the
CLEO-c result, together with the ones from BABAR

and FOCUS, the KKπ mode is becoming one of the
most interesting precision-wise. Table III lists the av-
erage CP asymmetry measurements by mode. Some
of the averages are from HFAG group [12], some are
my own, hence probably not as correct, as not all cor-
relations are taken into account. Clearly there is still
work to do.

Table II ACP measurements to date using charged D de-
cays. The last two rows report measurements of AT by
the FOCUS collaboration.

Experiment(year) Decay mode ACP %

BABAR(2005) D+
→ K+K−π+ 1.4 ± 1.0 ± 0.8

BABAR(2005) D+
→ φπ+ 0.2 ± 1.5 ± 0.6

BABAR(2005) D+
→ K0

SK+ 0.9 ± 1.7 ± 0.7

CLEO(2007) D+
→ K+K−π+

−0.1 ± 1.5 ± 0.8

FOCUS(2000) D+
→ K+K−π+ 0.6 ± 1.1 ± 0.5

E791(1997) D+
→ K+K−π+

−1.4 ± 2.9

E791(1997) D+
→ φπ+

−2.8 ± 3.6

E791(1997) D+
→ K0

SK+
−1.0 ± 5.0

FOCUS(2002) D+
→ K0

Sπ+
−1.6 ± 1.5 ± 0.9

CLEO(2007) D+
→ K0

Sπ+
−0.6 ± 1.0 ± 0.3

CLEO(2007) D+
→ K0

Sπ+π0 0.3 ± 0.9 ± 0.3

CLEO(2007) D+
→ K0

Sπ+π+π− 0.1 ± 1.1 ± 0.6

CLEO(2007) D+
→ K−π+π+

−0.5 ± 0.4 ± 0.9

CLEO(2007) D+
→ K−π+π+π0 1.0 ± 0.9 ± 0.9

CLEO(2007) D+

S
→ K+η −20 ± 18

CLEO(2007) D+

S
→ K+η′

−17 ± 37

CLEO(2007) D+

S
→ K0

Sπ+ 27 ± 11

CLEO(2007) D+

S
→ K+π0 2 ± 29

E791(1997) D+
→ π+π+π−

−1.7 ± 4.2

FOCUS(2005) AT D+
→ K0

SK+π+π− 2.3 ± 6, 2 ± 2.2

FOCUS(2005) AT D+

S
→ K+

S
K+π+π−

−3.6 ± 6.7 ± 2.3

3. Future Prospects

The future prospects for these measurements are
very promising. For the KK and ππ modes both B-
factories and CDF are expected to reach very inter-
esting sensitivities of the order of few per thousand.
The issue at the Tevatron will be whether the trig-
ger can cope with the increase of luminosity. The
D+ → KKπ mode should hit interesting limits as
well, if systematics can be hold under control. Very
promising are also measurements from Dalitz plot
analyses using SCS modes, where we have the added
puzzle that it is not known where (if anywhere) CPV
can show up in the Dalitz plane. Furthermore, the
asymmetry could be large, but confined to only a part
of the phase-space.

For the T-correlation analyses, as aforementioned
there are large datasets of 4-body D decays available.
The BABAR and Belle collaborations could achieve sta-
tistical uncertainties at or below 0.5% if systematics
can be kept as low.

If the present machines cannot fully probe the ex-
tent of the CP asymmetries allowed by NP or given to
us by nature, new experiments at BESIII and at the
super B-factories at KEK and/or Frascati, or LHC-b
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Table III Average CP asymmetry measurements by mode.

Decay mode ACP %

D0
→ K+K− +1.4 ± 1.2

D0
→ K0

SK0
S −2.3 ± 1.9

D0
→ π+π− +1.3 ± 1.3

D0
→ π0π0 +0.1 ± 4.8

D0
→ π+π−π0 +1 ± 9

D0
→ K0

Sπ0 +0.1 ± 1.3

D0
→ K−π+

−0.4 ± 1.0

D0
→ K−π+π0 +0.2 ± 0.9

D0
→ K−π+π+π− +0.7 ± 1.0

D0
→ K+π−

−0.8 ± 3.1

D0
→ K+π−π0

−0.1 ± 5.2

D0
→ K + S0π+π0

−0.9 ± 4.2

D0
→ K+π−π+π−

−1.8 ± 4.4

D0
→ K+K−π−π+

−8.2 ± 7.3

D+
→ K0

Sπ+
−0.9 ± 0.9

D+
→ K0

Sπ+π0 +0.3 ± 0.9

D+
→ K0

Sπ+π+π− +0.1 ± 1.3

D+
→ K−π+π+

−0.5 ± 1.0

D+
→ K−π+π+π0 +1.0 ± 1.3

D+
→ K0

SK+ +7.1 ± 6.2

D+
→ K+K−π+ +0.6 ± 0.8

D+
→ π+π−π+

−1.7 ± 4.2

D+
→ K0

SK+π+π−
−4.2 ± 6.8

at the LHC definitely will. Data taking at BESIII is
expected to start in 2008. With 3 years of running it
will get up to 20 times the CLEO-c dataset. The super
B-factories should record ∼10 ab−1 of data per year.
At least the super B-factory at Frascati is designed
to run at the psi(3770) as well with an estimated 1
ab−1 of data per year. LHC-b will implement a ded-
icated D∗ trigger as well, selecting huge and clean
samples of hadronic D decays. This should assure a
D∗ dataset of the order of 100 times the one at CDF
in the first year of nominal luminosity running. With
all this data we will reach a phase of high precision
CPV measurements, with uncertainties of the order
of 10−4 (6 × 10−5) with one year of nominal running
at LHC-b (super-B factories).

4. Conclusions

Charm physics provides unique opportunities for in-
direct searches for new physics. The theoretical cal-
culations of the D0 mixing parameters have large un-
certainties, hence physics beyond the standard model
will be hard to rule out from D0 mixing measure-
ments alone. The observation of large CPV would

instead be a clear and robust signal of new physics.
There have been some exciting new results this year
from the CLEO-c, Belle, and BABAR collaborations.
The total uncertainties are at the 1% level in several
modes, but still far from observation. Experiments
are just now entering the interesting domain. The fu-
ture ahead is very promising with good sensitivities
achievable by current experiments and high precision
measurements expected with future and planned ef-
forts.
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Rare D Decays
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We discuss several recent measurements of rare charmed hadron decays. Focus is placed on radia-
tive and annihilation topologies highlighting their sensitivity to new physics and pointing out the
strengths and weaknesses of different channels. We compare the different measurement techniques
employed at fixed target and e+e− dedicated charm experiments, B-factories, and the Tevatron ex-
periments. Comparisons are also made to similar topologies in the beauty, strange, and top systems
where appropriate.

I. INTRODUCTION

Many extensions of the standard model (SM) pre-
dict anomalous effects in rare decays of beauty,
charmed, and strange hadrons that could significantly
alter their decay rate with respect to SM expecta-
tions. In B meson decays, the experimental sensitivity
has reached the SM expected rates for many rare pro-
cesses. In contrast, GIM suppression [1] in D meson
decays is significantly stronger and the SM branching
fractions, in the case of radiative D meson decays, are
expected to be as low as 10−9 [2, 3]. This leaves a
large window of opportunity still available to search
for new physics in charm decays.

Annihilation topologies of charged mesons can be
used to probe new charged current phenomena that
would appear at tree level such such as models with
charged Higgs bosons [4]. Here, the advantage is
the SM decay rate can be precisely calculated and
the rates are experimentally accessible. Given apri-
ori knowledge of the decay constants and CKM el-
ements, measurements of these processes can place
strict bounds on new phenomena.

As a third generation particle, sizable corrections
are expected to B+ annihilation in SUSY models with
high tanβ [5]. Sensitivity to new physics in these de-
cays are currently limited by statistics but will even-
tually be limited by errors in Vub and fB. As a second
generation particle, the corrections are expected to be
less evident in D+

(s) annihilation [4]. However, statis-

tics are now available to make precision measurements
of both Ds → τν and Ds → µν. The ratio of these
channels can then provide an extremely clean test for
models that do not preserve lepton universality.

Radiative meson decay and annihilation of neural
mesons are sensitive to tree level neutral current phe-
nomena or almost any new particle that can interact
at higher order through penguin or box diagrams. The
SM rate is absent at tree level and thus always sup-
pressed. The precision to which the SM rate can be
calculated varies drastically depending on generation
and topology. For radiative beauty transitions such
as b → sγ precision measurements and calculations
are available [6]. For strange meson transitions such

as KL → π0νν̄, precision calculations exist and the
SM rates are expected to be accessible in the next
generation of kaon experiments.

For radiative charmed hadron decays such as c →
ul+l−, the SM rate is extremely difficult to estimate.
However, given the present level of experimental sen-
sitivity, the errors in imperfect cancellation through
the GIM mechanism can be ignored and we can es-
sentially treat these decays as forbidden. Thus at the
current level of sensitivity, any signal in the charm
sector would unambiguously signal new physics. This
relation between current experimental sensitivity and
SM expectations is also true for annihilation of neutral
B and D mesons. In this situation, any improvement
of experimental limits allows us to place further con-
straints on new phenomena.

II. EXPERIMENTAL ENVIRONMENTS

Results are available from a extremely diverse set
of experiments. The cleanest environment is e+e− at
charm threshold such as CLEO-c. Here, beam con-
straints are a powerful tool in background reduction
and CESR has now delivered enough luminosity at
particular resonances to allow for competitive studies
of rare decays.

Some of the largest charm samples are available
at the B-factory experiments Belle and BaBar where
the direct charm production cross section is similar
to the Υ(4S) production cross section and all species
of charmed hadrons are available in the same data
set. Since the final state is dominated pions, the ex-
cellent particle ID capabilities of these experiments
greatly reduces the combinatorial background in D
and Λc decays where either multiple kaons or protons
are present. While not at threshold, the isolation of
direct charm production still allows for strong back-
ground reduction through global event variables such
as the total and missing energy in the event.

Results are available from many fixed target exper-
iments conducted in the last decade at Fermilab with
the best limits on rare decays coming from FOCUS [7]
that set the bar for the current experiments. The large

http://arxiv.org/abs/0711.2977v1
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boost and excellent vertexing capabilities of these ex-
periments led to large high purity samples of all charm
species. While these data sets have now been sur-
passed by other experiments, they still remind us of
opportunities that will become available at LHCb or
possibly future dedicated fixed target charm experi-
ments at Fermilab [8] that will have similar analysis
strategies but much larger data sets.

Run II of the Fermilab Tevatron has brought the
study of rare charm to the energy frontier experi-
ments DØand CDF. Here again all species are avail-
able and the enormous production cross sections more
than compensate for the lower luminosity. However
for rare decays, the large backgrounds lead to strin-
gent limitations on the channels available for study
and to date, only final states containing dimuons have
been considered.

III. ANNIHILATION

A. Charged Meson Annihilation

New results are available this summer from the
Belle Collaboration on the decay Ds → µν [9]. Belle
reports

B(Ds → µν) = (6.44 ± 0.76 ± 0.52) × 10−3.

Combining this measurement with PDG’06 [10] and
BaBar [11] and CLEO-c [12] measurements from 2007
indicate an experimental sensitivity on the order of
8% in this branching fraction and indicate that the
ratio of experimental measurement to theoretical pre-
diction for Ds → τν/Ds → µν can now be determined
to roughly 15%. This can be compared to the experi-
ment to theory ratio in B+ → τν that is measured to
a precision of about 44%, the recently observed Belle
measurement of B → D∗τν [13] that has a precision
of about 30%, or the recent measurement of tt̄ produc-
tion cross section with t → bτν [14] that also has a
precision of about 30%. So while the c→ τ transition
is not expected to have contributions as large as those
in the top and b systems, it makes up for it with both
experimental and theoretical precision.

B. Neutral Meson Annihilation

The best limits on D0 annihilation have recently
been reported by the CDF [15] and BaBar [16] col-
laborations. For normalization purposes, both anal-
yses first reconstruct a large sample of D∗ tagged
D0 → π+π− decays. CDF reconstructs about 1.4k
D0 → π+π− decays in a 65 pb−1 data sample while
BaBar reconstructs greater than 7k D0 → π+π− de-
cays in a 122 fb−1 data sample. The CDF analy-
sis focuses on the dimuon final state while BaBar

reconstructs both µ+µ− and e+e−. The possible
peaking background from double misidentification of
D0 → π+π− as µ+µ− is studied using large samples
of D∗ tagged D0 → Kπ decays. CDF sets a 90% CL
upper limit of

B(D0 → µ+µ−) < 2.5 × 10−6,

while BaBar sets 90% CL upper limits of

B(D0 → µ+µ−) < 1.3 × 10−6,

B(D0 → e+e−) < 1.2 × 10−6.

The final dilepton invariant mass distributions are
shown in Fig. 1.

CDF Run II Preliminary

0

1

2

3

1.8 1.85 1.9 1.95

Mµµ (GeV)

ev
en

ts
/M

eV

D0→µ+µ- Search

0 events in the ±2σ search window

FIG. 1: Dilepton invariant mass distributions from CDF
in the dimuon channel (above) and BaBar in the dimuon
and dielectron channels in the D0

→ l+l− analyses.

IV. RADIATIVE DECAY

The first radiative charm decay to be observed is
the decay Ds → φγ [17] where Belle measures

B(Ds → φγ) = (2.6+0.70
−0.61

+0.15
−0.17) × 10−5.
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This is a beautiful measurement where many of the
peaking backgrounds such as φπ0 and φη could not
be constrained using previous information and thus
were concurrently measured along with the φγ final
state.

This result is also an excellent example of the in-
herent problems caused by long distance effects in the
charm system. In the above channel, one can not
distinguish between the quark level cū → ss̄γ tran-
sition and long distance rescattering of intermediate
D0 → φρ or φω transitions into the φγ final state.
Since the rate of these final state interactions can not
be calculated with acceptable precision, no limits can
be placed on new phenomena using the above chan-
nel [18].

This situation can be solved by moving from two-
body to three-body radiative decays where the extra
kinematic information in the final state allows for a
separation of long distance and short distance compo-
nents [2, 3]. For instance in the decay D+ → π+µ+µ−

the long distance rescattering of φ → µ+µ− can be
extracted from the dimuon invariant mass spectra.
Since the short distance component is expected to
be three orders of magnitude below the long distance
component, any excess in the dimuon mass spectra
away from the φ resonance would clearly indicate new
physics.

The best limits on the c → ul+l− transition come
from CLEO-c [19], BaBar [20], and DØ [21]. The
CLEO-c analysis is based on a data sample of 281
pb−1 recorded at the ψ(3770) resonance. The excel-
lent calorimetry at CLEO-c leads to a focus on the
π+e+e− final state. The BaBar analysis is based on
281 fb−1. The combination of powerful hadron and
lepton ID systems allow BaBar to search for both
dimuon and dielectron final states of D+, Ds, and Λc.
The DØanalysis is based on a 1.3 fb−1 data sample.
The excellent dimon trigger system leads to a focus
on the dimuon final state. Since the background re-
duction techniques rely heavily on secondary verticies
reconstructed away from the interaction point, focus
is placed on the D+ meson rather than the Ds or Λc

due to their shorter lifetimes.
As a first step, all three collaborations attempt to

establish the long distance component D+ → φπ+ →
l+l−π+ by requiring the dilepton invariant mass be
consistent with a φ. The results are shown in Fig. 2.
CLEO-c finds two events with an expected back-
ground of 0.04 events. BaBar sees 19 signal events
over a background of about 30 events. DØsees 115
signal events over a background of roughly 850 events.
The differences in the environments are clearly seen in
these yield and background comparisons. The three
collaborations measure

B(D+ → φπ+ → e+e−π+) =

(2.7+3.6
−1.8 ± 0.2) × 10−6 (CLEO),

(2.7+3.6
−1.8 ± 0.2) × 10−6 (BaBar),

B(D+ → φπ+ → µ+µ−π+) =

(1.8 ± 0.5 ± 0.6) × 10−6 (D/O).
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FIG. 2: Results of the search for D+
→ πφ → πl+l−.

The top figure is the beam constrained mass versus beam
energy difference from CLEO in the dielectron channel.
The middle figure is the πe+e− invariant mass from BaBar.
The lower figure is the πµ+µ− invariant mass distribution
from DØ.

With the long distance contribution established,
each analysis proceeds to search for the short distance
c→ ul+l− transition by looking for an excess of events
away from the φ resonance. CLEO-c takes advantage
of beam constrained variables and detector hermitic-
ity to specifically veto the dominant background of
two semileptonic D decays and arrives at a 90% CL
upper limit of

B(D+ → π+e+e−) < 7.4 × 10−6 (CLEO).
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The BaBar analysis requires high momentum D
candidates consistent with direct cc̄ production to re-
move backgrounds from semileptonic B decay and
then also relies on hermiticity to remove backgrounds
from two semileptonic charm decays. Using Λc de-
cays easily distinguished using particle ID, they set
the best 90% CL upper limit in the dielectron channel
of

B(Λc → pe+e−) < 3.6 × 10−6 (BaBar).

The missing energy resolution of the DØdetector
does not allow them to veto semileptonic events where
the neutrinos typically carry away a few GeV of en-
ergy and the long lived backgrounds from semileptonic
charm and b hadron decay are essentially irreducible.
However the much more dominant background is from
light quark and Drell-Yann production that can be re-
moved using flight length significance, vertex quality,
and topological requirements and attempts are made
to optimize the analysis for both direct D meson pro-
duction and D mesons produced in B meson decay.
Background reduction based on these variables allow
DØto set the best 90% upper limit in the dimuon
channel of

B(D+ → π+e+e−) < 3.9 × 10−6 (D/O).

The results are shown in Fig. 3. Since many scenarios
of new phenomena predict different rates of excess in
the dimuon and dielectron channels, its encouraging
that together BaBar and DØcan cover both channels.

In conclusion, the last round of results in rare charm
decays is producing precision measurements of Ds an-
nihilation branching fractions. The combination of
statistical power and results in both the τν and µν
channel may help add to knowledge recently gained
from measurements of B+ → τν, B → D∗τν and
t→ bτν.

The last round of results has also pushed limits on
neutral annihilation and radiative decay from the 10−5

level to the 10−6 level with much of the data currently
on tape yet to be analyzed. A complete analysis of the
full B factory and Tevatron data sets as well as data at
a super B factory and LHCb should push these results
to the 10−7 level and hopefully yield an anomalous
excess.
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Recent studies of Charmonium Decays at CLEO
H. Muramatsu
Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627, USA

Recent results on Charmonium decays are reviewed which includes two-, three- and four-body decays of χcJ

states, observations of Y(4260) through ππJ/ψ transitions, precise measurements of M(D0), M(η) as well as
B(η → X).

1. Introduction

Decays of a bound state of a quark and its anti-
quark, quarkonium, provide an excellent laboratory
for studying QCD. Particularly, heavy quarkonia such
as charmonium states are less relativistic, thus play a
special role in probing strong interactions.

CLEO recently has accumulated data taken at the
ψ(2S) resonance, providing a total of 27M ψ(2S) de-
cays. With the combination of this large statistical
sample and the excellent CLEO detector, we will ex-
plore an unprecedented world of charmonia. While
many analyses are currently being carried out, in this
note we present recent results on multi-body χcJ de-
cays which employed the pre-existing 3M ψ(2S) sam-
ple.

We also present recent studies on decays of one of
the exotic states, Y(4260), as well as precision mea-
surement on M(D0) that has an implication on prop-
erties of X(3872).

Finally, based on the full sample of ψ(2S) data, we
have results on properties of one of the light mesons,
η.

2. Factory of χc(1
3
PJ) states

χc(1
3PJ) states, which have one unit of orbital an-

gular momentum and total spin of J=0, 1, or 2, can-
not be produced directly from e+e− collisions. They
can be reached from ψ(2S) through radiative (elec-
tric dipole) transitions. Since B(ψ(2S) → γχcJ) =
(9.3± 0.4, 8.8± 0.4, and 8.1± 0.4)× 10−2 for J=0, 1,
and 2 respectively [1], 27M ψ(2S) decays of the new
data provides ∼2M decays of each spin state of χcJ

which should give us a greater understanding of the
decay mechanisms of the χcJ mesons.

In this section, we present recent results of studies
of χcJ decays based on 3M ψ(2S) decays which should
serve as the foundation for the future precision mea-
surements by employing the full data sample of 27M
of ψ(2S) decays.

2.1. Two-body decay

We present results on χcJ decay into combinations
of η and η′ mesons. Figure 1 shows invariant masses of

combinations of η and η′. No χc1 is seen as expected
from conservation of spin-parity.

Figure 1: Invariant masses of ηη (a), η′η (b), and η′η′ (c)

We measured B(χc0 → ηη) to be (0.31 ± 0.05 ±
0.04 ± 0.02)% [2] where the first uncertainty is sta-
tistical, the second is systematic, and the third is
systematic due to the uncertainty in B(ψ(2S) →
γχcJ). This is slightly higher, but consistent with,
the two previously published measurements. The BES
Collaboration measured this branching ratio to be
(0.194 ± 0.085 ± 0.059)% [3] and the E-835 Collab-
oration [4] had (0.198 ± 0.068 ± 0.037)%. We also
measured B(χc0 → η′η′) to be (0.17 ± 0.04 ± 0.02 ±
0.01)% for the first time. We set upper limits for
B(χc0 → ηη′) < 0.05% , B(χc2 → ηη) < 0.047%,
B(χc2 → ηη′) < 0.023%, and B(χc2 → η′η′) < 0.031%
at 90% confidence level.

Our result can be compared to predictions based on
the model of Qiang Zhao [5]. He translates these decay
rates into a QCD parameter, r, which is the ratio
of doubly- to singly-OZI suppressed decay diagrams.
In his model, our results indicate that the singly-OZI
suppressed diagram dominates in these decays.

http://arxiv.org/abs/0711.1927v2
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2.2. Three-body decay

We have also looked at three-body decays of χcJ

states (one neutral and 2 charged hadrons) [6]. They
are π+π−η, K+K−η, pp̄η, π+π−η′, K+K−π0, pp̄π0,
π+K−K0

S, and K+p̄Λ. Measured branching fractions
are summarized in Table I. Again, our results are con-
sistent with the results from BES Collaboration [7],
with better precision.

In three of the above modes we looked for, π+π−η,
K+K−π0, and π+K−K0

S, we observed significant sig-
nals of χc1 decays which are shown in Figure 2.

Figure 2: Invariant masses of π+π−η (top-left), K+K−π0

(top-right), and K0
SK

−π+ (bottom)

We performed Dalitz plot analyses based on these
3 modes in which we neglected any possible interfer-
ence effects between resonances and polarization of
χc1. We estimated there could be ∼ 20(15)% varia-
tions in fit fractions for the ππη (KKπ) mode due to
such a simplified model. Figure 3 shows the Dalitz
plot for π+π−η and Table II shows its resultant fit
fractions for each source. It is interesting to note that
our data demand a relatively large yield of a σ pole.

As for the KKπ mode, we performed simultaneous
fits between χc1 → K+K−π0 and χc1 → KSKπ by
taking advantage of isospin symmetry. Dalitz plots for
these modes are shown in Figures 4 and 5. Table III
shows their resultant fit fractions.

2.3. Four-body decay

We present a preliminary result on four-body decay
of χcJ states in which we reconstructed h+h−π0π0,
where h = π, K, p; K+K−ηπ0; and K±π∓K0

Sπ
0.

Results of this kind of study, many-body decays of

Figure 3: Dalitz plots for χc1 → ηπ+π−.

Figure 4: Dalitz plots for χc1 → K+K−π0.

χcJ states, should help to build a comprehensive un-
derstanding about the P-wave dynamics.

Clean signals were seen in all modes except χc1 →
pp̄π0π0 for the first time as can be seen in Figure 6.
Many resonant substructures were also seen for which
we only considered significant ones (π+π−π0π0 and
K±π∓K0

Sπ
0). The results are summarized in Table V.
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Table I Branching fractions in units of 10−3. Uncertainties are statistical, systematic due to detector effects plus
analysis methods, and a separate systematic due to uncertainties in the ψ(2S) branching fractions. Limits are at the
90% confidence level.

Mode χc0 χc1 χc2

π+π−η < 0.21 5.0 ± 0.3 ± 0.4 ± 0.3 0.49 ± 0.12 ± 0.05 ± 0.03

K+K−η < 0.24 0.34 ± 0.10 ± 0.03 ± 0.02 < 0.33

pp̄η 0.39 ± 0.11 ± 0.04 ± 0.02 < 0.16 0.19 ± 0.07 ± 0.02 ± 0.01

π+π−η′ < 0.38 2.4 ± 0.4 ± 0.2 ± 0.2 0.51 ± 0.18 ± 0.05 ± 0.03

K+K−π0 < 0.06 1.95 ± 0.16 ± 0.18 ± 0.14 0.31 ± 0.07 ± 0.03 ± 0.02

pp̄π0 0.59 ± 0.10 ± 0.07 ± 0.03 0.12 ± 0.05 ± 0.01 ± 0.01 0.44 ± 0.08 ± 0.04 ± 0.03

π+K−K
0

< 0.10 8.1 ± 0.6 ± 0.6 ± 0.5 1.3 ± 0.2 ± 0.1 ± 0.1

K+p̄Λ 1.07 ± 0.17 ± 0.10 ± 0.06 0.33 ± 0.09 ± 0.03 ± 0.02 0.85 ± 0.14 ± 0.08 ± 0.06

Table II Fit results for χc1 → ηπ+π− Dalitz plot analysis.
The uncertainties are statistical and systematic. Allowing
for interference among the resonances changes the fit frac-
tions by as much as 20% in absolute terms as discussed in
the text.

Mode Fit Fraction (%)

a0(980)
±π∓ 75.1 ± 3.5 ± 4.3

f2(1270)η 14.4 ± 3.1 ± 1.9

ση 10.5 ± 2.4 ± 1.2

Figure 5: Dalitz plots for χc1 → πKK0
S .

The measured branching fraction of χcJ → ρ±π∓π0

is consistent with that of χcJ → ρ0π+π− as ex-
pected from isospin symmetry. Similar isospin sym-
metry is also seen in Table IV where the partial width

Table III Results of the combined fits to the χc1 →

K+K−π0 and χc1 → πKK0
S Dalitz plots. Allowing for in-

terference among the resonances changes the fit fractions
by as much as 15% in absolute terms as discussed in the
text.

Mode Fit Fraction (%)

K∗(892)K 31.4 ± 2.2 ± 1.7

K∗
0 (1430)K 30.4 ± 3.5 ± 3.7

K∗
2 (1430)K 23.1 ± 3.4 ± 7.1

a0(980)π 15.1 ± 2.7 ± 1.5

of χc → K∗0K0π0 and that of χc → K∗±K∓K0

are expected to be equal. Table IV also shows an-
other good agreement with the isospin expectation of
B(χc → K∗0K0π0)/ B(χc → K∗0K±π∓) = 0.5 and
B(χc → K∗0K0π0)/ B(χc → K∗±π∓K0) = 0.5.

Figure 6: Preliminary result on 4-body decays of χcJ .
Invariant masses of various combinations of hadrons are
shown.
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Table IV Branching fractions and combined error mea-
surements for the isospin related K∗Kπ intermediate
modes are listed.

Mode χc0 χc1 χc2

B.F. (%) B.F. (%) B.F. (%)

K∗0K0π0 0.56±0.15 0.38±0.11 0.59±0.14

K∗0K±π∓ - - 0.90±0.25

K∗±K∓π0 0.74±0.18 - 0.57±0.13

K∗±π∓K0 0.96±0.25 - 0.90±0.25

3. Charmonium-like states above DD̄

3.1. Y(4260)

Y(4260) was first discovered by the BaBar Col-
laboration via the reaction of e+e− → γY (4260) →
γπ+π−J/ψ, J/ψ → ℓ+ℓ− [8]. Through the same
production mechanism of initial state radiation, we
also confirmed their observation based on data taken
around the Υ(nS) resonances, where n is 1, 2, 3, and,
4 [9]. The invariant mass of π+π−J/ψ based on such
ISR production is shown in Figure 7.

Figure 7: Distribution of invariant mass of π+π−J/ψ pro-
duced in ISR.

We further confirmed BaBar’s observation in data
taken directly at

√
s = 4260 MeV [10] at 11 σ sig-

nificance. We also observed Y (4260) → π0π0J/ψ
for the first time at significance of 5.1 σ and had
the first evidence for Y (4260) → K+K−J/ψ (3.7σ).
We measured e+e− cross sections as σ(π+π−J/ψ) =
(58+12

−10 ± 4) pb, σ(π0π0J/ψ) = (23+12
−8 ± 1) pb, and

σ(K+K−J/ψ) = (9+9
−5±1) pb. Using scan data taken

between
√
s of 3970 MeV and 4260 MeV, we also

searched in 12 additional modes (transitions down to
ψ(2S), χcJ , and J/ψ). No evidence of strong signals
were seen for which we set upper limits at 90% confi-
dence level. The results are summarized in Table VI.

The observation of Y (4260) → π0π0J/ψ is inconsis-
tent with the χcJρ

0 molecular model [11]. Our obser-
vation of π0π0J/ψ rate being about half of π+π−J/ψ
rate disagrees with the prediction of the baryonium
model [12]. Evidence for the K+K−J/ψ signal is not
compatible with these two models either. Table VI
also shows that Y(4160) behaves very differently com-
pared to other charmonium states above DD̄ thresh-
old such as ψ(4040) and ψ(4160) for which we set up-
per limits in terms of cross section (σ(e+e− → X))
and branching fractions.

3.2. X(3872) and Mass of neutral D
meson

Since X(3872) was discovered by Belle Collabora-
tion [13] and subsequently confirmed by other exper-
iments ([14],[15],[16]), many theoretical models have
been proposed. Perhaps the most provocative theo-
retical suggestion is that X(3872) is a loosely bound
state of D0 and D̄∗0 mesons [17]. This idea arises
mainly because M(D0) + M(D∗0) −M(X(3872)) is
very small. Using the average value of M(D0) of 2006
Particle Data Group [1], 1864.1 ± 1.0 MeV, we have
−0.9 ± 2.1 MeV for the above difference or for the
binding energy if we assume it is a bound state of D0

and D̄∗0 mesons. The large uncertainty in the differ-
ence is partially due to the rather large uncertainty in
mass of D0 meson. This was the motivation to mea-
sureM(D0) more precisely using our 281 pb−1 of data
taken at ψ(3770).

We used a clean (charged particles only) mode of
D meson decay, D0 → KSφ where KS → π+π−

and φ → K+K−. Invariant masses of π+π− and
K+K− are shown in Figures 8 and 9 respectively. Fig-
ure 10 shows the invariant mass of KSK

+K− from
which we obtained M(D0) = 1864.847 ± 0.150 ±
0.095 MeV [18]. We then have M(D0)+M(D∗0)-
M(X(3872)) = +0.6 ± 0.6 MeV. This provides a
strong constraint for the theoretical predictions for
the decays of X(3872) if it is a bound state of D0

and D̄∗0 mesons. The uncertainty in its binding en-
ergy is now calling for more precise measurement on
mass of X(3872) itself.

4. Properties of η

It has been almost half a century since the η meson
was discovered [19]. Since then, many measurements
have been made by many experiments. Still, almost
all exclusive branching fractions are determined as rel-
atives to other η decays.

Based on the 27M ψ(2S) sample, we measured al-
most all the major modes (99% of generic decays of
η) which allowed us to determine the major branch-
ing fractions [20]. We obtained the η sample through
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Table V Branching fractions (B.F.) with statistical and systematic uncertainties are shown. The symbol “×” indicates
product of B.F.’s. The third error in each case is due to the ψ(2S) → γχc branching fractions. Upper limits shown
are at 90% C.L and include all the systematic errors. The measurements of the three-hadron final states are inclusive
branching fractions, and do not represent the amplitudes for the three-body non-resonant decays.

Mode χc0 χc1 χc2

B.F.(%) B.F.(%) B.F.(%)

π+π−π0π0 3.54±0.10±0.43±0.18 1.28±0.06±0.16±0.08 1.87±0.07±0.23±0.13

ρ+π−π0 1.48±0.13±0.18±0.08 0.78±0.09±0.09±0.05 1.12±0.08±0.14±0.08

ρ−π+π0 1.56±0.13±0.19±0.08 0.78±0.09±0.09±0.05 1.11±0.09±0.13±0.08

K+K−π0π0 0.59±0.05±0.08±0.03 0.12±0.02±0.02±0.01 0.21±0.03±0.03±0.01

pp̄π0π0 0.11±0.02±0.02±0.01 < 0.05 0.08±0.02±0.01±0.01

K+K−ηπ0 0.32±0.05±0.05±0.02 0.12±0.03±0.02±0.01 0.13±0.04±0.02±0.01

K±π∓K0π0 2.64±0.15±0.31±0.14 0.92±0.09±0.11±0.06 1.41±0.10±0.16±0.10

K∗0K0π0
× K∗0

→ K±π∓ 0.37±0.09±0.04±0.02 0.25±0.06±0.03±0.02 0.39±0.07±0.05±0.03

K∗0K±π∓
× K∗0

→ K0π0 0.30±0.07±0.04±0.02

K∗±K∓π0
× K∗±

→ π±K0 0.49±0.10±0.06±0.03 0.38±0.07±0.04±0.03

K∗±π∓K0
× K∗±

→ K±π0 0.32±0.07±0.04±0.02 0.30±0.07±0.04±0.02

ρ±K∓K0 1.28±0.16±0.15±0.07 0.54±0.11±0.06±0.03 0.42±0.11±0.05±0.03

Table VI For each mode e+e− → X, for three center-of-mass regions: the detection efficiency, ǫ; the number of signal
[background] events in data, Ns [Nb]; the cross-section σ(e+e− → X); and the branching fraction of ψ(4040) or ψ(4160)
to X, B. Upper limits are at 90% CL. ’–’ indicates that the channel is kinematically or experimentally inaccessible.

√
s = 3970 − 4060 MeV

√
s = 4120 − 4200 MeV

√
s = 4260 MeV

Channel ǫ Ns Nb σ B ǫ Ns Nb σ B ǫ Ns Nb σ

(%) (pb) (10−3) (%) (pb) (10−3) (%) (pb)

π+π−J/ψ 37 12 3.7 9+5

−4
±2 < 4 38 13 3.7 8+4

−3
±2 < 4 38 37 2.4 58+12

−10
±4

π
0
π

0
J/ψ 20 1 1.9 < 8 < 2 21 5 0.9 6+5

−3
±1 < 3 22 8 0.3 23+12

−8
±1

K+K−J/ψ – 7 1 0.07 < 20 < 5 21 3 0.07 9+9

−5
±1

ηJ/ψ 19 12 9.5 < 29 < 7 16 15 8.8 < 34 < 8 16 5 2.7 < 32

π0J/ψ 23 2 < 10 < 2 22 1 < 6 < 1 22 1 < 12

η′J/ψ – 11 4 2.5 < 23 < 5 11 0 1.5 < 19

π+π−π0J/ψ 21 1 < 8 < 2 21 0 < 4 < 1 22 0 < 7

ηηJ/ψ – – 6 1 < 44

π
+
π
−
ψ(2S) – 12 0 < 15 < 4 19 0 < 20

ηψ(2S) – – 15 0 < 25

ωχc0 – – 9 11 11.5 < 234

γχc1 26 9 8.1 < 50 < 11 26 11 8.7 < 45 < 10 26 1 3.3 < 30

γχc2 25 6 8.0 < 76 < 17 26 10 8.6 < 79 < 18 27 4 3.3 < 90

π
+
π
−
π

0
χc1 6 0 < 47 < 11 8 0 < 26 < 6 9 0 < 46

π
+
π
−
π

0
χc2 4 0 < 141 < 32 8 0 < 56 < 13 9 0 < 96

π+π−φ 17 26 3.0 < 12 < 3 17 17 6.0 < 5 < 1 18 7 5.5 < 5

a two-body decay of ψ(2S), ψ(2S) → ηJ/ψ where J/ψ
subsequently decays to two leptons (e+e− or µ+µ−).
That is, we have sample of about 0.1M η decays with
a di-lepton tag on J/ψ.

We first constrained the invariant mass of di-leptons
to be the known mass of J/ψ. We then combined
the fitted J/ψ with η decay products and constrained

further to be the mass of ψ(2S). In this analysis,
the η decay modes we considered were η → γγ, 3π0,
π+π−π0, π+π−γ and e+e−γ. According to Ref. [1],
the sum of these 5 rates amounts to 99.88% of the
total η decays. We then took ratios between efficiency-
corrected yields separately for each of J/ψ → e+e−

and µ+µ− cases in which all lepton related systematic
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Figure 8: Invariant mass of π+π−.

Figure 9: Invariant mass of K+K−.

uncertainties were canceled. The resulting ratios of η
branching fractions are summarized in Table VII.

Figure 11 shows a graphical version of comparison
in terms of ratios of branching fractions to the single
most precise other measurements (top of Figure 11).

By assuming that the 5 exclusive channels we con-
sidered in this analysis cover the all η decay modes, we
were also able to extract absolute branching fractions
of these 5 modes. Other possible η decay modes are
either now allowed and/or found to be less than 0.2%
of generic decays η [1]. We included 0.3% as a possi-
ble systematic uncertainty in the absolute branching
fraction measurements. The results are summarized
in Table VIII and also shown graphically in Figure 11
in terms of ratio of our branching fractions to the PDG
2006 global fit (bottom of Figure 11). Several of the
relative and absolute branching fractions obtained in
this analysis are either the most precise to date or first
measurements.

Further more, we also measured the mass of η me-

Figure 10: Invariant mass of KSK
+K−.

Table VII Ratios of η branching fractions. For each com-
bination, the efficiency ratio, separately for J/ψ → e+e−

and J/ψ → µ+µ−, the level of consistency between the
J/ψ → e+e− and µ+µ− result, expressed in units of Gaus-
sian standard deviations, σµµ/ee, and the combined result
for the branching ratio. The dagger symbol indicates that
this result is most precise measurement to date.

Channel eff. ratio σµµ/ee branching fraction ratio

µµ ee

3π0/γγ 0.15 0.15 1.0 0.884 ± 0.022 ± 0.019

pi+π−π0/γγ 0.50 0.49 −2.2 0.587 ± 0.011 ± 0.009†

π+π−γ/γγ 0.63 0.60 0.2 0.103 ± 0.004 ± 0.004†

e+e−γ/γγ 0.53 0.52 0.1 0.024 ± 0.002 ± 0.001†

3π0/π+π−π0 0.30 0.32 2.1 1.496 ± 0.043 ± 0.035†

π+π−γ/π+π−π0 1.27 1.24 1.1 0.175 ± 0.007 ± 0.006

e+e−γ/π+π−π0 1.07 1.06 0.5 0.041 ± 0.003 ± 0.002†

e+e−γ/π+π−γ 0.84 0.86 0.0 0.237 ± 0.021 ± 0.015

son [22]. This was motivated by two recent preci-
sion measurements that were inconsistent with each
other. In 2002, the NA48 Collaboration reported
Mη = 547.843±0.030±0.041 MeV [23], while in 2005,
GEM Collaboration reported Mη = 547.311±0.028±
0.032 MeV [24] which was 8 standard deviations below
NA48’s result.

We used the same η sample described previously in
this Section but used only 4 decay modes, η → γγ,
3π0, π+π−π0, and π+π−γ while, again, constrain-
ing masses of J/ψ and ψ(2S). Our result, the av-
erage of the 4 η decay modes, is Mη = 547.785 ±
0.017 ± 0.057 MeV which has comparable precision
to both NA48 and GEM results, but is consistent
with the former and 6.5 standard deviations larger
than the later. We note that the KLOE Collabora-
tion also recently measured mass of the η meson to be
547.873± 0.007 ± 0.031 MeV which was presented at
the 2007 Lepton-Photon conference [25].
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Table VIII For each η decay channel, absolute branching
fraction measurements for J/ψ → e+e− and J/ψ → µ+µ−

combined, with statistical and systematic uncertainties
(middle column), as determined in this work. The last
column shows the PDG fit result [1]. All but γγ are first
measurements.

Channel this work (%) PDG [1] (%)

γγ 38.45 ± 0.40 ± 0.36 39.38 ± 0.26

3π0 34.03 ± 0.56 ± 0.49 32.51 ± 0.28

π+π−π0 22.60 ± 0.35 ± 0.29 22.7 ± 0.4

π+π−γ 3.96 ± 0.14 ± 0.14 4.69 ± 0.11

e+e−γ 0.94 ± 0.07 ± 0.05 0.60 ± 0.08

5. Summary

I have presented confirmation of BaBar’s observa-
tion of Y(4260) in di-pion transition to J/ψ along
with a new observation through neutral di-pion tran-
sition. Our precision measurement on M(D0) calls for
more precise measurement on M(X(3872)). With 3M
ψ(2S) sample, we have results on two-, three-, and
four-body decays of χcJ states in which many sub-
structures were seen in three- and four-body modes.
Dalitz plot analyses were done for the case of 3-body
decays. More detailed analyses can be done with the
full 27M ψ(2S) sample. Using the 27M sample, we
performed precision measurements on B(η → X) and
M(η).
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Experimental charmonium decay results from BES
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Based on 14 million ψ(2S) and 58 million J/ψ events collected by the BESII detector, the leptonic
decay of ψ(2S) into τ+τ−, ψ(2S) multi-body decays, χcJ decays, and J/ψ hadronic decays are
studied, and the branching fractions of these decays are reported. These results may shed light on
the understanding of QCD.

I. INTRODUCTION

The Beijing spectrometer (BES) is a general pur-
pose solenoidal detector at the Beijing Electron
Positron Collider (BEPC) storage ring, which oper-
ates at center-of-mass energies from 2 to 5 GeV. The
BES detector (BESII) is described in Ref. [1].

In this paper, we focus on studies of the ψ(2S) lep-
tonic decay, ψ(2S) radiative decays, ψ(2S) hadronic
decays, χcJ decays, and J/ψ decays based on 14 mil-
lion ψ(2S) and 58 million J/ψ events collected by the
BESII detector.

II. ψ(2S) DECAYS

A. ψ(2S) → ττ

The ψ(2S) provides an opportunity to compare the
three lepton generations by studying the leptonic de-
cays ψ(2S) → e+e−, µ+µ−, and τ+τ−. The leptonic
decay widths are approximately described by the rela-
tion Bee ≃ Bµµ ≃ Bττ/0.3885, which is in good agree-
ment with the BESI Bττ measurement [2]. Based on
14 million ψ(2S) events, the branching fraction for
ψ(2S) → τ+τ− is remeasured [3]. The τ+τ− pairs
are reconstructed from τ+τ− → µ+ν̄τνµe

−ντ ν̄e and
τ+τ− → e+ν̄τνeµ

−ντ ν̄µ. At the ψ(2S) resonance,
1015 signal events are observed, while 516 events are
estimated to be from e+ + e− → τ+τ−, determined
using a data sample taken at

√
s = 3.65 GeV. The

branching fraction is calculated to be (0.310±0.021±
0.038)%, where the first error is statistical and the
second is systematic. Compared with the BESI re-
sult, the number of events is much bigger and the
QED contribution and the efficiency and background
estimations are improved.

B. Radiative decays

Besides the conventional meson and baryon states,
QCD also predicts a rich spectrum of glueballs, me-
son hybrids, and multi-quark states in the 1.0 to
2.5 GeV/c2 mass region. Therefore, searches for
evidence of these exotic states play an important

role to test QCD. Such studies of these states have
been performed in J/ψ radiative decays for a long
time [4, 5], while studies in ψ(2S) radiative decays
have been limited due to low statistics in previous ex-
periments [5, 6]. The radiative decays of ψ(2S) to
hadrons are expected to contribute about 1% to the
total ψ(2S) decay width [7]. However, the measured
channels only sum up to about 0.05% [6].

Recently BESII measured the decays of ψ(2S) into
γpp, γ2(π+π−), γK0

SK
+π− + c.c., γK+K−π+π−,

γK∗0K−π+ + c.c., γK∗0K̄∗0, γπ+π−pp, γ2(K+K−),
γ3(π+π−), and γ2(π+π−)K+K−, with the invari-
ant mass of the hadrons (mhs) less than 2.9 GeV/c2

for each decay mode [8]. The differential branching
fractions are shown in Fig. 1. In the mass distri-
bution of mpp for ψ(2S) → γpp, although there is
some excess of events near pp threshold as shown in
Fig. 1(a), no significant narrow structure due to the
X(1859), observed in J/ψ → γpp̄, is seen. The up-
per limit on the branching fraction is measured to be
B[ψ(2S) → γX(1859) → γpp] < 5.4 × 10−6 at the
90% C.L. There is a wide peak in the m2(π+π−) distri-

bution located at 1.4 ∼ 2.2 GeV/c2, but its structure
can not be resolved due to the low statistics. No ob-
vious structure is observed in the other final states.
The branching fractions below mhs < 2.9 GeV/c2 are
given in Table I, and they sum up to 0.26% of the total
ψ(2S) decay width. This indicates that a larger data
sample is needed to search for more decay modes and
to resolve the substructure of ψ(2S) radiative decays.

C. Hadronic decays

In perturbative QCD (pQCD), hadronic decays of
both ψ(2S) and J/ψ proceed dominantly via the anni-
hilation of cc̄ quarks into three gluons or one photon,
followed by a hadronization process. This yields the
so-called pQCD ”12% rule”, i.e.

Qh ≡ Bψ′→h

BJ/ψ→h

=
Bψ′→ee

BJ/ψ→ee

≃ 12%.

A large violation of this rule was firstly observed in
decays to ρπ and K∗K+ c.c. by Mark II [9], known as
the ρπ puzzle. Since then there have been many more
measurements of ψ(2S) decays by BES and recently

http://arxiv.org/abs/0711.3671v2
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FIG. 1: Differential branching fractions for ψ(2S) decays
into γpp, γ2(π+π−), γK+K−π+π−, and γK0

SK
+π−+c.c..

Here mhs is the invariant mass of the hadrons in each
final state. For each point, the smaller longitudinal error
is the statistical error, while the bigger one is the sum of
statistical and systematic errors.

by the CLEO collaboration for the study of the 12%
rule. Table II summarizes recent measurements on
ψ(2S) decays by BES. For the ψ(2S) decays listed, the
Qh ratios are in agreement with the 12% rule within
1 ∼ 2σ, except for the obviously suppressed channel
ψ(2S) → ωf2(1270).

The branching fractions of ψ(2S) decays into octet
baryons have also been measured; the results are listed
in Table II. They are in agreement with the results
published by the CLEO collaboration within 2σ for
pp and within 1σ for the ΛΛ̄, Σ0Σ̄0, and Ξ−Ξ+ chan-
nels. For ψ(2S) → NN̄π, the ratios of the measured
branching fractions of the ppπ0 isospin partners are
given by B(ψ(2S) → ppπ0) : B(ψ(2S) → pn̄π−) :
B(ψ(2S) → p̄pπ+) = 1 : 1.86 ± 0.27 : 1.91 ± 0.27,
which is consistent with the isospin symmetry predic-
tion 1 : 2 : 2.

TABLE I: Branching fractions for ψ(2S) → γ + hadrons

with mhs < 2.9 GeV/c2, where the upper limits are deter-
mined at the 90% C.L. [8].

Mode B(×10−5)

γpp̄ 2.9±0.4±0.4

γ2(π+π−) 39.6±2.8±5.0

γK0
SK

+π− + c.c. 25.6±3.6±3.6

γK+K−π+π− 19.1±2.7±4.3

γK∗0K+π− + c.c. 37.0±6.1±7.2

γK∗0K̄∗0 24.0 ± 4.5 ± 5.0

γπ+π−pp̄ 2.8±1.2±0.7

γK+K−K+K− < 4

γ3(π+π−) < 17

γ2(π+π−)K+K− < 22

TABLE II: Branching fractions for ψ(2S) hadronic decays.

Here the ratio Qh is defined as Qh = B(ψ(2S)→h)

B(J/ψ→h)
, where

the B(J/ψ → h) values are taken from Ref. [6].

Mode: h B(×10−4) Qh(%)

pp 3.36 ± 0.09 ± 0.25 14.9 ± 1.4

ΛΛ̄ 3.39 ± 0.20 ± 0.32 16.7 ± 2.1

Σ0Σ̄0 2.35 ± 0.36 ± 0.32 16.8 ± 3.6

Ξ−Ξ+ 3.03 ± 0.40 ± 0.32 16.8 ± 4.7

pn̄π− 2.45 ± 0.11 ± 0.21 12.0 ± 1.5

p̄nπ+ 2.52 ± 0.12 ± 0.22 12.9 ± 1.7

π02(π+π−) 24.9 ± 0.7 ± 3.6 10.5 ± 2.0

ωπ+π− 8.4 ± 0.5 ± 1.2 11.7 ± 2.4

ωf2(1270) 2.3 ± 0.5 ± 0.4 5.4 ± 0.6

b±1 π
∓ 5.1 ± 0.6 ± 0.8 17.0 ± 4.2

π02(π+π−)K+K− 10.0 ± 2.5 ± 1.8 —

III. χcJ DECAYS

A. χcJ → φφ

Decays of χcJ → K+K−K+K− are measured using
14 million ψ(2S) decays [10]. The branching fractions
including intermediate states are given in Table III.
The decay χcJ → φK+K− is observed for the first
time, and the precision of the measurements χcJ → φφ
and K+K−K+K− are improved compared with PDG
values.

The branching fractions of χcJ → φφ together with
previous BES measurements on χcJ → ωω [12] and
χcJ → K∗(892)K̄∗(892) [13] are used to predict the
decay branching fractions of χcJ to other vector meson
pairs, like ρρ and ωφ [14], where a large double OZI
suppressed amplitude is expected.
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TABLE III: Summary of χcJ hadronic decays. Upper limits are given at the 90% C.L. For χcJ → K0
SK

+π− + c.c. and
ηπ+π−, branching fractions of Br(ψ′

→ γχc0) = (8.6 ± 0.7)%, Br(ψ′
→ γχc1) = (8.4 ± 0.8)%, and Br(ψ′

→ γχc2) =
(6.4 ± 0.6)% are used in the calculation. For other decays, branching fractions of Br(ψ(2S) → γχcJ) from CLEOc [11]
are used.

Decay mode X Br(χc0 → X) (×10−3) Br(χc1 → X) (×10−3) Br(χc2 → X) (×10−3)

2(K+K−) 3.48 ± 0.23 ± 0.47 0.70 ± 0.13 ± 0.10 2.17 ± 0.20 ± 0.31

φK+K− 1.03 ± 0.22 ± 0.15 0.46 ± 0.16 ± 0.06 1.67 ± 0.26 ± 0.24

φφ 0.94 ± 0.21 ± 0.13 — 1.70 ± 0.30 ± 0.25

K0
SK

+π− + c.c. < 0.35 4.0 ± 0.3 ± 0.5 0.8 ± 0.3 ± 0.1

ηπ+π− < 1.1 5.9 ± 0.7 ± 0.8 < 1.7

B. χcJ → K0
SKπ, ηππ

Decays of χc0 and χc2 into three pseudo-scalars are
highly suppressed by the spin-parity selection rule.
BES measured the branching fractions of χc1 decays
into K0

SK
+π− + c.c. and ηπ+π−, including the inter-

mediate states involved [15]. The branching fractions
or upper limits at the 90% C.L. are summarized in
Table III.

The K0
SK

+π−+c.c. events are mainly produced via
K∗(892) intermediate states, and the ηπ+π− events
via f2(1270)η or a0(980)π. The branching fractions
[15] for these resonances are

Br(χc1 → K∗(892)0K̄0 + c.c.)

= (1.1 ± 0.4 ± 0.2) × 10−3,

Br(χc1 → K∗(892)+K− + c.c.)

= (1.6 ± 0.7 ± 0.3) × 10−3,

Br(χc1 → f2(1270)η)

= (3.0 ± 0.7 ± 0.5) × 10−3,

Br(χc1 → a0(980)+π− + c.c.→ ηπ+π−)

= (2.0 ± 0.5 ± 0.5) × 10−3.

Except for χc1 → K0
SK

+π− + c.c., all other modes
are first observations.

IV. J/ψ → ΛΛ̄π0
, ΛΛ̄η

The isospin violating process J/ψ → ΛΛ̄π0 has
been studied by the DM2 [16] and BESI [17] col-
laborations, and its average branching fraction is
quoted as B(J/ψ → ΛΛ̄π0) = (2.2 ± 0.6) × 10−4

[6]. However, the isospin conserving process
J/ψ → ΛΛ̄η has not been reported. Is it true that

B(J/ψ → ΛΛ̄π0) > B(J/ψ → ΛΛ̄η)? BESII used 58
million J/ψ events to study J/ψ → ΛΛ̄π0 [18]. It
is found that this decay is seriously contaminated
by J/ψ → Σ0π0Λ̄ + c.c. and Σ+π−Λ̄ + c.c. decays.
For estimating these backgrounds, the branching
fraction of J/ψ → Σ+π−Λ̄ + c.c. was measured and
determined to be to be (15.2 ± 0.8 ± 1.6) × 10−4.
Assuming isospin symmetry between this and the
neutral decay mode and after subtracting these
backgrounds, no significant signal is observed for
J/ψ → ΛΛ̄π0, and the upper limit is determined to
be B(J/ψ → ΛΛ̄π0) < 0.64× 10−4 at the 90% C.L. A
clear signal is seen for J/ψ → ΛΛ̄η and the branching
fraction is determined to be (2.62±0.60±0.44)×10−4.
This indicates that the J/ψ → ΛΛ̄π0 is suppressed
due to isospin conservation violation.

V. SUMMARY

Using the 14 million ψ(2S) and 58 million J/ψ
events taken with BESII detector at the BEPC storage
ring, BES Collaboration has provided many interest-
ing results on charmonium decays, including the ob-
servation of many ψ(2S) radiative decays, some ψ(2S)
hadronic decays, χcJ decays, and determined that the
isospin violating process J/ψ → ΛΛ̄π0 is suppressed.
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Charmonium Spectroscopy Below Open Flavor Threshold
Z. Metreveli
Department of Physics, Northwestern University, Evanston, IL 60208, USA

Latest experimental results in the charmonium spectroscopy below DD̄ breakup threshold are reviewed.

1. Introduction

Charm quark has large mass (∼1.5 GeV) com-
pared to the masses of u, d, s quarks. Velocity of
the charm quarks in hadrons is not too relativistic
((v/c)2 ∼0.2). Strong coupling constant αs(mc) is
small (∼0.3). Therefore charmonium spectroscopy is
a good testing ground for the theories of strong inter-
actions: quantum cromodynamics (QCD) in both per-
turbative and nonperturbative regimes, QCD inspired
purely phenomenological potential models, nonrela-
tivistic QCD (NRQCD) and lattice QCD.

There are 8 bound states of charmonium below
the DD̄ breakup threshold (Fig. 1). These are spin
triplets J/ψ(13S1), ψ(2S)(23S1), χc0,1,2(1

3P0,1,2) and
spin singlets ηc(1

1S0), ηc(2S)(21S0), hc(1
1P1). Only

J/ψ and ψ(2S) can be produced directly in e+e− an-
nihilation. A lot is known about these triplet states.
Spin singlet states population via radiative transitions
from the vector states is either very weak (M1 transi-
tions for ηc(1S), ηc(2S)), or C-forbidden (hc(1

1P1)).
Accordingly, little is known about these singlet states.

Figure 1: Spectra of the states of charmonium below DD̄

breakup threshold.

The status of charmonium states below DD̄
breakup threshold is summarized in Table I. The
masses and widths from PDG 2007, as well as a num-
ber of measured decay channels from PDG 2002, 2004
and 2007 are presented separately for spin-triplet and
spin-singlet states.

Table I Status of charmonium states.

Mass Width Number of Decays

(MeV) (MeV) PDG

PDG 2007 PDG 2007 2002 2004 2007⋆

Spin Triplets

J/ψ 3096.92±0.01 93.4±2.1 (keV) 134 135 162

ψ(2S) 3686.09±0.03 327±11 (keV) 51 62 115

χc0 3414.75±0.35 10.4±0.7 17 17 51

χc1 3510.66±0.07 0.89±0.05 12 13 35

χc2 3556.20±0.09 2.05±0.12 18 19 37

Spin Singlets

ηc(1S) 2979.8±1.2 26.5±3.5 20 21 31

ηc(2S) 3637±4 14±7 3 4 4

hc 3525.93±0.27 <1 3 3 4

It is obvious from Table I that the parameters of
spin-triplet states are measured with precision, and
the number of measured decay channels is large (no-
tice the marked improvements after 2004). This is not
valid for spin-singlet states. A lot remains to be done
for precision measurements of their parameters and
decay channels.

Some new and recent experimental developments on
charmonium spectroscopy below open flavor threshold
will be reviewed.

2. Observation of ηc(2S)

It is important to identify the spin-singlet states in
order to determine the hyperfine, or spin-spin inter-
action, which is responsible for singlet-triplet split-
ting of qq̄ states. Identification of ηc(2S) is im-
portant to know the possible variation of spin-spin
interaction from Coulombic (J/ψ, ηc(1S)) to Con-
finement (ψ(2S), ηc(2S)) regions of the qq̄ interac-
tion. Most potential model calculations predicted
M(ηc(2S)=3594-3626 (MeV).

Prior to 2002 there were several unsuccessful at-
tempts to identify ηc(2S) in pp̄, γγ-fusion, inclusive
photon analysis.

Finally, ηc(2S) was first observed in B decays by
Belle [1]. It was followed by its observation in γγ-
fusion by CLEO [2] (see Fig. 2 left), and BaBar [3].

http://arxiv.org/abs/0710.1884v1
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Figure 2: (left) M(KsKπ) from CLEO showing ηc(2S).
(right) π0 recoil mass spectrum from CLEO showing hc in
exclusive analysis of ψ(2S) → π0hc, hc → γηc.

All available measurements of ηc(2S) are sum-
marized in Table II. It is obvious that the
spread in mass measurements is uncomfortably too
large. The PDG 2007 weighted average value
of mass is M(ηc(2S))=3637±4 (MeV). This leads
to the hyperfine splitting ∆Mhf (2S)=49±4 (MeV).
The hyperfine splitting value for 1S states is
∆Mhf (1S)=117±1 (MeV). Explaining large differ-
ence between ∆Mhf (2S) and ∆Mhf (1S) is a chal-
lenge for theorists. The width of ηc(2S) is essentially
unmeasured (PDG 2007 value is Γ(ηc(2S))=14±7
(MeV)). Measurement of the width is a challenge to
the experimentalists. The decay of ηc(2S) is observed
only in one decay channel, ηc(2S) → KsKπ.

A lot remains to be done about ηc(2S). At-
tempts are being made to identify ηc(2S) in the decay
ψ(2S) → γηc(2S) from 54 pb−1 CLEOc ψ(2S) data.
Thus, new results are expected from CLEOc.

Table II Measured parameters of ηc(2S) from different
experiments (PDG 2007).

Exper. M(ηc(2S)) Γ(ηc(2S)) Events(reaction)

Belle[1] 4654±10 <55 39±11 (B → K(KsKπ))

CLEO[2] 3643.9±3.4 6.3±13.0 61±15 (γγ → KsKπ)

BaBar[3] 3630.8±3.5 17.0±8.7 112±24 (γγ → KsKπ)

BaBar[4] 3645.0±8.4 22±14 121±27 (e+e− → J/ψcc̄)

Belle[5] 3626±8 - 311±42 (e+e− → J/ψcc̄)

3. Observation of hc(
1
P1)

The observation and the measurement of the pa-
rameters of hc is important to determine the hyper-
fine splitting of P-states ∆Mhf (1P ) ≡ M(<3 PJ >
) − M(1P1), which is expected to be zero from the
lowest order pQCD calculations.

Recently CLEO Collaboration has unambiguously
identified hc in their data for 3 million ψ(2S) [6]. Data
have been analyzed for the reaction ψ(2S) → π0hc,
hc → γηc in both inclusive and exclusive studies. In

inclusive analysis, photon energy or ηc mass (recoil
against π0γ) was constrained. In exclusive analysis
seven known ηc decay channels with a total branching
fraction of ∼10% were measured. Results of inclusive
and exclusive analysis are consistent. The final plot
of the π0 recoil spectrum from exclusive analysis is
shown in Fig. 2 (right).

The overall results are:
M(hc) = (3524.4± 0.6 ± 0.4) MeV;
∆Mhf(1P ) = (+1.0 ± 0.6 ± 0.4) MeV,
using M(<3 PJ >) = (3525.4± 0.1) MeV;
Br(ψ(2S) → π0hc) × Br(hc → γηc) = (4.0 ± 0.8 ±
0.7)× 10−4;
Significance level of the hc signal is >6σ.

The conclusions are that a) the lowest order pQCD
expectation ∆hf (1P )=0 is not strongly violated, and
b) the magnitude and the sign of ∆hf (1P ) is not well
determined.

The Fermilab E835 pp̄ annihilation experiment has
also claimed hc observation at ∼3σ level in the re-
action pp̄ → hc → γηc and reported ∆hf (1P )=-
0.4±0.2±0.2 (MeV) [7].

CLEOc now has new data with 24 million ψ(2S)
events, and a hc peaks with ∼250 and ∼1000 counts
are expected in exclusive and inclusive analysis respec-
tively, which will reduce the error on mass measure-
ment more than a factor of two.

4. Measurements of the ψ(2S) Widths

Using pp̄ annihilation to form charmonium cc̄ states,
Fermilab experiment E835 achieved unprecedented
precision in measuring masses and widths of charmo-
nium resonances. This happens due to taking advan-
tage of stochastically cooled antiproton beams, with
FWHM energy spreads of 0.4-0.5 MeV in the center-
of-mass frame.

Recently new precision measurement of the ψ(2S)
total width was performed from excitation curves
obtained in pp̄ annihilations from 1.64 pb−1 scan
data in the ψ(2S) region, collected by E835 in
2000 [8]. The channels analyzed were pp̄ → e+e−

and pp̄ → J/ψX → e+e− + X . New technique
of “complementary scans“, based on precise beam
revolution-frequency and orbit-length measurements
was used. Resonance parameters were extracted from
a maximum-likelihood fit to the excitation curves.
The total width of the ψ(2S) and the combination
of partial widths were measured:
Γtot(ψ(2S))=(290±25±4) keV,
Γe+e−Γpp̄/Γtot=579±38±36 meV.
These represent the most precise measurements to
date (Fig. 3).

BES has also measured recently the ψ(2S) total
width using e+e− annihilation scan data in the ψ(2S)
and ψ(3770) regions, collected by BES II in 2003 [9]
(Fig. 3). They have analyzed the channel e+e− →
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Figure 3: Recent measurements of the ψ(2S) widths.

hadrons. Resonance parameters were extracted from
simultaneous fit of cross section curves covering en-
ergy ranges of both ψ(2S) and ψ(3770) resonances:
Γtot(ψ(2S))=(331±58±2) keV,
Γee(ψ(2S))=(2.330±0.036±0.110) keV.

5. Measurements of the J/ψ Widths

Using 281 pb−1 CLEOc ψ(3770) data and look-
ing for radiative return events to J/ψ, CLEO has
measured the widths of the J/ψ [10]. They selected
µ+µ−(γ) events, each with a dimuon mass in the re-
gion of the J/ψ, and counted the excess over non-
resonant QED production. Resulting cross section
is proportional to Brµµ × Γee(J/ψ). Assuming lep-
ton universality and dividing by CLEO’s own mea-
surement of Brll=(5.953±0.056±0.042) [11], they ob-
tained Γee(J/ψ). Dividing once more by Brll they
obtained Γtot(J/ψ):
Brµµ × Γee(J/ψ)=(0.3384±0.0058±0.0071) keV;
Γee(J/ψ)=(5.68±0.11±0.13) keV;
Γtot(J/ψ)=(95.5±2.4±2.4) keV.
These represent the most precise measurements to
date.

6. Measurements of the ηc(1S) and
χc0,c2(1P ) Parameters in Two-Photon
Fusion Reaction

The masses and widths of the spin-triplet χcJ(1P )
states are measured with high precision at Fermilab
pp̄ experiments E760/E835. But the mass and width
of the spin-singlet ηc(1S) state are known with only
∼1 MeV and ∼3 MeV precision respectively.

Using 395 fb−1 data sample accumulated with
the Belle detector, measurements of the ηc(1S) and
χc0,c2(1P ), produced in two-photon collisions and de-

caying to four-meson final states (4π, 2K2π, 4K) were
performed [12] (Fig. 4).

Figure 4: Results of the fits to the invariant mass distri-
butions.

6.1. Mass and width of the ηc(1S) and
χc0,c2(1P )

The measured values of the mass and width of
ηc(1S) and χc0,c2(1P ), and the number of signal
events used in analysis are presented in Table III.
The values of the mass and width for χc0(1P ) and
χc2(1P ) are consistent within errors with the previ-
ous high precision measurements. The precision of the
measured mass and width of ηc(1S) is comparable to
other available precision measurements.

Table III Mass and width measurements of the ηc(1S),
χc0(1P ) and χc2(1P ) from [12].

Resonance Mass (MeV) Width (MeV) N(events)

ηc(1S) 2986.1±1.0±2.5 28.1±3.2±2.2 7616±553

χc0(1P ) 3414.2±0.5±2.3 10.6±1.9±2.6 5459±319

χc2(1P ) 3555.3±0.6±2.2 - 2503±158

6.2. Two-photon widths of ηc(1S) and
χc0,c2(1P )

The two photon decay of the positive C-parity char-
monium states in the lowest order is a pure QED pro-
cess. The measurements of the two photon partial
widths of these states can shed light on higher order
relativistic and QCD radiative corrections.
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The values of the two photon partial widths of
ηc(1S) and χc0,c2(1P ), evaluated from the measure-
ments of the Γγγ × Br by Belle [12], are presented in
Table IV. They are compared to the values obtained
from the PDG 2007. The Belle value of Γγγ(ηc) is ∼2.7
times smaller (∼4σ difference) then the PDG 2007
value. The values of Γγγ(χc0) and Γγγ(χc2) are con-
sistent within errors with those from the PDG 2007.

The ratio R ≡ Γγγ(χc2)/Γγγ(χc0) is an interesting
quantity, because it allows us to evaluate the reliabil-
ity of the first order radiative corrections, which are
often very large, by calculating αs from them

R ≡ Γγγ(χc2)
Γγγ(χc0) =

(4|Ψ′(0)|2α2
em

/m4
c
)×(1−1.7αs)

(15|Ψ′(0)|2α2
em

/m4
c
)×(1+0.06αs) =

0.267(1− 1.76αs)

The Belle value R=0.221±0.041 leads to
αs=0.098±0.085, which is obviously underesti-
mate of αs(mc), which is known to be ∼0.3. This
makes questionable the reliability of nearly 50% first
order correction factor for Γγγ(χc2).

Table IV Two photon partial widths Γγγ of ηc(1S),
χc0(1P ) and χc2(1P ) [12]. Γγγ values are evaluated from
measured Γγγ × Br using branching fractions from PDG
2007. Results of 4π, 2K2π and 4K channels are combined.

Resonance Γγγ (keV), Belle Γγγ (keV), PDG 07

ηc(1S) 2.46±0.60 6.7±0.9

χc0(1P ) 1.98±0.24 2.90±0.43

χc2(1P ) 0.438±0.062 0.539±0.050

R ≡ Γγγ(χc2)/

Γγγ(χc0) 0.221±0.041 0.186±0.032

7. Summary

All Charmonium states below open flavor threshold
have now been firmly identified.

The spectroscopy of spin-triplet states is now well
in hand, but a lot still needs to be done for spin-
singlet states. Masses, widths, particularly of ηc(2S)

and hc(1
1P1) need to be better determined. Many

more decay channels need to be investigated for each.
A large number of investigations, based on the

world’s largest sample of ψ(2S) acquired by CLEOc,
are currently in progress, and results are expected
soon. These include:
- Precision results for mass, width and branching frac-
tions of hc(1

1P1);
- Results for many decay channels of ηc(1S);
- Results for attempt to identify ηc(2S) in radiative
decay of ψ(2S);
- Results of studies for pp̄ threshold enhancement in
radiative decays of J/ψ, ψ(2S);
- Results of search for tensor glueball, ξ(2230);
- Hadronic and radiative decays of ψ(2S) and J/ψ;
- Two-body and multi-body decays of χcJ(1P ) states,
and others.
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Recent Results in Bottomonium
Ties to Charmonium

D. Kreinick
Laboratory for Elementary-Particle Physics, Cornell University, Ithaca, NY 14853, USA

Recent results in studies of bottomonium especially relevant to charmonium are reviewed. This report covers
dipion transition matrix elements, η production in Υ transitions, Υ decays to invisible particles, a search for a
non-standard-model pseudoscalar Higgs in Υ radiative decays, and Υ radiative decays to f2(1270), η, and η′.

1. Introduction

In describing bottomonium results at a charm con-
ference, we implicitly invoke heavy quark symmetry.
The QCD is supposed to be the same, except that the
bottom quark mass is about three times the charm
quark mass, the magnitude of the electric charge is
half as big, and the running strong coupling constant
αs is about 30% smaller. These differences will affect
what portion of the effective potential is explored, how
well the non-relativistic approximation works, decay
multiplicities, and the number of bound quarkonium
states, but the changes should, in principle, be calcu-
lable. This makes bottomonium a different laboratory
to study the same physics as seen in charmonium. In
this report, I will emphasize studies where bottomo-
nium either extends, checks, or suggests new studies
that can be done in charmonium.

Figure 1 compares the bound spectra of charmo-
nium and bottomonium to illustrate some of these
ideas. You can see that the bottomonium spectrum
is richer, with more bound states and a wider variety
of decay scenarios. It is also true that some of the
fundamental states, including the ground state, have
not yet been observed.

2. Relevant Experiments

The first Υ states were discovered in hadron colli-
sions, and there is still interesting work being done in
bottomonium at the colliders. In particular, D0 has
recently measured polarization in hadroproduction of
bottomonium. However, Jonas Rademacker discussed
this in detail in his report [1], so I will not cover it
here.

Direct production of bottomonia in e+e− collisions
has been a fruitful method for studying their proper-
ties. CLEO has 6 million Υ(3S), 9 million Υ(2S), and
21 million Υ(1S) events. Belle collected 11 million
Υ(3S). Of course, both Belle and BaBar have hun-
dreds of millions of Υ(4S) events.

With so much luminosity, Belle and BaBar also
produce tens of millions of Υ(1S), Υ(2S), and Υ(3S)
events with initial state radiation, although these
events are somewhat more difficult to use effectively.

3. Dipion Transition Matrix Element

For two decades, there has been a puzzle in the
description of the dipion mass distribution in bot-
tomonium decays, as illustrated in Fig. 2. While
the dipion mass distribution for the charmonium
transition ψ(2S) → π+π−J/ψ, and the two bot-
tomonium transitions Υ(2S) → π+π−Υ(1S) and
Υ(3S) → π+π−Υ(2S) are well described by a sin-
gle term in the matrix element [2], the transition
Υ(3S) → π+π−Υ(1S) shows a more complicated, two
hump structure. More recently, data from Belle [3]
and Babar [4] shown in Fig. 3 add inputs to the puzzle,
showing that the decay Υ(4S) → π+π−Υ(1S) shows
the simple behavior, while Υ(4S) → π+π−Υ(2S) is
more complex.

CLEO has recently attempted to approach the
problem by analyzing its Υ transition data in a two-
dimensional Dalitz-like fitting procedure [5]. Brown
and Cahn [6] describe the relevant matrix element us-
ing PCAC and current algebra in the general form

M = A(ǫ′ · ǫ)(q2 − 2m2
π) +

B(ǫ′ · ǫ)E1E2 +

C[(ǫ′ · q1)(ǫ · q2) + (ǫ · q1)(ǫ′ · q2)], (1)

where A,B, and C are complex parameters, ǫ and ǫ′

are the Υ and Υ′ polarization vectors, q2 = M2
ππ, E1

and E2 are the pion energies, and q1 and q2 their four-
momenta.

Instead of fitting in a single dimension M2
ππ, which

is equivalent to allowing only the A term in the matrix
element, CLEO fits inM2

ππ−M2
Υπ space. They assume

that the complex-valued A, B, and C terms do not
vary significantly over the phase space of any of the
decays. In the fits they find that the C term is not
needed, which is not unexpected because it involves
flipping the spin of the heavy b quark. CLEO’s limit is
not very stringent, |C/A| < 1.09% at 90% confidence
level, because the shapes of the C and B terms are
very similar. If they set C = 0 they fit values for the
ratio B/A given in Table I [5].

Dubynskiy and Voloshin [7] argue that the CLEO
parametrization is too näıve because B cannot possi-
bly be constant over the Dalitz plot. So CLEO’s fits

http://arxiv.org/abs/0710.5929v2
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Figure 1: The spectra of bound charmonium and bottomonium. The vertical scales are the same, offset to align the
ground states. States which have not yet been observed are rendered as dashed lines.

Figure 2: Dipion mass distribution in ψ′
→ π+π−J/ψ (up-

per left), Υ(2S) → π+π−Υ(1S) (upper right), Υ(3S) →

π+π−Υ(2S) (lower left), and Υ(3S) → π+π−Υ(1S) (lower
right). All distributions are well described by the Yan[2]
formulation, which keeps only the A term of Eq. 1, except
the last which has a distinctly different shape.

are not universally recognized as a solution to the dip-
ion transition puzzle. Yet they show the power of the
Dalitz technique, and it would be useful for Belle in
bottomonium and CLEO-c or BES in charmonium to
see if this technique describes the data well.

Figure 3: Dipion mass distributions observed in Υ(4S) →
π+π−Υ(1S) by Belle [3] (left), and Υ(4S) → π+π−Υ(2S)
by BaBar [4] (right). The former transition follows the
Yan formulation, but the latter is more complex. The
shaded histogram in the Belle plot is an estimate of the
background from ∆M sidebands.

Table I Fitted values for B/A in Υ dipion transitions

Initial Υ Final Υ Re(B/A) Im(B/A)

3S 1S -2.52 ± 0.04 ± 1.19 ± 0.06

2S 1S -0.75 ± 0.15 0.00 ± 0.11

3S 2S -0.40 ± 0.32 0.00 ± 1.10

4. Pseudoscalar Transitions

In the charmonium system ψ(2S) → ηJ/ψ is sur-
prisingly large considering the small amount of avail-
able phase space, with about a 3% branching frac-
tion [8]. Yan [2] predicted in 1980 that the rate in bot-
tomonium should scale like Γ ∝ (p∗)3/m4

Q. Kuang [9]
has more recently refined this procedure and predicts
B(Υ(2S) → ηΥ(1S)) = (8.1 ± 0.8) × 10−4 and
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B(Υ(3S) → ηΥ(1S)) = (6.7 ± 0.7) × 10−4.
CLEO has sought Υ(2S) → ηΥ(1S) in the final

state where the Υ decays Υ(1S) → µµ or ee and the
η decays η → γγ or π+π−π0.

CLEO plots the yield as a function of the kinetic en-
ergy of the η candidate. In this preliminary analysis
CLEO sees a 5 standard deviation peak in the kinetic
energy of the γγ from η decay as shown in Fig. 4. This
leads to a (preliminary) branching fraction of
B(Υ(2S) → ηΥ(1S)) = (2.5 ± 0.7 ± 0.5) × 10−4,
somewhat smaller but in the same general range as
Kuang’s prediction. CLEO also sees three events,
with nearly zero expected background, in the η de-
cay channel η → π+π−π0, which corresponds to a
consistent branching fraction.

Using the same technique, CLEO also seeks
Υ(2S) → π0Υ(1S), but sees no significant excess over
background, setting the (preliminary) 90% confidence
level upper limit B(Υ(2S) → π0Υ(1S)) < 2.1× 10−4.
This is consistent with the expectation, obtained us-
ing Yan’s simple scaling prediction, that the π0 rate
should be 0.16 of the η rate.

5. Υ(1S) Decays to Invisible Particles

The decays of charmonium or bottomonium states
to undetectable particles are a window on physics be-
yond the Standard Model. McElrath [10] has pre-
dicted that the neutralino χ, a dark matter candidate,
could be produced in Υ(1S) → χχ with a branching
fraction of 0.41%. Possible production of new gauge
bosons or a light gravitino was described by Fayet [11].
While it is true that Υ(1S) → νν via Z0 production
is a potential background, it is calculated to be tiny
enough as not to present a problem.

But how can you “see” these invisible decays? The
trick is to produce a higher Υ state which decays via a
two-pion transition to the Υ(1S). The experimental-
ist then uses the two pions to both trigger the detector
and to signal the presence of the Υ(1S) with the miss-
ing mass recoiling against the dipion. The remainder
of the detector must be completely empty.

Figures 5 and 6 show the results of two searches.
Belle [12] uses Υ(3S) events so the transition pions
have enough energy to trigger the detector reliably.
The top of Fig. 5 shows the dipion mass spectrum
when the Υ(1S) → µµ decay is observed, to demon-
strate the expected shape of a possible signal. The
bottom part of the figure shows the dipion mass spec-
trum when the rest of the detector shows no tracks
and less than 3 GeV of neutral energy.

The CLEO data sample consists of 9 million Υ(2S)
decays, almost as large as Belle’s 11 million Υ(3S) de-
cays, and with the advantage of a more favorable dip-
ion branching rate to Υ(1S). Unfortunately, their two
track trigger had to be prescaled by a factor 20 to pre-
vent saturating the data acquisition system. CLEO’s

Figure 4: The predicted and observed signal for η produc-
tion in Υ(2S) → ηΥ(1S), η → γγ.

results [13] are shown in Fig. 6. The top half shows
the inclusive dipion mass spectrum, and the bottom
half shows what remains when the rest of the detector
is required to show no tracks and no photons of energy
more than 250 MeV.

A small peak is visible at the Υ(1S) mass in the
bottom parts of both figures. In both cases, the ob-
served peaking is consistent with what is expected
from Monte Carlo simulations where the decay prod-
ucts of the Υ traveled down the beam line, thus es-
caping the detector. Both experiments thus set upper
limits to the production of invisible particles in Υ(1S)
decays
B(Υ(1S) → “invisible” < 0.25% (Belle), and
B(Υ(1S) → “invisible” < 0.39% (CLEO).
Each of these limits is an order of magnitude better
than the previous best limit. Together, they set a
limit on the branching fraction about half the McEl-
rath prediction for neutralino production, and better
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Figure 5: The results of Belle’s search for the decay se-
quence Υ(3S) → π+π−Υ(1S),Υ(1S) → “invisible.” The
top panel shows the ππ invariant mass when Υ(1S) → µµ,
and the bottom panel shows when the two pions and noth-
ing more are seen in the detector. The peak seen in the
lower plot is consistent with expected backgrounds (grey).

the previous gravitino mass limit by a factor of four,
to m3/2 > 1.2 × 10−7 eV.

Similar searches to these can be performed in the
charmonium system, where a much larger number of
ψ′ events is available. Of course, the mass range
that can be explored is more limited, and the pre-
dicted branching fractions tend to be smaller, but
such searches might be fruitful for charmonium ex-
periments to pursue.

6. Radiative Decays of Υ(1S)

6.1. Higgs Search

In an effort to explain why the Higgs hasn’t yet been
seen, Dermisek, Gunion, and McElrath [14] propose
adding a non-Standard-Model-like pseudoscalar Higgs
a0 to the Minimal Supersymmetric Standard Model
(MSSM) to make it the “Nearly MSSM” (NMSSM).
This a0 must have mass less than twice the b quark
mass, so that it can’t decay to a pair of b quark jets.
This proposal explains the failure of the LEP exper-
iments to see the Higgs at masses up to 100 GeV,
since the daughters of the Higgs decay can’t make the

Figure 6: The results of CLEO’s search for the decay se-
quence Υ(2S) → π+π−Υ(1S),Υ(1S) → “invisible.” The
top panel shows the ππ invariant mass in all Υ(2S) decays
and the bottom panel shows when the two pions and noth-
ing more are seen in the detector. The shaded histogram
at the bottom of the figure represents the expected back-
ground and is consistent with what is observed.

b jets those experiments sought. Yet the hypothesis
is natural, in the sense that it avoids fine tuning of
parameters to explain observations.

The a0 should decay predominantly into ττ if it has
enough mass, and should be observable in Υ(1S) →
γa0.

CLEO has sought these new Higgses by looking for
monochromatic photons in events likely to contain
taus. They tag Υ(1S) from Υ(2S) → π+π−Υ(1S)
to help eliminate the copious QED backgrounds from
e+e− → γττ . They flag the presence of τ pairs by
seeking two 1-prong τ decays, one of which must be
to a lepton, and by demanding missing energy in the
event. The spectrum of photons they observe in such
events is shown in Fig. 7, and leads to upper limits
shown in Fig. 8. These upper limits improve on older
measurements by an order of magnitude or more, and
rule out much of the parameter space for NMSSM
models.

6.2. Υ(1S) → γf2(1270)

In the charmonium system, radiative decays are
common and many have been observed. The decay
J/ψ → γf2(1270) is one of the most common. In
bottomonium, few exclusive radiative decays are mea-
sured, but now CLEO has observed [15] Υ(1S) →
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Figure 7: The spectrum of photons in τ -enriched Υ(1S)
decays observed at CLEO.

Figure 8: Upper limits on the branching fraction of
Υ(1S) → γa0 vs. photon energy (bottom scale) and a0

mass (top scale).

γf2(1270) as can be seen in Fig. 9.
We test the simple heavy quark symmetry relation

B(J/ψ → γf2)/B(Υ(1S) → γf2) =

(qc/qb)
2(mb/mc)

2(Γbb/Γcc) ≈ 20

using the CLEO observations [15]
B(Υ(1S) → γf2) = (10.2 ± 0.8 ± 0.7)× 10−5 (π+π−)
B(Υ(1S) → γf2) = (10.5 ± 1.6 ± 1.9) × 10−5 (π0π0)
B(Υ(1S) → γf2) = (10.23± 0.97)× 10−5 (combined).
The observed ratio
B(J/ψ → γf2)/B(Υ(1S) → γf2) = 14.0 ± 1.7
in satisfactory agreement with the expectations from
scaling.

Figure 9: CLEO observes Υ(1S) → γf2(1270) with the f2
decaying to charged pions (top) and neutral pions (bot-
tom). The charged pion signal is contaminated with a
huge background from e+e− → γρ, but the observed small
signal is confirmed in the neutral pion channel.

6.3. Υ(1S) → γη
′ and γη

Does this success of scaling in radiative decay to f2
carry over to other radiative decays? Another promi-
nent decay in the charmonium system is B(J/ψ →
γη′ = (4.7±0.3)×10−3 [8]. Using the observed charm
system decay rate ratio B(J/ψ → γη′)/B(J/ψ →
γf2) = (3.4 ± 0.4), and the relative rates of Υ and
J/ψ to f2, we can predict the radiative decay rates
for Υ(1S) to η and η′. The expectation is that these
decays should be easily visible.

We already know that η′ is unconventional. In ra-
diative J/ψ decay its branching fraction is five times
as large as that for η. There have been speculations
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Figure 10: CLEO seeks Υ(1S) → γη′ with the η′ decaying
to π+π−η and the daughter η decaying in any of three
modes. The blue arrows indicate where an expected η′

signal should be visible. Two candidates are seen in the
mode where η → π+π−π0, but none are visible in the
two all-neutral η decay modes, leading to the upper limit
quoted in the text.

that it might contain sizable gluon content [16], or
possible charmonium content. Theorists have used the
vector dominance model (VDM) [17], ηb mixing [18],
or higher twist to try to understand the unusual be-
havior of the η′.

CLEO has sought radiative decays to η′ and η in
21 million Υ(1S) decays with the η′ results shown
in Fig. 10. The upper limits they set are signif-
icantly more stringent than former measurements,
B(Υ(1S) → γη′) < 1.9× 10−6 and B(Υ(1S) → γη) <
1.0 × 10−6, whereas näıve scaling as outlined above
predicts 350 × 10−6 and 70 × 10−6, respectively. So
näıve scaling fails here by two orders of magnitude.

These upper limits contradict the mixing approach
of Chao [18] by a factor of 30, but are still above the
VDM predictions of Intemann [17] and the higher-
twist description of Ma [19].

7. Conclusion

Bottomonium remains an active field of research at
Fermilab, CLEO, Belle and Babar. I have presented

new results in dipion transitions among Υ states, η
and π0 transitions in the Υ system, searches for invis-
ible particles and a new type of Higgs, and radiative
transitions to f2(1270), η, and η′. However, bottomo-
nium studies are continuing, and more new results can
be expected next year.
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Light Higgses and Dark Matter at Bottom and Charm Factories
Bob McElrath
University of California-Davis

Neither Dark Matter nor scalar particles in the Higgs sector are ruled out at energies accessible to bottom and
charm factories. In Dark Matter searches, the error on the mass of Dark Matter is ∼ 4 GeV in the best LHC
studies. For light Dark Matter this could represent a 100% (or more) error. In Higgs searches, the presence
of a light singlet Higgs can make the LHC Higgs search difficult, if not impossible. If Dark Matter or a Higgs
scalar is light, it will require a low-energy machine to precisely determine the couplings. We review the models,
modes of discovery and rate expectations for these new particle searches at bottom and charm factories. We
also discuss the options for new runs at bottom and charm factories relevant for these searches.

1. Introduction

The two major new particles expected at colliders
are Dark Matter and the Higgs boson. While some
models are now ruled out at energies accessible to bot-
tom and charm factories, it is by no means proven that
these cannot be light. In fact there exist many attrac-
tive models containing light Higgses, for instance su-
persymmetric models which solve the µ problem via
an extended Higgs sector.[1, 2, 3] Furthermore the
problem of light Dark Matter and light Higgses are
related, as light Dark Matter particle χ, in its sim-
plest incarnation, requires a new light particle U with
mU ≃ 2mχ to serve as an s-channel annihilation me-
diator. A promising possibility for U is that it is a
pseudo-scalar higgs, which can be naturally light due
to new symmetries which can protect its small mass.[1]
In order to ensure discovery, we should look every-
where that is practical for solutions to these problems,
and b- and c-factories can perform an important set
of new-particle searches.

Apart from the Dark Matter question, in the MSSM
it was rigorously shown that an extremely light neu-
tralino is experimentally unconstrained if one drops
the assumption of gaugino unification, and the re-
quirement that the neutralino relic density be equal
to the Dark Matter relic density.[4] For instance, the
Dark Matter problem could be solved in another man-
ner, such as with the QCD axion, rendering the neu-
tralino an insignificant contributor to the relic density
of the universe.

2. Dark Matter

In Dark Matter searches, the error on the mass of
Dark Matter is ∼ 4 GeV at the LHC in the best
studies using optimistic models with large cross sec-
tions.1 Ultimately this is due to the resolution of

1These studies all use a large value ∼ 100 GeV for the Dark
Matter mass. As this mass is brought closer to zero, the reso-

the hadronic calorimeter, since to determine the mass
scale, a missing energy event at the LHC can either use
the missing transverse momentum, which is a hadronic
observable[5] or if purely leptonic observables exist,
one can use the changes in slopes and shapes as a
function of overall mass scale, which are only weakly
correlated.[6]

The only truly fundamental limit on the mass of
Dark Matter comes from the Cosmic Microwave Back-
ground, which tells us the fraction of the universe
that was non-relativistic at the time that photons de-
coupled, a measurement which includes Dark Matter.
Dark Matter must have been non-relativistic at a tem-
perature of about 0.3 eV, therefore the smallest pos-
sible mass consistent with the Standard Cosmological
Model is about 0.3 eV.

This means that bottom and charm factories are ca-
pable of exploring 10 orders of magnitude in the Dark
Matter mass. The LHC can expand to the range 5
GeV – 1 TeV, but has no precision below approxi-
mately 4 GeV.

We feel that the most compelling motivation for
Dark Matter searches at bottom and charm factories
is the demonstrable wisdom of a model independent
approach. Indeed, the reason M < 45 GeV was ig-
nored for so long is due to heavy reliance on models.
In particular the Minimal Supersymmetric Standard
Model cannot support Dark Matter this light because
it would require another charged or colored particle
to be lighter than other limits. The secondary par-
ticle is necessary to get the annihilation cross section
large enough. Nearly all models which cannot support
light Dark Matter cannot do so because of limits on
particles other than the Dark Matter candidate itself.
Trivial extensions of these models can generically sup-
port light Dark Matter by adding a mediator which
is mostly singlet under the Standard Model. Several
models demonstrate this explicitly.[1, 7]

The most minimal model possible for Dark Matter
is to add only the dark matter candidate χ itself.[8]

lution on it at the LHC worsens.

http://arxiv.org/abs/0712.0016v2
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Figure 1: The relic density Ωχh2 vs the Dark Matter mass Mχ for masses of the mediator MU = 1, 3, 10 GeV. In the
left (right) panel, χ is a scalar (fermion). In both panels, U is a scalar (solid) or pseudo-scalar (dotted). These curves
move vertically as the free-parameter couplings gUff and gUχχ are changed. We thank Dan Hooper for his contribution
in creating these figures.

However these models generate very heavy Dark Mat-
ter candidates, outside the reach of b- and c- factories.

The second most minimal models adds the mediator
U as well, which is flavor neutral and couples both to
the Standard Model and Dark Matter. these are the
models testable at b- and c- factories.

U can be a new gauge boson as proposed in
Refs.[7, 9], or a scalar as proposed in [1]. If U is a vec-
tor, it is necessarily anomalous, so building a consis-
tent model requires even more matter than the U and
χ. We are not aware of any such model in the litera-
ture. This is not because it is impossible, but rather
because the resulting models are ugly, requiring sev-
eral symmetry breaking scales and associated Higgses,
as well as extra matter to cancel anomalies. If U is a
scalar, it can only couple to Standard Model fermions
by mixing with the Higgs bosons due to gauge in-
variance, making its couplings proportional to mass.
In the author’s opinion, a scalar or pseudo-scalar is
a more natural candidate for U . Though as we will
see in the next section, a vector U may be easier to
discover.

Treating the relic density as a constraint, accept-
able models are achieved for (at least) two values of
the Dark Matter mass as a function of the mediator’s
mass, Mχ = MU/2 ± ǫ, as can be seen in Fig.1 This
is because the process controlling the annihilation of
Dark Matter in the early universe is an s-channel an-
nihilation diagram, rather than t-channel diagrams.
In order for a t-channel diagram to dominate the an-
nihilation, the new particle in the t-channel must be

charged or colored.2 This occurs in the MSSM (e.g.
“stau co-annihilation”) and generates one of the most
promising regions of parameter space.

There is experimental evidence that Dark Mat-
ter may be light from the INTEGRAL satellite[10],
which has detected an anomalously large population
of positrons in the galactic center, as suggested in
Ref.[9]. If this is from Dark Matter annihilation, it
requires Mχ

<∼ 3 MeV.[11]
Another source of evidence is from the DAMA an-

nual modulation signal. As shown in Ref.[12], this
is consistent with light Dark Matter due to the lower
threshold of Sodium, as compared to heavier elements
such as gallium (CDMS) and xenon (XENON).

There are two major modes of discovery for light
Dark Matter: invisible meson decay[13, 14] and ra-
diative decay[1, 15]. These are described respectively
in the following subsections.

2.1. Invisible Quarkonium Decay

In invisible meson decay, one can make a näıve cal-
culation of the branching ratio for a meson.3 One can

2For the masses we consider, Mχ < 5 GeV, annihilation to
neutral Higgses or Z-bosons is kinematically disallowed.

3Calculation here is expanded and corrected relative to
Ref.[13], however the uncertainties and approximations made
introduce much larger errors than the difference between the
two calculations. This is an order-of-magnitude estimate only

and little significance can be attached to achieving or exceeding
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Figure 2: The branching ratio for Υ(1S) → γχ̃0
1χ̃

0
1 via 3-body decay (i.e. either mA1 < 2m

χ̃0
1

or mA1 > mΥ) is plotted

vs. the LSP mass (left) and relic density Ωh2 (right). All points shown are consistent with all LEP constraints. Points
marked by an x are excluded by one of: Υ → γχ̃0

1χ̃
0
1 (3-body decay) (that which is plotted); Υ → γA1 (2-body decay)

with A1 → χ̃0
1χ̃

0
1 (2-body decay); or Υ → γA1 (2-body decay) where the A1 decays visibly.

get an order of magnitude estimate for the annihila-
tion cross section using

ΩXh2 ≃ 0.1pb · c
〈σv〉 . (1)

Where ΩX = ρX/ρc is the relic density for species
X relative to the critical density ρc, h is the Hubble
constant, and 〈σv〉 is the thermally averaged annihi-
lation cross section of the DM into Standard Model
particles. Using the central value of the WMAP [16]
result for ΩXh2 = 0.113, we can invert this equation
and solve for the required annihilation cross section
for light relics

〈σv〉 = 0.88 pb · c. (2)

The velocity v appearing here is the Møller veloc-
ity, which we approximate by the relative velocity
in the center-of-mass frame, vrel = |v1 − v2|, using
〈v2

rel〉 = 6/xFO. The approximate temperature at
freeze-out is T = mχ/xFO where mχ is the mass of
the DM and xFO is an expansion parameter evaluated
at the freeze-out temperature that is xFO ∼ 20 − 25
depending on the model. By approximating that
〈σv〉 = σ

√

〈v2
rel〉 we can remove the kinematic velocity

factor, assuming that the per-particle energy is given
by the average energy of the gas 3

2kT .
We can expand 〈σv〉 in the velocity at freeze-out

to separate s-wave and p-wave components, 〈σv〉 =

these predictions.

a + bv2. Since the Dark Matter annihilates through
the U-boson and not the meson we’re interested in, the
freeze-out may in general occur at a different energy
than the invisibly-decaying meson mass. Therefore we
also remove the extra v2 term and solve for b in the p-
wave case. These manipulations remove the kinematic
factors of the initial state, giving us a cross section
that essentially assumes the Dark Matter is massless
with respect to our invisibly-decaying meson; that the
meson mass is much larger than the center-of-mass
energy at freeze-out.

For these assumptions with xFO = 25 at freeze-out
we have:

σ(χχ → SM) = a/vrel ≃ 1.8 pb, (s − wave) (3)

σ(χχ → SM) = b/vrel ≃ 7.5 pb. (p − wave)

The invisible branching ratio of a hadron can then
be estimated by assuming that the time-reversed reac-
tion is the same, σ(f f̄ → χχ) ≃ σ(χχ → f f̄). Since
the meson decays by the meson mixing with the U bo-
son, p-wave suppression factors are not reintroduced
for the reverse reaction. We assume that the DM me-
diator is not flavor changing and that annihilation oc-
curs in the s channel. Therefore, the best-motivated
hadrons to have an invisible width are same-flavor
quark-antiquark bound states (quarkonia) with nar-
row widths.

The invisible width of a hadron composed domi-
nantly of qq̄ is given approximately by:

Γ(H → χχ) = f2
HMHσ(qq̄ → χχ) (4)
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mode s-wave p-wave

BR(Υ(1S) → χχ) 4.2 × 10−4 1.8 × 10−3

BR(Υ(1S) → νν̄) 9.9 × 10−6

BR(J/Ψ → χχ) 2.5 × 10−5 1.0 × 10−4

BR(J/Ψ → νν̄) 2.7 × 10−8

BR(η → χχ) 3.4 × 10−5 1.4 × 10−4

BR(η′
→ χχ) 3.7 × 10−7 1.5 × 10−6

BR(ηc → χχ) 1.3 × 10−7 5.3 × 10−7

BR(χc0(1P ) → χχ) 2.7 × 10−8 1.2 × 10−7

BR(φ → χχ) 1.9 × 10−8 7.8 × 10−8

BR(ω → χχ) 7.2 × 10−8 3.0 × 10−8

Table I Estimated branching ratios for the narrowest
mesons. The two columns correspond to the assumption
that the Dark Matter annihilation in the early universe
occurs in either the s-wave or p-wave. Neutrino branching
ratios are from Ref.[17]. All mesons have a branching ratio
(even if tiny) to neutrinos.

where fH is the hadronic form factor (wave function
at the origin) for the state H , and MH is the hadron’s
mass. Here we ignore final state kinematic and spin
factors.

We can predict an approximate expectation for the
branching ratios for narrow states. Some of the most
promising are shown in Table I: Branching ratios for
scalars and pseudo-scalars tend to be smaller since
those states are wider.

We emphasize again that this is only an order-of-
magnitude calculation. A more precise calculation re-
quires inclusion of kinematic and spin factors, as well
as consideration of which fermions the mediator U
couples to. Furthermore, the freeze-out of light Dark
Matter occurs in the middle of the QCD phase transi-
tion, and is much more sensitive to uncertainties due
to QCD than heavier Dark Matter. This kind of dark
matter is also annihilating through a narrow pole,
which must be treated carefully.[18] Narrow poles arise
due to the U boson itself, as well as numerous QCD
resonances.

Several of these measurements have now been per-
formed including Υ(1S) → χχ[19, 20]; η → χχ and
η′ → χχ[21]; and now J/Ψ → χχ[22].

2.2. Radiative Decay

Radiative decay refers to meson decays into some-
thing visible as well as something invisible. This can
be flavor changing, such as b → sχχ, in which case
this is a next-to-leading-order effect requiring a loop
of W± bosons to induce flavor changing.[15] The au-
thors of Ref.[15] found that this radiative decay can
be as much as 50 times larger than the similar process

Figure 3: Branching ratio of the J/Ψ (top) and Υ (bot-
tom) into a photon and lightest pseudo-scalar Higgs a1 in
the NMSSM[23]. The a1 may then decay into Dark Mat-
ter (neutralinos) or visible Standard Model particles. The
quantity cos θA parameterizes how singlet-like the a1 is.
cos θA = 0 is decoupled from the Standard Model, while
cos θA = 1 indicates that the a1 is identical to the MSSM
A. In the bottom panels, dark (blue) = ma

i
< 2mτ ;

medium grey (red) = 2mτ < ma
i

< 8.4 GeV; light
grey (cyan) = 8.4GeV < ma

i
< mΥ. The plots are

for tan β = 10 and M1,2,3 = 100, 200, 300 GeV at scale
MZ . The bottom left plot comes from simply scanning
in Aλ, Aκ holding µeff = 150 GeV fixed. The bottom
right plot shows results for the F < 15 scenarios among
the orange-cross, i.e. ma

i
< 2mb(pole), points of Fig. 1 of

Ref.[23].

radiating neutrinos. 4 Other modes include Υ → γχχ
and J/Ψ → γχχ[1].

In Fig.2.1 we show the branching ratio of J/Ψ and

4We prefer to avoid introducing flavor-changing couplings of
a Dark Matter mediator, as this is can introduce large correc-
tions to the CKM matrix.
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Υ into γa1 in the NMSSM.[23] The relevance of these
plots for Dark Matter are that the a1 may decay into
the neutralino if the bino mass M1 is decreased to
make this mode kinematically allowed (without affect-
ing this branching ratio). This can be done such that
it is compatible with all collider constraints including
Z → invisible as described in Ref.[1].

These branching ratios have little to do with the
model assumptions of the NMSSM and can be pa-
rameterized only with θA and β:

BR(Υ → γa1) ∝ cos θA tanβ (5)

BR(J/Ψ → γa1) ∝ cos θA cotβ, (6)

so that experimentally, the only thing one needs worry
about is that Ma1 is small enough that the mode
is kinematically allowed, and any limit can be inter-
preted in the cos θA tanβ vs. Ma1 plane. This covers
a vast array of model space including any model with
a light Higgs having some singlet admixture. Such
Higgses appear in Refs.[1, 2, 3]

3. Higgses

Likewise, the existence of light Higgses can com-
pletely destroy the observability of Standard Model
Higgs signals at the LHC via decays such as h2 →
h1h1 if it is dominant, where h2 is a SM-like Higgs
and h1 is a lighter, mostly-singlet Higgs. Even if sub-
stantial backgrounds at the LHC can be overcome, the
LHC will be unable to get a precise measurement of
the lighter h1 mass. If h1 decays to τ+τ− the miss-
ing energy makes the mass measurement imprecise. If
the h1 decays to charm, strange, or gluons this ren-
ders the dominant Higgs decay entirely hadronic, and
likely unobservable at the LHC due to hadronic back-
grounds.

By contrast, bottom and charm factories can obtain
precise measurements of the mass via the energy of a
recoiling photon in the process Υ → γh1.[23] The h1

may have branching fractions to both Standard Model
matter and Dark Matter.

The mode Υ → γH(A) was first suggested by
Wilczek.[24] This mode is subject to significant radia-
tive and threshold corrections, a comprehensive list
of which can be found in Ref.[25]. It was vigorously
pursued until about 1995, when it became clear that
the LEP accelerator, searching for SM or MSSM Hig-
gses in the Higgsstrahlung modes e+e− → Zh and
e+e− → Ah was superior. The best measurements on
the Upsilon were made by CLEO,[26] however these
remain about a factor of 10 away from being sensitive
to a Standard Model Higgs. Existing data can reach
the sensitivity required, as CLEO and Belle have ap-
proximately 20 times more data collected than that
used in these limits. It will be necessary to reach and

exceed the Standard Model limits to have sensitivity
to Higgses with some singlet admixture.

The LEP measurements told us that no new parti-
cles with masses below MZ have a significant coupling
to the Z. However, they tell us little about parti-
cles which have small coupling to the Z, and cannot
rule out the existence of light particles. Particles with
small Z coupling are still allowed and can have inter-
esting couplings to Higgses and fermions.

It is perhaps surprising that a light Higgs could still
exist at low energies, and be compatible with all ex-
isting direct and indirect limits. However numerous
studies have borne this out in a variety of models. All
relevant experimental limits have been checked and
light Higgses remain consistent with them. Some ex-
amples are: In the context of the Two Higgs Dou-
blet Model, (g − 2)µ (the anomalous magnetic mo-
ment of the muon) was examined[27, 28], as well as
BR(b → sγ), Rb, Ab, BR(Υ → Aγ), BR(η → Aγ)[28].
In the context of the NMSSM, BR(Υ → γ+X)[1] was
examined and found to be compatible.

We should note also that there is experimental evi-
dence that this decay exists, from considerations of the
excess seen at LEP near Mh = 100 GeV, fine tuning
in the NMSSM,[29], as well as some anomalous events
at the HyperCP experiment which seem to indicate a
∼ 250 MeV pseudo-scalar decaying to muons[30] that
can be verified using radiative decays.

To allow a Higgs to be light, one must reduce its
coupling to the Z boson. In the MSSM this is propor-
tional to sin(β−α) for the CP-even state, and zero (at
tree level) for the CP-odd state. Thus, by tuning the
Higgs mixing angle α to be close to the ratio of the vac-
uum expectation values tanβ, this can be achieved. In
the MSSM, however, the relationships among masses,
α, and β is too constrained to allow only one of the
Higgses to be lighter than MZ while simultaneously
satisfying the Higgsstrahlung constraints. Basically,
one of the CP-even Higgses has a mass related to the
CP-odd Higgs, and the other is related to MZ . So one
cannot bring the h light while simultaneously keeping
the A heavy. The A becomes light as well, and gener-
ates a large cross section for e+e− → hA.

This difficulty comes from the fact that there is not
enough freedom in the Higgs mass matrices, and as
such is a theoretical constraint caused by one’s as-
sumptions, and not experimental proof that there is
no light Higgs. In models with more Higgs particles
or more freedom in the Higgs self-couplings, the ZZh
coupling is more complex, and can be made small.
The expansion of the Higgs sector in this manner is
well motivated from the need to break any extra gauge
symmetries such as a U(1)′[2] or SU(2)R, or to solve
the MSSM’s µ problem.[31] Such particles may also
generically be associated with SUSY breaking.

In a more general Two Higgs Doublet Model
(2HDM), small coupling to the Z can be achieved with
light Higgses because β and α are essentially free pa-
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rameters. There remains some interesting parameter
space in the 2HDM accessible at b- and c- factories,
but it is small.[27]

Finally there now exists “Gauge-Phobic Higgs”
models in which electroweak symmetry breaking oc-
curs by a combination of an elementary Higgs and
breaking by by boundary conditions in an extra
dimension.[32] In such models, the Higgses become de-
coupled from the Z. Their mass again becomes a free
parameter and can be light, depending on how much
of the symmetry breaking occurs due to the Higgs and
how much due to the extra dimension.

4. The Future

As the b-Factories come to the end of their lives,
much attention has been given to possible runs off
the Υ(4S) resonance. This is an extremely promis-
ing idea. A small amount (e.g. weeks to months)
of run time at a different energy may provide power-
ful physics results. Spending that same time on the
Υ(4S) will provide only a negligible improvement over
the already precise flavor physics results returned by
these machines.

The promising options for future runs are on the
Υ(3S), Υ(1S), Ψ(2S), and J/Ψ. We have argued for
the Υ(3S) due to the existence of the radiative decay
Υ(3S) → ππΥ(1S),5 which can be used as a pow-
erful constraint to remove backgrounds for invisible
searches[13] and Higgs searches[23]. In addition to the
CLEO data collected in the 1990’s, Belle has already
collected 2.9 fb−1[19] on the Υ(3S).

No new studies have yet been published on the ra-
diative decays Υ → γ + X or J/Ψ → γ + X . To im-
prove on the capabilities of the CLEO datasets when
searching for rare decays, it is necessary to further
reject backgrounds. The single photon signal itself
(ignoring the rest of the event) has sizeable back-
grounds from direct production of 3-body final states
f f̄γ which is a background to Υ → γa1 → γf f̄ . This
argument was presented for Υ → γτ+τ− in Ref.[23],
but holds just as well for other fermions. Due to the
high luminosity, BaBar and Belle have higher photon
backgrounds in general than CLEO did.

Therefore, for all searches described here, we believe
that new runs on the Υ(3S) and Ψ(2S) will be the
most significant. A Super-B factory can be even more
powerful.[33]

5The Υ(2S) has this decay mode also, as used in the invisible
Υ search by CLEO[20], however the pions are softer and more
difficult to reconstruct.
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Extraction of αs and mQ from Onia

N. Brambilla
Dipartimento di Fisica dell’ Universitá di Milano and INFN, via Celoria 16, 20133 Milano, Italy

We briefly review how precise determinations of the strong coupling constant and of the heavy
quark masses may be obtained from heavy quarkonium. Such determinations are competitive with
heavy quark masses extraction from other systems and give an accurate value for the strong coupling
constant at a relatively low energy scale. In particular we report about a recent determination of
αs from Γ(Υ(1S) → γ X)/Γ(Υ(1S) → X) with CLEO data which includes color octet contributions
and avoids model dependence in the extraction. The obtained value is αs(MΥ(1S)) = 0.184+0.015

−0.014 ,

which corresponds to αs(MZ) = 0.119+0.006

−0.005 . Future prospects for more precise extractions of the
heavy quark masses and αs are discussed.

I. QCD AND THE ONIA

QCD is the theory of the strong interactions: we
should be able to predict all the properties of hadrons
starting from the QCD Lagrangian which is a func-
tion only of the coupling constant αs and of the quark
masses m. Therefore, from the theoretical predictions
of physical observables and the corresponding exper-
imental measurements, we should be able to extract
the values of the coupling constant αs and of the quark
masses m. However, everything is complicated by the
fact that QCD is a strongly coupled theory in the
low energy region. At the scale ΛQCD nonperturba-
tive effects become dominant and αs becomes large.
The nonperturbative QCD dynamics originates the
confinement of quarks that in turn is the reason for
which the quark mass loses its most intuitive defini-
tion. Quarks are confined inside hadrons and thus we
cannot directly measure their masses. The mass of the
quark is a parameter defined in some renormalisation
scheme at some renormalisation scale. Systems made
by two heavy quarks,-quarkonia in the following-, are
characterized by a quark mass scalemQ which is large,
bigger than ΛQCD. Then αs(mQ) is small and per-
turbative expansions may be performed at this scale.
This introduces a great simplification and hints at
a factorization between high and low energy contri-
butions for quarkonia. For these systems, however,
things are even more interesting [1]. They are nonrela-
tivistic systems characterized by another small param-
eter, the heavy-quark velocity v, and by a hierarchy
of energy scales: mQ (hard), the relative momentum
p ∼ mQv (soft), and the binding energy E ∼ mQv

2

(ultrasoft). For energy scales close to ΛQCD, pertur-
bation theory breaks down and one has to rely on non-
perturbative methods. Regardless of this, the nonrel-
ativistic hierarchy mQ ≫ mQv ≫ mQv

2 will persist
also below the ΛQCD threshold. While the hard scale
is always larger than ΛQCD, different situations may
arise for the other two scales depending on the con-
sidered quarkonium system. The soft scale, propor-
tional to the inverse radius r, may be a perturbative
(≫ ΛQCD) or a nonperturbative scale (∼ ΛQCD) de-
pending on the physical system. Finally, only for tt̄

threshold states the ultrasoft scale may still be per-
turbative. Heavy quark-antiquark states probe con-
finement and nonperturbative physics [2] at different
scales and are thus an ideal and to some extent unique
laboratory where our understanding of nonperturba-
tive QCD, its interplay with perturbative QCD and
the behaviour of the perturbative bound state series
may be tested and understood in a controlled frame-
work. In particular in some regimes nonperturbative
effects will appear in the form of local or nonlocal
gluon condensates and will be suppressed in the com-
putation of physical observables. In this framework
quarkonia become very appropriate systems to be used
for the study of the transition region from high to low
energy, for information on the QCD vacuum structure
and for precision determinations of the QCD param-
eters. Precisely this last point is the subject of this
paper. In the next Sections we will discuss the sys-
tematic framework offered by Non Relativistic Effec-
tive Field Theories (NR EFT) [3] for the description
of quarkonia and how one can take advantage of the
accurate EFT calculations to make precise determi-
nations of the QCD parameters. For some reviews of
NR EFTs see [1, 3, 4, 5, 6]

II. EFFECTIVE FIELD THEORIES

It is possible to take advantage from the existence
of a hierarchy of scales in quarkonia to introduce NR
EFTs, which are simpler but equivalent to QCD. A
hierarchy of EFTs may be constructed by systemati-
cally integrating out modes associated to high energy
scales not relevant for the quarkonium system. Such
integration is made in a matching procedure that en-
forces the complete equivalence between QCD and the
EFT at a given order of the expansion in v (v2 ∼ 0.1
for bb̄, v2 ∼ 0.3 for cc̄, v ∼ 0.1 for tt̄). The EFT re-
alizes a factorization at the Lagrangian level between
the high energy contributions carried by matching co-
efficients and the low energy contributions carried by
the dynamical degrees of freedom. The Poincaré sym-
metry remains intact in a nonlinear realization at the
level of the NR EFT imposing exact relations among

http://arxiv.org/abs/0711.1689v2
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the EFT matching coefficients [7, 10].
By integrating out the hard modes one obtains Non-

relativistic QCD [8, 9, 10]. NRQCD is making explicit
at the Lagrangian level the expansions in mv/m and
mv2/m. It is is similar to HQET, but with a different
power counting. It also accounts for contact interac-
tions between quarks and antiquark pairs (e.g. in de-
cay processes) and hence has a wider set of operators.
In NRQCD soft and ultrasoft scales are left dynamical
and their mixing may complicate calculations, power
counting and the consideration of the nonperturbative
effects. In the last few years the problem of system-
atically treating the remaining dynamical scales in an
EFT framework has been addressed by several groups
[11, 12, 13] and has now reached a good level of un-
derstanding. Therefore one can go down one step fur-
ther and integrate out also the soft scale in a match-
ing procedure to the lowest energy and simplest EFT
that can be introduced for quarkonia, where only ul-
trasoft degrees of freedom remain dynamical. We call
such EFT potential NonRelativistic QCD (pNRQCD)
[12, 13] (an alternative EFT is in [14]). pNRQCD is
making explicit at the Lagrangian level the expansion
in mv2/mv. This EFT is close to a Schrödinger-like
description of the bound state and hence as simple.
The bulk of the interaction is carried by potential-like
terms, but non-potential interactions, associated with
the propagation of low-energy degrees of freedom (QQ̄
colour singlets, QQ̄ colour octets and low energy glu-
ons), are generally present. They start to contribute
at NLO in the multipole expansion of the gluon fields
and are typically related to nonperturbative effects
[13, 16].

In this EFT frame, it is important to establish when
ΛQCD sets in, i.e. when we have to resort to non-
perturbative methods. For low-lying resonances, it is
reasonable to assume mv2 >∼ ΛQCD. The system is

weakly coupled and we may rely on perturbation the-
ory, for instance, to calculate the potential. In this
case, we deal with weak coupling pNRQCD. The the-
oretical challenge here is performing higher-order cal-
culations and the goal is precision physics. This is the
case that we will consider in this paper.

A. The QCD potential and the Static Energy

The masses may be extracted from a calculation
of the energy levels and to obtain the energy lev-
els we need the potential. The QQ̄ potential is a
Wilson coefficient of pNRQCD [17] obtained by in-
tegrating out all degrees of freedom but the ultrasoft
ones. It is given by a series of contributions in an
expansion in the inverse of the mass of the quark.
If the quarkonium system is small, the soft scale is
perturbative and the potentials can be entirely calcu-
lated in perturbation theory [3]. As matching coeffi-
cients the potentials undergo renormalization, develop

a scale dependence and satisfy renormalization group
equations, which eventually allow to resum potentially
large logarithms [15]. The static singlet potential (the
contribution at zero order in the mass expansion) is
known at three loops apart from the constant term
[17, 18, 25]. The first log related to ultrasoft effects
arises at three loops. Such logarithm contribution at
N3LO and the single logarithm contribution at N4LO
may be extracted respectively from a one-loop and
two-loop calculation in the EFT and have been calcu-
lated in [17, 19]. The static energy given by the sum
of a constant, the static potential and the ultrasoft
corrections is free from renormalon ambiguities. By
comparing it (at the NNLL) with lattice calculations
one sees that the QCD perturbative series converges
very nicely to and agrees with the lattice result [26]
in the short range and that no nonperturbative linear
(“stringy”) contribution to the static potential exist
[3, 20]. This is an example of how precise calcula-
tions may be performed in this framework. Once the
renormalon contribution has been cancelled, in this
case between the static potential and the pole mass
[13, 21, 22], we are left with a well behaved perturba-
tive series and we can unambiguosly define power cor-
rections. It is possible to make predictions of physical
quantities (in this case the QQ̄ static energy) at high
order in the perturbative expansion and with a small
error (including nonperturbative corrections which are
suppressed in the power counting) and to make a con-
nection with the lattice results. It is remarkable that
the dependence on the lattice spacing can be predicted
in perturbation theory.

B. The QCD perturbative series of the QQ̄

energies and the nonperturbative contributions

In weak coupling pNRQCD the soft scale is per-
turbative and the potentials are purely perturbative
objects. Nonperturbative effects enter energy levels
and decay calculations in the form of local or nonlo-
cal electric and magnetic condensates [23, 24]. We still
lack a precise and systematic knowledge of such non-
perturbative purely glue dependent objects. It would
be important to have for them lattice determinations
or data extraction (see e.g. [27]) The leading electric
and magnetic nonlocal correlators may be related to
the gluelump masses [13] and to some existing lattice
(quenched) determinations [3, 28].

However, since the nonperturbative contributions
are suppressed in the power counting it is possible to
obtain good determinations of the masses of the low-
est quarkonium resonances with purely perturbative
calculations in the cases in which the perturbative se-
ries is convergent (after that the appropriate subtrac-
tions of renormalons have been performed) and large
logarithms are resummed. In this framework power
corrections are unambiguously defined.
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III. mc AND mb EXTRACTION

The lowest heavy quarkonium states are suitable
systems to obtain a precise determination of the mass
of the heavy quarks b and c. Perturbative determina-
tions of the Υ(1S) and J/ψ masses have been used to
extract the b and c masses. These determinations are
competitive with those coming from different systems
and different approaches (for the b mass see e.g. [35]).

Determinations of the quark masses from the per-
turbative calculation of Υ and J/ψ 1S masses differ for
the order of the perturbative calculation considered,
for the order of the resummation of the logarithms in v
and the way in which nonperturbative corrections are
taken into account. Higher order terms and the resid-
ual scale dependence of the result give the theoretical
error on the mass. The main uncertainty in these
determinations comes from nonperturbative contribu-
tions (local and nonlocal gluon condensates) together
with possible effects due to subleading renormalons.
We report some example of such determinations in
Tab. 1.

reference order mb(mb) (GeV)

[36] NNNLO∗ 4.210 ± 0.090 ± 0.025

[30] NNLO +charm 4.190 ± 0.020 ± 0.025

[38] NNLO 4.24 ± 0.10

[37] NNNLO∗ 4.346 ± 0.070

[39] NNNLO∗ 4.20 ± 0.04

[40] NNNLO∗ 4.241 ± 0.070

[41] NNLL∗ 4.19 ± 0.06

reference order mc(mc) (GeV)

[30] NNLO 1.24 ± 0.020

[38] NNLO 1.19 ± 0.11

TABLE I: Different recent determinations of mb(mb) and
mc(mc) in the MS scheme from the bottomonium and the
charmonium systems. The displayed results use either a
direct calculation of the lowest energy level in perturbation
theory or non-relativistic sum rules. The ∗ indicates that
the theoretical input is only partially complete at that
order. For the detailed discussion about how the error has
been computed see the original references, for a review see
[3].

Once the quark masses have been obtained, the
renormalon subtraction and the same calculational
approach have been exploited also to obtain the en-
ergy levels of the lowest resonances. In [29] a predic-
tion of the Bc mass has been obtained. The NNLO
calculation with finite charm mass effects [30] pre-
dicts a mass of 6307(17) MeV that well matches the
CDF measurement [31] and the lattice determination
[32]. The same procedure seems to work at NNLO
even for higher states (inside the theory errors that
grow) [30]. Including logs resummation at NLL, it

is possible to obtain a prediction for the mass of
ηb = 9421 ± 11(th)+9

−8(δαs) MeV (where the second
error comes from the uncertainty in αs) and for the
Bc hyperfine separation ∆ = 65± 24+19

−16 MeV [33]. A
NLO calculation reproduces in part the 1P fine split-
ting [34] .

A compilation of values of the b and c mass has
been presented by the Quarkonium Working Group
in Chapter 6 of [1] and is reported in Figures 1 and
2. The mass determinations presented in such Figures
include (relativistic and nonrelativistic) sum rule re-
sults, lattice QCD results, semileptonic B decays as
well as Υ(1S) and J/ψ 1S determinations. One can
see that the determinations from quarkonium are com-
petitive with respect to determinations coming from
other systems (heavy-light, B decays). The original
works to which the results in such Figures refer are ex-
plicitely given and discussed in [1]. We refer to [1] also
for an extended review of the different mass schemes,
the different heavy quark mass extractions approaches
and the renormalon subtraction.

From these determinations the QWG reported the
following values for the MS masses:

mb(mb) = 4.22 ± 0.05 GeV
mc(mc) = 1.28 ± 0.05 GeV .

which are displayed by the darker gray area in Figures
1 and 2 and the following ranges:

mb(mb) = 4.12 − 4.32 GeV
mc(mc) = 1.18 − 1.38 GeV

corresponding to the lighter gray area in Figures 1 and
2. For the details of the calculation of these averages
and ranges see [1].

We see that the QWG values for the b and c mass
attribute to them an error of 1% and 4% respectively.
This is a smaller error than the one given in the PDG
[42].

More recent and more accurate mass determina-
tions (from lattice unquenched calculation mb(mb) =
4.4 ± 0.030 GeV [44]; from semileptonic B decays,
mc(mc) = 1.224 ± 0.017 ± 0.054 GeV [43]; from low
momentum sum rules mb(mb) = 4.164 ± 0.025 GeV
mc(mc) = 1.286 ± 0.013 GeV [45], and a new pre-
liminary calculation of the mass of the b in the the
potential subtracted scheme with unquenched lattice
Fermilab action [46]) would call for a new critical anal-
ysis and discussion of such extractions and errors and
an updated mass compilation.

A. mt from ttbar systems

In [41, 48] the total cross section for top quark pair
production close to threshold in e+e− annihilation is
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FIG. 1: Collection of recent bottom quark mass determinations. The circles represent sum rule results, the triangles Up-
silon 1S determinations, the squares lattice QCD results and the upside down triangle a determination from semileptonic
B decays. The full diamond gives the QWG global average for mb(mb). The darker and lighter shaded areas represent
the QWG error estimates corresponding to a 1σ error and a range respectively. This Table is taken from Chapter 6, pag.
360 of [1]. For a detailed discussion and the explicit references to the original works see [1].

investigated at NNLL in the weakly coupled EFT.
The summation of the large logarithms in the ratio of
the energy scales significantly reduces the scale depen-
dence. Studies like these will make feasible a precise
extractions of the strong coupling, the top mass and
the top width at a future ILC. The present theoreti-
cal uncertainties for top mass extraction at the ILC is
about 100 MeV [3, 47].

IV. αs EXTRACTION FROM QUARKONIA

The summary of values of αs(MZ) from various pro-
cesses as reported by the PDG 2006 [42] is given in
Fig. 3. We see that the value of αs as determined from
quarkonium is considerably smaller than the other de-
terminations. The effect is seen also in Fig. 4 where
the values of of αs(µ) are reported at the values of
µ where they are measured. The determination of αs

from Υ decays is one of the few ones at a relatively low

energy with a relatively small error. It follows from
theory calculations of ratio of hadronic and leptonic
Υ decays [57] and use of sum rules for the Υ system
[58, 59], the smaller error being obtained in the first
case. Here we will report about a determination for
αs from the Υ decays [62] that has recently solved this
inconsistency.

Heavy quarkonium leptonic and non-leptonic inclu-
sive decay rates have historically provided ways to ex-
tract αs and served as additional confirmation of the
validity of QCD. Ratios of these quantities are very
sensitive to αs if the data are sufficiently precise. In
particular, today the inclusive decay widths of J/ψ,
ψ(2S) and Υ(1S) are known with a few percent error,
the ones of Υ(2S),Υ(3S) with a 10% error and most
of the other inclusive decays are known with an error
of 15-20%. In the last few years the error on char-
monium P-wave inclusive decays have been reduced
to half [42]. On the theory side NRQCD [9] and pN-
RQCD [49] have provided powerful factorization for-
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FIG. 2: Collection of recent charm quark mass determinations. The circles represent sum rule results, the triangles
J/ψ 1S determinations and the squares quenched lattice QCD results. The full diamond gives the QWG global average
for mc(mc). The darker and lighter shaded areas represent the QWG error estimates corresponding to a 1σ error and
a range respectively. This Table is taken from Chapter 6, pag. 363 of [1]. For a detailed discussion and the explicit
references to the original works see [1].

mulas for the inclusive decays.
S and P wave quarkonium inclusive decays are to-

day known in the NRQCD factorization up to order v7

in the relativistic expansion [9, 50, 64] and at different
orders in the perturbative expansion of the matching
coefficients (see e.g. [65] for a review). In pNRQCD
the nonperturbative matrix elements of the four quark
operators on the quarkonium states can be further
decomposed in the product of quarkonium wave func-
tions (or derivatives of quarkonium wave functions) in
the origin and glue dependent operators, with a sub-
stantial reduction in the number of nonperturbative
(and unknown) contributions [49]. A lattice calcula-
tion of such nonlocal gluonic correlators is however
still missing.

Thanks to the EFTs factorization between high en-
ergy contributions, calculable in QCD perturbation
theory, and low energy nonperturbative contributions,
it is possible to consider appropriate ratios of inclu-
sive decays at some order of the expansion in αs and in
v. In particular, the ratio Γ(H → γgg)/Γ(H → ggg)
(H being a quarkonium state) appears particularly
promising for the extraction of αs [51, 52, 63]. since
both the wave function at the origin and the relativis-
tic corrections cancel out. However, the first mea-

surements of J/ψ and Υ inclusive radiative decays
delivered a photon spectrum not compatible with the
early QCD predictions. Inside the EFT approach it
was understood that colour octet contributions, ig-
nored in the early calculations, become very impor-
tant in the upper end-point region of the spectrum
[53]. By considering such octet contributions, using
pNRQCD to calculate them and Soft Collinear Ef-
fective Theory (SCET) to resum end-points singu-
larities, a good description of the photon spectrum
has been achieved recently, at least for the Υ(1S)
state [54]. These recent theoretical advances com-
bined with new and more precise data from CLEO
on Υ(1S) radiative decay [55], has made the ratio
Rγ ≡ Γ(Υ(1S) → γ X)/Γ(Υ(1S) → X), (X being
hadrons) particularly suitable for the αs extraction at
the bottom mass scale. For the perturbative calcu-
lation of the matching coefficients appearing in such
ratio see [9, 56]. Colour octet contributions also affect
the ratio Rγ and are parametrically of the same order
of the relativistic corrections. They have so far either
been ignored [55] or estimated to be small [57] in the
available extractions of αs from this ratio. In [62], re-
cent determinations of the Υ(1S) colour octet matrix
elements both on the lattice [60] and in the contin-
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FIG. 3: Summary of values of αs(MZ) from various processes, taken from the PDG [42]. The value shown indicate the
process and the measured value of αs extrapolated to µ = MZ . The error shown is the total error including theoretical
uncertainties. The PDG average coming from thesee measurements and quoted in the text is also shown. Notice that
the value of αs extracted from Υ decays is considerably lower than all the other determinations.

uum [61] have been taken into account. This, together
with the good theoretical description [54] of the pho-
ton spectrum [55], allows for a consistent extraction
of αs(MΥ(1S)) at NLO. The final result obtained in
[62] is

αs(MΥ(1S)) = 0.184+0.014
−0.013 , (1)

which corresponds to

αs(MZ) = 0.119+0.006
−0.005 , (2)

very close to the central value of the PDG [42] with
competitive errors. The key ingredients to get these
numbers have been the precise CLEO data [55], the
use of a QCD calculation to extrapolate the pho-
ton spectrum at low z, and accurate estimates of the
colour octet matrix elements, which have been pos-
sible thanks to recent lattice and continuum calcula-
tions. At present, the main uncertainty in the extrac-
tion of αs comes from the systematic uncertainties in
Rexp

γ .
The impact of this determination of αs, if included

in the world average, will be to increase it.

V. FUTURE PROSPECTS FOR MASS AND
αs EXTRACTIONS

The mass and αs determinations from quarkonium
that we have presented are already competitive with

the results obtained from other physical systems.

In the near future αs(mc) may be extracted from
the Rγ ratio for the J/ψ provided that a new mea-
surement of the inclusive photon spectrum for radia-
tive J/ψ decays will be performed at BESIII [66]. In
a similar way, the discovery and the measurement of
the ηb mass with a few MeV accuracy will provide a
determination of αs(MZ) with 3 per mille error from
the hyperfine separation calculated at NLL [33].

For an improved determination of αs from the lat-
tice calculations of the quarkonium spectrum, we need
a nonperturbative unquenched determination of ΛMS
and results on the spectrum obtained with different
formulations of sea quarks, besides staggered quarks.
Also the improvement in the lattice extraction of the
masses would require an improved accuracy in the
conversion from the bare lattice mass to the MS mass.
In particular the two loop matching in such conversion
would be needed for the Fermilab and the NRQCD
actions. A nonperturbative matching would also be
desiderable.

For what concerns the mass extraction from the
Υ(1S) and J/ψ masses in perturbation theory at
present, as it has been discussed, the major theo-
retical error comes from our ignorance of the ultra-
soft nonperturbative corrections. A lattice calcula-
tion of the nonperturbative chromoelectric correlator
together with its matching from lattice to MS scheme
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FIG. 4: Summary of values of αs(µ) at the values of µ where they have been measured, taken from the PDG [42]. The
line shows the central value and the ±1σ limits of the PDG average. The data are in increasing order of µ: τ width, Υ
decays, deep inelastic scattering, e+e− event shapes at 22 GeV from the JADE data, shapes at TRISTAN at 58 GeV,
Z width, and e+e− event shapes at 135 and 189 GeV. Notice how the determination from the Υ decays is the only one
outside the band.

is needed.
Further improvements in the mass determinations

from nonrelativistic sum rule would require the full
NNLL calculation; a complete NNNLO computation
would also be useful to have a better control on the
theoretical uncertainties. For low momentum sum
rules, improved determinations of the R measure-
ments around bottomonium and charmonium region
would be crucial.

We conclude noticing that, within the EFT ap-
proach and the factorization scheme, precision calcu-
lations in quarkonium may be applied to all the phys-
ical observables of the lowest resonances, spectra and
decays included. To this respect it is particularly in-
teresting the example of the calculation of M1 transi-
tions for the lowest quarkonia resonances. In this case

the Poincarè invariance of the EFT imposes exact re-
lations among matching coefficients that set to zero
the nonperturbative corrections at order v2. At this
order the M1 transitions may be exactly calculated in
perturbation theory [67].
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Charmonium from Lattice QCD
J.J. Dudek
Jefferson Lab, 12000 Jefferson Avenue, Newport News, VA 23606, USA
Department of Physics, Old Dominion University, Norfolk, VA 23529, USA

Charmonium is an attractive system for the application of lattice QCD methods. While the sub-threshold
spectrum has been considered in some detail in previous works, it is only very recently that excited and higher-
spin states and further properties such as radiative transitions and two-photon decays have come to be calculated.
I report on this recent progress with reference to work done at Jefferson Lab.

1. Introduction

Between 3 and 3.7 GeV a number of states exist
which are believed to be the bound states of a charm
quark and an anti-charm quark and whose widths
are narrow owing to their being below the thresh-
old to decay to a pair of open charm mesons cou-
pled with the suppression of annihilation channels at
this high mass scale. Because the hadronic contribu-
tions to their widths are so small, radiative transi-
tions between them constitute considerable branching
fractions, and the rates of these transitions have been
measured with some accuracy by a number of exper-
iments (Yao et al. [2006]). Additionally the C = +
states can decay to a pair of photons - this process
when time-reversed can serve as a production mecha-
nism (two-photon fusion) at e+e− machines.

Rates for these radiative processes have been com-
puted in various varieties of quark-model, and are typ-
ically fairly successful when one sets parameters us-
ing the experimental spectrum, however corrections
beyond approximations like non-relativistic dynamics
are often uncontrolled in these models.

In the current century the charmonium picture has
filled out considerably and new mysteries have arisen
owing to the high statistics and new production meth-
ods made possible by CLEO-c and the B-factories.
The remaining expected sub-threshold states, η′c, hc,
have been observed, as have radiative transitions from
the ψ(3770) down to the χcJ . The above-threshold
spectrum is rapidly being mapped (Swanson [2006]),
with some states living up to the expectations of po-
tential models (Uehara et al. [2006]) and others com-
ing as something of a surprise (Choi et al. [2003]). The
increasingly complete set of exclusive data in e+e−

looks set to allow determination of the vector spec-
trum with some confidence.

In a series of recent works (Dudek et al. [2007, 2006],
Dudek and Edwards [2006]), members of the Jefferson
Lab lattice group have investigated the possibility of
computing excited spectral and radiative quantities
using lattice QCD. These initial studies have been
carried out on quenched lattices with rather promis-
ing results. In the sections that follow I will briefly
describe the work done.

2. Excited and higher spin states

The mass spectrum of a field theory considered in
Euclidean space-time can be extracted from the time-
dependence of a two-point correlation function,

Cij(t) =
∑
~x

〈Oi(~x, t)Oj(~0, 0)〉,

where Oi,j are operators that have the right quan-
tum numbers to produce a particular state from the
vacuum which are constructed from the fundamen-
tal fields of theory. For example in QCD we might
try to study the pseudoscalar spectrum by considering
an operator ψ̄γ5ψ. The correlator receives contribu-
tions from all states in the theory with the appropriate
quantum numbers,

Cij(t) =
∑
α

Zα∗i Zαj
2mα

exp−mαt. (1)

(In a quantum mechanical bound state model we
might think of radial excitations being labeled by
α). In practice extracting anything other than the
ground state mass from fits to the time-dependence
of a single correlator is difficult and often unstable.
This is particularly troublesome in a system like char-
monium where there are significant approximate de-
generacies, e.g. the ψ(3686) and ψ(3770). These de-
generacy problems are made worse on a cubic lattice
where states are labeled not by a continuum spin, but
by an irreducible representation of the cubic group.
The continuum spin content of these various irreps
is shown in Table I. This indicates that, for exam-
ple, componets of a 3−− state would appear in the
same correlators as 1−− states. Since from poten-
tial models we expect there to be a 3−−(3D3) roughly
degenerate with the 1−−(3D1)ψ(3770), we anticipate
that there should be three roughly degenerate excited
states above the ground state in a T−−1 correlator.
Extracting this from a fit to a single correlator is not
practical.

Given this one might consider more reliable ways
to extract the excited state spectrum. A variational
method utilizing a large basis of operators satisfies
this need. Its major advantage is that it utilizes the
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Λ dΛ J

A1 1 0, 4, 6, . . .

A2 1 3, 6, 7, . . .

E 2 2, 4, 5, . . .

T1 3 1, 3, 4, . . .

T2 3 2, 3, 4, . . .

Table I The table shows the single-valued irreducible rep-
resentations Λ of the cubic group O, together with their
dimensions dΛ and continuum spin content J . Additional
superscripts are employed to denote charge conjugation C
and parity P .

orthogonality of states in a space of operators - while
states might be degenerate and hence hard to sepa-
rate on the basis of mass, they remain orthogonal and
hence easier to separate on the basis of their state
vectors.

In Dudek et al. [2007], an operator basis was con-
structed based upon operators that in the continuum
would have the structure of fermion bilinears with a
number of symmetric covariant derivatives

Oµνρ··· = ψ̄(x)Γµ
←→
D ν
←→
D ρ · · ·ψ(x).

Including up to two derivatives, these operators give
access to almost all continuum JPC with J ≤ 3. Suit-
able linear combinations of these operators can be con-
structed that transform as the irreducible representa-
tions of Table I. These are related to the operators
used in Liao and Manke [2002].

Once a matrix of correlators, Cij(t), has been com-
puted (for a given irrep), the mass spectrum follows
from solution of a generalized eigenvalue problem that
can be shown to be the quantum mechanical varia-
tional solution. We solve

C(t)vα = λα(t)C(t0)vα, (2)

for the eigenvalues λα(t) which are related to state
masses, and for the eigenvectors vα which are related
to the overlap of our operators onto the mass eigen-
states, the Zαi in eqn (1).

We computed correlators on quenched anisotropic
lattices with as ∼ 0.1 fm and a−1

t ∼ 6 GeV. Full de-
tails can be found in Dudek et al. [2007].

We show in figure 1 the mass spectrum extracted
for negative parity and charge conjugation. In the
T1 representation we see precisely the level structure
we expected, namely a ground state and three closely
spaced excited states above. Looking at the states
in the other irreps we see that one possible contin-
uum spin assignment of the states in the first excited
“band” would be to have two spin-1 states, one spin-2
state and one spin-3 state1. We gain a good deal of

1In the continuum the appearance of a e.g. spin-2 state
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Figure 1: Extracted mass spectrum for PC = −− listed
by lattice irreducible representation. Operator labels
listed in Dudek et al. [2007]
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Figure 2: Extracted mass spectrum for PC = −− listed
by assigned continuum spin.

support for this hypothesis from studying the eigen-
vectors extracted from eqn (2). Consider the lattice
irrep projections of the “a1 ×∇” operator:

OiT2
= |εijk|ψ̄(x)γ5γj

←→
D kψ(x)

OiE = Qijkψ̄(x)γ5γj
←→
D kψ(x),

where |εijk|, Qijk are Clebsch-Gordan coefficients for
the lattice cubic group. In the continuum we know
the form that the overlap of these operators onto a
spin-2 state takes, so that

〈0|OiT2
|2−−(~p, r)〉 = Z|εijk| ∈jk (~p, r)

〈0|OiE |2−−(~p, r)〉 = ZQijk ∈jk (~p, r),

in both the three-dimensional T2 and the two-dimensional E
corresponds to the five spin projections of a spin-2 meson
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where Z is common to both. Z can be extracted from
the eigenvectors and if it is found to be close in value
in the T2 and E cases then we conclude that it is likely
that we have a spin-2 state.

We apply this eigenvector inspection method wher-
ever possible and where the result is conclusive we
assign the continuum spin shown by the color cod-
ing in figure 1. For the states above the first excited
band this method gave inconclusive answers and for
this reason we do not try to assign a continuum spin.

This first calculation was performed only at one
(quenched) lattice spacing and consequently our re-
sults are not extrapolated to the continuum. Never-
theless we present our results for continuum spin as-
signed states in figure 2 along with experimental state
masses taken from the PDG(Yao et al. [2006]) and po-
tential model masses taken from Barnes et al. [2005].

It is clear that we are in agreement with the gross
structure predicted by potential models, and in par-
ticular we appear to have successfully extracted some-
thing like the ψ(3686)/ψ(3770) system. We believe
that this has not been achieved before in a lattice
calculation. Extracted state masses appear to be sys-
tematically high with respect to potential models and
experiment - our suspicion is that this is due to some
combination of computation at finite lattice spacing
and the quenched approximation2 - this hypothesis
can be tested with further calculation now that this
method has been demonstrated.

Other PC combinations were also considered. In
figure 3 we show our results for J++. It is clear that
again we are observing masses systematically higher
than the potential model states. That we miss the
spin-4 state near 4 GeV may be related to the fact that
our operators, which have a maximum of two spatial
derivatives do not have any overlap with spin-4 mesons
in the continuum limit. This could be remedied by
enlarging the operator basis.

With PC = +−, as well as spin-singlets with odd
J , one also has the possibility of exotic quantum num-
bers, i.e. those not accessible to a qq̄ Fock state. In a
quenched heavy-quark calculation these can only arise
through non-trivial gluonic excitation giving rise to
states usually described as “hybrids”. Our extracted
mass spectrum is shown in figure 4 where exotic states
with 0+−, 2+− quantum numbers appear above 4.5
GeV.

With PC = −+, the odd-J states are exotic. Our
extracted mass spectrum listed by lattice irrep is
shown in figure 5. This case demonstrates the dif-
ficulty in continuum spin assignment; the set of five

2In particular the problem of scale setting when one has an
incorrect running of the coupling. In Dudek et al. [2007] the
effect of finite box size was tested and was found not to be the
source of the level raising effect.
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Figure 3: Extracted mass spectrum for PC = ++ listed
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assigned states.

levels near 4.3 GeV could, on the basis of their mass
degeneracy, be interpreted either as a single 0−+ and
a single (non-exotic) 4−+ or as two 0−+ states, an
exotic 1−+ and a 2−+. In previous cases we used the
eigenvector inspection method to break these ambi-
guities, but unfortunately here the method produces
inconclusive results. We display the two possible spec-
tra in figure 6 where we note that the potential model
does have a 4−+ state in this mass range.

It is worth pointing out that previous studies of
the 1−+ state in charmonia have not taken into ac-
count the spin ambiguity and hence they may have
in fact reported the mass of a non-exotic 4−+ state.
It is clear that further study with more operators and
higher statistics is needed in order to make a definitive
statement.

We believe that we have demonstrated the power
of using a variational solution in a large, carefully
constructed operator basis to extract excited states
in lattice QCD. Of course there remain numerous is-
sues to deal with, including the effect of multiparticle
(DD̄) states when one relaxes the quenched approxi-
mation, but given that they too are orthogonal states
we should be well-equipped with the method outlined
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and an extended basis featuring operators with good
overlap on to these multiparticle states.
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3. Radiative transitions

Sub-DD̄-threshold charmonia have very narrow
widths such that radiative transitions between them
constitute considerable branching fractions, these
have been measured by a range of experiments and
their relative magnitudes give us clues to internal
structure.

These transition widths can be computed using lat-
tice QCD by considering three-point correlators of the
type

Ciµj(t) ∼ 〈Oi(~x, tf )Vµ(~y, t)Oj(~0, 0)〉,

where Oi,j are operators having overlap with meson
states and Vµ is a lattice representation of the vector
current. For example we could extract the J/ψ → ηcγ
matrix element from the large Euclidean times value
of the correlator

Cµν(t) =
∑
~x

e−i~pf ·~xei~q·~y

×
〈[
ψ̄γ5ψ

]
(~x, tf )

[
ψ̄γµψ

]
(~y, t)

[
ψ̄γνψ

]
(~0, 0)

〉
.

Correlators of this type, using only point-like opera-
tors were evaluated (details can be found in Dudek
et al. [2006]) and transition form-factors extracted for
a set of transitions between JPC ground states.

The J/ψ → ηcγ transition form-factor shown in fig-
ure 7 is the most statistically precise signal, but it suf-
fers from a large systematic issue related to quenching.
It is well known that the experimental hyperfine split-
ting in charmonium is not reproduced well by stud-
ies utilizing the quenched approximation. As such we
have an ambiguity when computing the phase space
that is required to scale a matrix-element to a width
(or vice-versa) - should we use the experimental value
or the value extracted from the spectrum portion of
our lattice calculation? In figure 7 we show the ex-
perimental width3 scaled to a matrix-element by both
possibilities and the lattice data fitted with an expo-
nential in photon virtuality, Q2, used to extrapolate
back to Q2 = 0.

A transition with reasonable statistical precision
and a very small phase-space ambiguity is the electric
dipole transition χc0 → J/ψγ. Our results are shown
in figure 8 where the fit uses a form motivated by the
quark model. Note the points at slightly timelike Q2

are not included in the fit - the agreement with the
extrapolated curve then lends support to the fitting
form used.

Results for other transitions can be found in Dudek
et al. [2006] as can comparison of the lattice results to

3We note that there is ongoing work at CLEO to confirm
the single measurement from Crystal Ball
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Figure 7: Transition form factor for J/ψ → ηcγ.
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Figure 8: Electric dipole transition form factor for
χc0 → J/ψγ. Experimental data from PDG(2005) and
CLEO(Adam et al. [2005])

potential model expectations. Work is currently un-
derway combining the excited state technology of the
first section with the radiative transition technology to
make it possible to study transitions involving excited
and high-spin states. This would include experimen-
tally measured transitions like ψ(3686)→ χcJγ.



6 Proceedings of the CHARM 2007 Workshop, Ithaca, NY, August 5-8, 2007

4. Two-photon decays

At first sight it is not clear how one would go about
evaluating the matrix element for the process ηc → γγ
in lattice QCD. In the previous section we outlined
how to extract the matrix element for a radiative
transition between two QCD eigenstates from a three-
point function evaluated at large Euclidean times.
This issue here is that the photon is not an eigen-
state of QCD - taking a vector interpolating field to
large Euclidean time would not yield a photon state,
but instead the lightest QCD vector eigenstate (the
J/ψ in this case).

However, all is not lost, for while the photon is not
a QCD eigenstate, it can be constructed from a linear
superposition of QCD eigenstates. The precise field-
theoretic mechanism for this is the LSZ reduction.
The connection in Euclidean space-time, for a differ-
ent physical process, is made in Ji and Jung [2001]
and for the process in question an outline appears in
Dudek and Edwards [2006]. The end result is that
the following relationship connects the matrix element
of interest to a Euclidean three-point function com-
putable on the lattice: 〈ηc(p)|γ(q1, λ1)γ(q2, λ2)〉 ∼

e2εµ(q1, λ1)εν(q2, λ2)
∫
dtie

−ω1(ti−t)

×
〈∫

d3~x e−i~p.~xO(~x, tf )
∫
d3~y ei ~q2.~yVν(~y, t)Vµ(~0, ti)

〉
(3)

The difference with respect to the radiative tran-
sitions between hadrons considered above is that an
integral over the Euclidean time position of a vector
source is now involved.

The details of the lattice computation of this object
can be found in Dudek and Edwards [2006], here we
mention only that an isotropic lattice was used. In fig-
ure 9(a) we display the integrand of equation 3, having
computed with an operator ψ̄γ5ψ fixed at tf = 37, a
conserved vector current insertion at t = 4, 16, 32 and
a vector interpolating field at all possible source posi-
tions, ti = 0→ 37. It is clear that provided one is not
too close to the dirichlet wall or to the sink position,
one can capture the entire integral by summing times-
lices. In figure 9(b) the results of summing timeslices
to compute the integral for all possible insertion posi-
tions and a number of Q2 are shown - clear plateaus
are visible at intermediate times indicating dominance
of the ηc over the possible excited states.

Given the confidence that the integral can be cap-
tured on a lattice of this temporal length, one can
use a much faster method to compute the transition
form-factor that places the sum over timeslices into
a “sequential source”, reducing the computation time
by a factor of O(Lt). Results using this method are
shown in figure 10 along with PDG values and results
inferred from Uehara et al. [2007].
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Figure 9: (a) Integrand in equation 3 at three values of
vector current insertion time (t = 4, 16, 32) with pseu-
doscalar sequential source at sink position tf = 37. (b)
Pseudoscalar two-photon form-factor as a function of time
slice, t, from equation 3. First six time slices ghosted out
due to the Dirichlet wall truncating the integral.

Of course here the errors displayed on the lattice
data are statistical only and must be augmented by
an uncertainty due to scaling from our fixed lattice
spacing to the continuum and one related to the lack
of light-quark loops within the quenched approxima-
tion. This is the first demonstration of this method,
such controlled studies will doubtless follow now that
efficacy has been demonstrated.

5. Summary

Several new techniques have emerged that much ex-
pand the range of charmonium quantities that can
be considered in lattice QCD. Initial studies with
quenched lattices are clearly systematics dominated,
but this can be expected to be improved in the near
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Figure 10: (a) ηc → γγ∗ amplitude. (b) χc0 → γγ∗ ampli-
tude. Fits are one-pole forms as described in Dudek and
Edwards [2006].

future by use of dynamical lattices, in particular the
anisotropic dynamical lattices being generated under
USQCD at Jefferson Lab. These same methods ap-
plied to the light quark sector will provide invaluable
information for future meson spectroscopy projects
like GlueX.
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Determination of Charm Hadronic Branching Fractions at CLEO-c

A. Ryd Representing the CLEO Collaboration
Laboratory for Elementary-Particle Physics, Cornell University, Ithaca NY 14853, USA

Recent results from CLEO-c on measurements of absolute hadronic branching fractions of D0,
D+, and D+

s mesons are presented.

I. INTRODUCTION

Precise measurements of absolute hadronic branch-
ing fractions for D0, D+, and D+

s meson decays are
important as they serve to normalize most B and Bs

decays as well as many charm decays.
Results from the CLEO-c experiment at the Cornell

Electron Positron Storage Ring based on 281 pb−1

recorded at the ψ(3770) are presented here for stud-
ies of D0 and D+ decays. In addition, CLEO-c has
analyzed 298 pb−1 of e+e− annihilation data near
Ecm = 4170 MeV for studies of Ds decays. These
samples provide very clean environments for studying
decays of D and Ds mesons. The ψ(3770), produced
in the e+e− annihilation, decays to pairs of D mesons,
either D+D− or D0D̄0. In particular, the produced
D mesons can not be accompanied by any additional
pions. At Ecm = 4170 MeV Ds mesons are primarily
produced as D+

s D
∗−

s and D∗+
s D−

s pairs.
First, I will discuss the determination of the abso-

lute hadronic D0, D+, and D+
s branching fractions.

Then I will present CLEO-c measurements of inclu-
sive η, η′, and φ decays; the doubly Cabibbo sup-
pressed decay D+ → K+π0; studies of D → KSπ
and D → KLπ; Ds decays to two pseudoscalars; and
two-body D0 and D+ decays to pairs of kaons.

II. ABSOLUTE D0 AND D+ HADRONIC
BRANCHING FRACTIONS

This analysis [1] makes use of a ’double tag’ tech-
nique initially used by Mark III [2]. In this tech-
nique the yields of single tags, where one D me-
son is reconstructed, and double tags, where both
D mesons are reconstructed, are determined. The
number of reconstructed single tags, separately for
D and D̄ decays, are given by Ni = ǫiBiNDD̄ and
N̄j = ǭjBjNDD̄, respectively, where ǫi and Bi are the
efficiency and branching fraction for mode i. Sim-
ilarly, the number of double tags reconstructed are
given by Nij = ǫijBiBjNDD̄ where i and j label the
D and D̄ mode used to reconstruct the event and ǫij is
the efficiency for reconstructing the final state. Com-
bining the equations above and solving for NDD̄ gives
the number of produced DD̄ events as

NDD̄ =
NiN̄j

Nij

ǫij
ǫiǭj

and the branching fractions

Bi =
Nij

Nj

ǫj
ǫij
.

In this analysis we determine all the single tag and
double tag yields in data, determine the efficiencies
from Monte Carlo simulations of the detector re-
sponse, and extract the branching fractions and DD̄
yields from a combined fit [3] to all measured data
yields.

This analysis uses three D0 decay modes (D0 →
K−π+, D0 → K−π+π0, and D0 → K−π+π−π+)
and six D+ decay modes (D+ → K−π+π+, D+ →
K−π+π+π0, D+ → K0

Sπ
+, D+ → K0

Sπ
+π0, D+ →

K0
Sπ

+π−π+, and D+ → K−K+π+). The single tag
yields are shown in Fig. 1. The combined double tag
yields are shown in Fig. 2 for charged and neutral D
modes separately. The scale of the statistical errors
on the branching fractions are set by the number of
double tags and precisions of ≈ 0.8% and ≈ 1.0% are
obtained for the neutral and charged modes respec-
tively. The branching fractions obtained are summa-
rized in Table I [11]. For the branching fractions we
quote three uncertainties. The first is the statistical
uncertainty, the second is the systematic uncertain-
ties excluding the uncertainty in the modeling of final
state radiation (FSR), and the third error is the FSR
uncertainty. For the D0 → K−π+ mode the effect of
the FSR is a 3.0% correction. We have taken the un-
certainty of the FSR correction to be about 30% of the
correction. This covers the difference between includ-
ing or excluding the effect of interference in simulating
FSR in the decay D0 → K−π+.

III. ABSOLUTE BRANCHING FRACTIONS
FOR HADRONIC Ds DECAYS

This analysis uses a sample of 298 pb−1 of data
recorded at a center-of-mas energy of 4170 MeV. At
this energy Ds mesons are produced, predominantly,
as D+

s D
∗−

s or D−

s D
∗+
s pairs. We use the same tagging

technique as for the hadronic D branching fractions;
we reconstruct samples of single tags and double tags
and use this to extract the branching fractions.

In this study eight Ds final states are used (D+
s →

K0
SK

+, D+
s → K+K−π+, D+

s → K+K−π+π0,
D+

s → K0
SK

−π+π+, D+
s → π+π−π+, D+

s → ηπ+,
D+

s → η′π+, and D+
s → K+π−π+ ). The single tag

http://arxiv.org/abs/0711.3817v1
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FIG. 1: The fits for the single tag yields. The background is described by the ARGUS threshold function and the
signal shape includes the effects of beam energy spread, momentum resolution, initial state radiation, and the ψ(3770)
lineshape.

event yields are shown in Fig. 3. The double tag yields
are extracted by a cut-and-count procedure in the plot
of the invariant mass of the D+

s vs. D−

s . This plot is
shown in Fig. 4. Backgrounds are subtracted from the
sidebands indicated in the plot and a total of 976±33
double tag events are found.

From these yields we determine the preliminary
branching fractions listed in Table II. We do not
quote branching fractions for D+

s → φπ+ as the φ
signal is not well defined. In particular, the φ res-
onance interferes with the f0 resonance. Instead we
report preliminary results for partial branching frac-
tions for D+

s → K+K−π+ in restricted invariant mass
ranges of mKK near the φ resonance. These partial
branching fractions are summarized in Table III.

IV. INCLUSIVE MEASUREMENTS OF η, η′,
AND φ PRODUCTION IN D AND Ds DECAYS

Using samples of tagged D and Ds decays CLEO-
c has measured the inclusive production of η, η′,
and φ mesons by looking at the recoil against the
tag [4]. The results are summarized in Table IV.
The knowledge of inclusive measurements before this
CLEO-c measurement was poor, besides limits, only
B(D0 → φX) = (1.7 ± 0.8)% was measured. As ex-
pected the η, η′, and φ rates are much higher in Ds

decays.

V. THE DOUBLY CABIBBO SUPPRESSED
DECAY D+

→ K+π0

CLEO-c [5] has reconstructed D+ → K+π0 candi-
dates in the 281 pb−1 sample of e+e− data recorded at
the ψ(3770). We find the branching fraction B(D+ →
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FIG. 2: The fit for the double tag yields combined over all modes for charged and neutral modes separately.

TABLE I: Fitted branching fractions and DD pair yields. For N
D0D0 and ND+D− , uncertainties are statistical and

systematic, respectively. For branching fractions and ratios, the systematic uncertainties are divided into the contribution
from FSR (third uncertainty) and all others combined (second uncertainty). The column of fractional systematic errors
combines all systematic errors, including FSR. The last column, ∆FSR, is the relative shift in the fit results when FSR
is not included in the Monte Carlo simulations used to determine efficiencies.

Parameter Fitted Value Fractional Error ∆FSR

Stat.(%) Syst.(%) (%)

N
D0D0 (1.031 ± 0.008 ± 0.013) × 106 0.8 1.3 +0.1

B(D0
→ K−π+) (3.891 ± 0.035 ± 0.059 ± 0.035)% 0.9 1.8 −3.0

B(D0
→ K−π+π0) (14.57 ± 0.12 ± 0.38 ± 0.05)% 0.8 2.7 −1.1

B(D0
→ K−π+π+π−) (8.30 ± 0.07 ± 0.19 ± 0.07)% 0.9 2.4 −2.4

ND+D− (0.819 ± 0.008 ± 0.010) × 106 1.0 1.2 +0.1

B(D+
→ K−π+π+) (9.14 ± 0.10 ± 0.16 ± 0.07)% 1.1 1.9 −2.3

B(D+
→ K−π+π+π0) (5.98 ± 0.08 ± 0.16 ± 0.02)% 1.3 2.8 −1.0

B(D+
→ K0

Sπ
+) (1.526 ± 0.022 ± 0.037 ± 0.009)% 1.4 2.5 −1.8

B(D+
→ K0

Sπ
+π0) (6.99 ± 0.09 ± 0.25 ± 0.01)% 1.3 3.5 −0.4

B(D+
→ K0

Sπ
+π+π−) (3.122 ± 0.046 ± 0.094 ± 0.019)% 1.5 3.0 −1.9

B(D+
→ K+K−π+) (0.935 ± 0.017 ± 0.024 ± 0.003)% 1.8 2.6 −1.2

B(D0
→ K−π+π0)/B(K−π+) 3.744 ± 0.022 ± 0.093 ± 0.021 0.6 2.6 +1.9

B(D0
→ K−π+π+π−)/B(K−π+) 2.133 ± 0.013 ± 0.037 ± 0.002 0.6 1.7 +0.5

B(D+
→ K−π+π+π0)/B(K−π+π+) 0.654 ± 0.006 ± 0.018 ± 0.003 0.9 2.7 +1.4

B(D+
→ K0

Sπ
+)/B(K−π+π+) 0.1668 ± 0.0018 ± 0.0038 ± 0.0003 1.1 2.3 +0.5

B(D+
→ K0

Sπ
+π0)/B(K−π+π+) 0.764 ± 0.007 ± 0.027 ± 0.005 0.9 3.5 +2.0

B(D+
→ K0

Sπ
+π+π−)/B(K−π+π+) 0.3414 ± 0.0039 ± 0.0093 ± 0.0004 1.1 2.7 +0.4

B(D+
→ K+K−π+)/B(K−π+π+) 0.1022 ± 0.0015 ± 0.0022 ± 0.0004 1.5 2.2 +1.1

K+π0) = (2.24 ± 0.36 ± 0.15 ± 0.08) × 10−4, which
is in good agreement with the recent BABAR mea-
surement [6] B(D+ → K+π0) = (2.52± 0.46± 0.24±
0.08)× 10−4.

VI. MODES WITH K0
L OR K0

S IN THE FINAL
STATES

It has commonly been assumed that Γ(D →
K0

SX) = Γ(D → K0
LX). However, as pointed out by

Bigi and Yamamoto [7] this is not generally true as for
many D decays there are contributions from Cabibbo
favored and Cabibbo suppressed decays that interfere
and contributes differently to final states with K0

S and
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FIG. 3: Single tag yields for the reconstucted Ds modes used in the analysis of the absolute hadronic Ds branching
fractions.

TABLE II: Preliminary branching fractions for Ds decays determined in the CLEO-c analysis.

Mode Branching Fraction (%) PDG 2006 fit (%)

B(D+
s → K0

SK
+) 1.56 ± 0.08 ± 0.05 2.2 ± 0.45

B(D+
s → K+K−π+) 5.67 ± 0.24 ± 0.18 5.2 ± 0.9

B(D+
s → K+K−π+π0) 5.58 ± 0.29 ± 0.45

B(D+
s → K0

SK
−π+π+) 1.73 ± 0.10 ± 0.07 2.65 ± 0.7

B(D+
s → π+π−π+) 1.13 ± 0.07 ± 0.05 1.22 ± 0.23

B(D+
s → ηπ+) 1.63 ± 0.11 ± 0.17 2.11 ± 0.35

B(D+
s → η′π+) 3.98 ± 0.26 ± 0.32 4.5 ± 0.7

B(D+
s → K+π+π−) 0.71 ± 0.05 ± 0.03 0.66 ± 0.14

K0
L. As an example consider D0 → K0

S,Lπ
0. Con-

tributions to these final states involve the Cabibbo
favored decay D0 → K̄0π0 as well as the Cabibbo
suppressed decay D0 → K0π0. However, we don’t ob-
serve the K0 and the K̄0 but rather the K0

S and the
K0

L. As these two amplitudes interfere constructively
to form the K0

S final state we will see a rate asym-

metry. Based on factorization Bigi and Yamamoto
predicted

R(D0) ≡ Γ(D0 → K0
Sπ

0) − Γ(D0 → K0
Lπ

0)

Γ(D0 → K0
Sπ

0) + Γ(D0 → K0
Lπ

0)

≈ 2 tan2 θC ≈ 0.11.
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TABLE III: Preliminary partial branching fractions forD+
s → K+K−π+ in limited m(K−K+) ranges around the φ(1020)

mass.

m(K−K+) range Partial branching fraction(%)

|m(K−K+) −mφ| < 5 MeV 1.75 ± 0.08 ± 0.06

|m(K−K+) −mφ| < 10 MeV 2.07 ± 0.10 ± 0.05

|m(K−K+) −mφ| < 15 MeV 2.22 ± 0.11 ± 0.06

|m(K−K+) −mφ| < 20 MeV 2.32 ± 0.11 ± 0.06

FIG. 4: The distribution of the reconstructed invariant
mass of the D−

s candidate versus the D+
s candidate for the

double tag candidates in the absolute Ds hadronic branch-
ing fraction analysis.

Using taggedD mesons CLEO-c has measured [8] this
asymmetry and obtained

R(D0) = 0.108 ± 0.025 ± 0.024,

which is in good agreement with the prediction.
Similarly, CLEO-c has also measured the corre-

sponding asymmetry in charged D mesons and ob-
tained

R(D+) ≡ Γ(D+ → K0
Sπ

+) − Γ(D+ → K0
Lπ

+)

Γ(D+ → K0
Sπ

+) + Γ(D+ → K0
Lπ

+)

= 0.022± 0.016 ± 0.018.

Prediction of the asymmetry in charged D decays is
more involved. D.-N. Gao [9] predicts this asymmetry
to be in the range 0.035 to 0.044, which is consistent
with the observed asymmetry.

TABLE IV: Inclusive branching fractions of D0, D+ and
D+

s meson decays to η, η′, and φ.

Decay B (%)

D0
→ ηX 9.5 ± 0.4 ± 0.8

D−
→ ηX 6.3 ± 0.5 ± 0.5

D+
s → ηX 23.5 ± 3.1 ± 2.0

D0
→ η′X 2.48 ± 0.17 ± 0.21

D−
→ η′X 1.04 ± 0.16 ± 0.09

D+
s → η′X 8.7 ± 1.9 ± 1.1

D0
→ φX 1.05 ± 0.08 ± 0.07

D−
→ φX 1.03 ± 0.10 ± 0.07

D+
s → φX 16.1 ± 1.2 ± 1.1

VII. Ds DECAYS TO TWO
PSEUDOSCALARS

CLEO-c has performed a study of Ds decays to a
pair of pseudoscalars. These final states consists of ei-
ther a K+ or a π+ and one of η, η′, π0, or K0

S . In the
analysis presented here the following final states are
studied: D+

s → K+η, D+
s → K+η′, D+

s → K+π0

D+
s → π+K0

S, and D+
s → π+π0. The final state

D+
s → π+π0 violates isospin and is expected to be

small. The details of the analysis can be found in
Ref. [10]. The signals are observed in the Ds in-
variant mass distribution as peaks at the Ds mass.
Significant signals are observed in all modes except
D+

s → π+π0. The observed mass distributions are
shown in Fig. 5. We measure the ratio of the branch-
ing fractions of the Cabibbo suppressed modes with
respect to the Cabibbo favored modes. The results
are summarized in Table V. The observed ratios of
branching fractions are consistent with the naive ex-
pectation of |Vcd/Vcs|2 ≈ 0.05. In addition, we have
looked for a CP asymmetry in rate forD+

s andD−

s de-
cays. No evidence for any CP asymmetry was found;
the results are summarized in Table VI.



6 Proceedings of the CHARM 2007 Workshop, Ithaca, NY, August 5-8, 2007

FIG. 5: Observed signals in the Ds → PP analysis.

TABLE V: Branching ratios for the Ds → PP analysis.

Mode BS/BF (%)

B(D+
s → K+η)/B(D+

s → π+η) 8.9 ± 1.5 ± 0.4

B(D+
s → K+η′)/B(D+

s → π+η′) 4.2 ± 1.3 ± 0.3

B(D+
s → π+K0

S)/B(D+
s → K+K0

S) 8.2 ± 0.9 ± 0.2

B(D+
s → K+π0)/B(D+

s → K+K0
S) 5.0 ± 1.2 ± 0.6

B(D+
s → π+π0)/B(D+

s → K+K0
S) < 4.1 (90% CL)

VIII. D0 AND D+ DECAYS TO TWO KAONS

CLEO-c has studied Cabibbo suppressed two-body
decays of D0 and D+ mesons to a pair of kaons. In

particular, the decays D0 → K−K+, D0 → K0
SK

0
S ,

and D+ → K+K0
S have been analyzed. In addition to

TABLE VI: CP asymmetries for Cabibbo suppressed
Ds → PP decays.

Mode (B+ −B−)/(B+ + B−) (%)

A(D+
s → K+η) −20 ± 18

A(D+
s → K+η′) −17 ± 37

A(D+
s → π+K0

S) 27 ± 11

A(D+
s → K+π0) 2 ± 29

being Cabibbo suppressed, the D0 → K0
SK

0
S mode is

strongly suppressed due to destructive interference in
the SU(3) limit between the two dominating exchange
amplitudes for this decay. Figure 6 shows the observed
yields in the three channels studied in this analysis.

The preliminary branching fractions are summa-
rized in Table VII. For D0 → K+K− and D+ →
K+K0

S there is good agreement with previous mea-
surements. However, for D0 → K0

SK
0
S our new mea-

surement is lower than previous measurements.

IX. SUMMARY

I have presented results based on 281 pb−1 of e+e−

annihilation data recorded at the ψ(3770) resonance
for studies of D0 and D+ decays. Among the results
presented here were the final results for the absolute
D0 → K−π+ and D+ → K−π+π+ branching frac-
tions. CLEO-c has also analyzed 298 pb−1 of e+e−

annihilation data recorded at the center-of-mass en-
ergy of 4170 MeV. Here we have studied the absolute
hadronic branching fractions of Ds mesons. CLEO-
c has recorded more than 800 pb−1 of data at the
ψ(3770) and are planing to double the data sample
recorded at Ecm = 4170 MeV, so there are still many
interesting results to come from the CLEO-c data
sample.
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FIG. 6: From left to right the yields in the D0
→ K+K−, D0

→ K0
SK

0
S , and D+

→ K+K0
S are shown. We observe

4747 ± 74, 96 ± 13, and 1971 ± 51 events respectively in these modes. For the D0
→ K0

SK
0
S analysis we subtract

backgrounds, primarily, from D0
→ K0

Sπ
+π− and find 70 ± 15 signal events.

TABLE VII: Preliminary branching fractions obtained in the study of two-body Cabibbo suppressed decays of D mesons
to pairs of kaons.

Our Measurement (10−3) PDG 2007 (10−3)

B(D0
→ K−K+) 4.01 ± 0.07 ± 0.08 ± 0.07 3.85 ± 0.09

B(D0
→ K0

SK
0
S) 0.149 ± 0.034 ± 0.015 ± 0.03 0.36 ± 0.07

B(D+
→ K0

SK
+) 3.35 ± 0.10 ± 0.10 ± 0.12 2.95 ± 0.19
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D and Ds hadronic branching fractions at B factories
M. Pappagallo(on behalf of the BABAR Collaboration)
University of Bari and I.N.F.N., 70126 Bari, Italy

Recent measurements of hadronic branching fractions of D and Ds mesons, performed by the BABAR and Belle
experiments at the asymmetric e

+
e
− B factories colliders PEP II and KEKB, are reviewed.

1. Introduction

Hadronic branching fractions of D and Ds decays
are used as references mode in many measurements of
branching fractions of D and B-meson decays as well.
A precise measurement of such values improves our
knowledge of D and B-meson properties, and of fun-
damental parameters of the Standard Model, such as
the magnitude of the Cabibbo-Kobayashi-Maskawa [1]
matrix element.

2. Absolute branching fraction of
D0 → K−

π
+

BABAR collaboration measures the absolute branch-
ing fraction B(D0 → K−π+)1 using D0 → K−π+

decays in a sample of D0 mesons preselected by their
production in D∗+ decays, obtained with partial re-
construction of the decay B0 → D∗+Xℓ−ν̄ℓ, with
D∗+ → D0π+ [2]. Such measurement is extremely
important because many of the past and current D
and B branching fraction measurements are indeed
systematically limited by the precision of B(D0 →
K−π+).

A sample of partially reconstructed B mesons in
the channel B0 → D∗+Xℓ−ν̄ℓ is selected by retaining
events containing a charged lepton (ℓ = e, µ) and a
low momentum pion (soft pion, π+

s ) which may arise
from the decay D∗+ → D0π+

s . This sample of events
is referred to as the “inclusive sample”.

Using conservation of momentum and energy, the
invariant mass squared of the undetected neutrino is
calculated as

M2
ν ≡ (Ebeam − ED∗ − Eℓ)

2 − (~pD∗ + ~pℓ)
2,

where Ebeam is half the total center-of-mass energy,
Eℓ (ED∗), ~pℓ (~pD∗) are the energy and momentum
of the lepton (the D∗ meson) and the magnitude of
the B meson momentum, pB, is considered negligible
compared to pℓ and pD∗ . Figure 1 shows the M2

ν dis-
tribution and the results of a minimum χ2 fit aiming
to determine the signal and background contribution.

1Charge conjugation is implied through the paper.

The number of signal events with M2
ν > −2 GeV2/c4

results N incl = (2170.64±3.04(stat)±18.1(syst))×103.
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Figure 1: The M
2
ν distribution of the inclusive sample, for

right-charge (a) and wrong-charge (b) samples. The data
are represented by solid points with error. The MC fit
results are overlaid to the data, as explained in the figure.

The D0 → K−π+ decays in the inclusive sam-
ple are selected requiring events in the mass range
1.82 < MKπ < 1.91 GeV/c2 and 142.4 < ∆M < 149.9
MeV/c2 where ∆M = M(K−π+π+

s )−M(K−π+) and
π+

s is the slow pion from D∗+ decay. The exclusive se-
lection yields N excl = 33810±290 signal events, where
the error is statistical only.

The branching fraction is computed as

B(D0 → K−π+) =
N excl

N incl

1

ε(K−π+)ζ
,

where ε(K−π+) is the D0 reconstruction efficiency as
computed in the simulation, and ζ is the selection bias
introduced by the partial reconstruction.

The main systematic uncertainty on N incl and N excl

are respectively due to the non-peaking combinatorial
BB background and the charged-track reconstruction
efficiency. The complete set of systematic uncertain-
ties is listed in Tab. I. The absolute branching fraction
of D0 → K−π+ decay results

B(D0 → K−π+) = (4.007 ± 0.037 ± 0.070)%,

http://arxiv.org/abs/0711.4769v1
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where the first error is statistical and the second error
is systematic. This result is comparable in precision
with the present world average, and it is consistent
with it within two standard deviations.

Table I The relative systematic errors of B(D0
→ K−π+).

Source δ(B)/B(%)

Selection bias ±0.35

N incl Non-peaking combinatorial background ±0.89

Peaking combinatorial background ±0.34

Soft pion decays in flight ±0.10

Fake leptons ±0.08

Cascade decays ±0.08

Monte Carlo events shape ±0.08

Continuum background ±0.05

D∗∗ production ±0.02

Photon radiation ±0.02

Nexcl Tracking efficiency ±1.00

K− identification ±0.70

D0 invariant mass ±0.56

Combinatorial background shape ±0.30

Combinatorial background normalization ±0.16

Soft pion decay ±0.12

Cabibbo-suppressed decays ±0.10

Photon radiation in D0 decay ±0.07

Total ±1.74

3. Absolute branching fraction of
D+

s → K+K−
π

+

The poor accuracy of the branching fraction
B(D+

s → K+K−π+) = (5.2 ± 0.9)% [3] has been a
systematic limitation for some precise measurements.
In particular, the recent study of the CP violation
in B0 → D(∗)±π∓ decays is restricted by the knowl-
edge of the ratio of two amplitudes that determine
the CP -asymmetry [4, 5]. The amplitude B0 →
D(∗)+π− can be calculated from the branching frac-

tion of B0 → D
(∗)+
s π− decays assuming factorization.

On the other hand, the factorization hypothesis can be
tested by measuring the ratio of B0 → D(∗)−π+ and

B0 → D(∗)−D+
s decays. Both B(B0 → D

(∗)+
s π−) and

B(B0 → D(∗)−D+
s ) measurements can be improved

with better accuracy in D+
s absolute branching frac-

tions.
Belle collaboration measures B(D+

s → K+K−π+)
using a partial reconstruction of the process e−e− →
D∗+

s D−

s1 [6]. In this analysis 4-momentum conserva-
tion allows to infer the 4-momentum of the undetected
part.

The process e−e− → D∗+
s D−

s1 is reconstructed using
two different tagging procedures. The first one (de-
noted as the D−

s1 tag) includes the full reconstruction
of the D−

s1 meson via D−

s1 → D∗K decay and observa-
tion of the photon from D∗+

s → D+
s γ, while the D+

s is
not reconstructed. The measured signal yield with the
D−

s1 tag is proportional to the branching fractions of
the reconstructed D∗ modes. In the second procedure
(denoted as the D∗+

s tag) a full reconstruction of D∗+
s

is required through D∗+
s → D+

s γ and observation of
the kaon from D−

s1 → D∗K, but the D∗ is not recon-
structed. Since the D+

s meson is reconstructed in the
channel of interest, D+

s → K+K−π+, the signal yield
measured with the D∗+

s tag is proportional to this D+
s

branching fraction. The (efficiency-corrected) ratio of
the two measured signal yields is equal to the ratio of
well-known D∗ branching fractions and the branching
fraction of the D+

s :

B(D+
s → K+K−π+) =

N(D∗+
s )

N(D−

s1)
· ǫ(D−

s1)

ǫ(D∗+
s )

B(D(∗)),(1)

where B(D(∗)) is the product of D∗ branching fraction
and those of sub-decays.

The signal is identified by studying the mass recoil-
ing against the reconstructed particle (or combination
of particles) denoted as X . This recoil mass is defined
as:

Mrecoil(X) ≡
√

(ECM − EX)2 − P 2
X ,

where EX and PX are the center-of-mass (CM) energy
and momentum of X, respectively; ECM is the CM
beam energy. A peak in the Mrecoil distribution at
the nominal mass of the recoil particle is expected.

Since the resolution in Mrecoil is not enough to sepa-
rate the relevant final states, the recoil mass difference
∆Mrecoil is used to disentangle the contribution of the
different final states:

∆Mrecoil(D
−

s1γ) ≡ Mrecoil(D
−

s1) − Mrecoil(D
−

s1γ),

∆Mrecoil(D
∗+
s K) ≡ Mrecoil(D

∗+
s ) − Mrecoil(D

∗+
s K).

As the ratio of D−

s1 → D∗0K− and D−

s1 → D∗−K0
S

branching fractions is unknown, the analysis is per-
formed for these two channels separately. Figure 2
shows the ∆Mrecoil(D

−

s1γ) and ∆Mrecoil(D
∗+
s K) dis-

tributions used for D−

s1 and D∗+
s tag procedures re-

spectively. ∆Mrecoil(D
−

s1γ) peaks at around ≃ 0.14
GeV/c2 ≃ M(D∗

s) − M(Ds). ∆Mrecoil(D
∗+
s K) peaks

at around ≃ 0.525 GeV/c2 ≃ M(Ds1) − M(D∗).
Using the measured signal yields N(D∗+

s ) and
N(D−

s1) with D∗+
s and D−

s1 tags, respectively, and tak-

ing into account the efficiency ratio
ǫ(D−

s1)

ǫ(D∗+
s

)
, the D+

s

absolute branching fraction is computed by Eq. 1 for
D−

s1 → D∗0K− and D−

s1 → D∗−K0
S . The average

value is B(D+
s → K+K−π+) = (4.0 ± 0.4(stat) ±

0.4(syst))%.
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s1 signal yields in bins of ∆Mrecoil(D
−
s1γ)(left) and ∆Mrecoil(D
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s K)(right): a) for the

D−
s1 → D∗0K− channel and b) for the D−

s1 → D∗−K0
S channel.

4. Relative branching fraction of
D0 → K−K−

π
0 and D0 → π

+
π
−
π

0

The branching ratios of the singly Cabibbo-
suppressed decays of D0 meson are anomalous since
the D0 → π−π+ branching fraction is observed to be
suppressed relative to the D0 → K−K+ by a factor of
almost three, even though the phase space for the for-
mer is larger. The branching ratios of the three-body
decays [3] have larger uncertainties but do not ap-
pear to exhibit the same suppression. This motivates
the current study which measures the branching ratios
of D0 → π−π+π0 and K−K+π0 with respect to the
Cabbibo-favored decay D0 → K−π+π0. BABAR col-
laboration measures both branching ratios [7], Belle
collaboration only the decay D0 → π−π+π0 with re-
spect to the decay D0 → K−π+π0 [8]. By choos-
ing the normalization mode D0 → K−π+π0, many
sources of systematic uncertainty including the π0 de-
tection efficiency and uncertainty in the tracking ef-
ficiency cancel out. To reduce combinatorial back-
grounds, D0 candidates are reconstructed in decays
D∗+ → D0π+

s (π+
s is a soft, low momentum charged

pion) with D0 → K−π+π0, π−π+π0, and K−K+π0,
by selecting events with at least three charged tracks
and a neutral pion.

BABAR obtains the following results for the branch-
ing ratios:

B(D0 → π−π+π0)

B(D0 → K−π+π0)
= (10.59 ± 0.06 ± 0.13)× 10−2,

B(D0 → K−K+π0)

B(D0 → K−π+π0)
= (2.37 ± 0.03 ± 0.04)× 10−2,

while Belle obtains:

B(D0 → π+π−π0)

B(D0 → K−π+π0)
= (9.71 ± 0.09 ± 0.30)× 10−2.

Errors are statistical and systematic, respectively.
Figure 3 shows the resulting mass distributions. Re-
flected K−π+π0 events peak in the lower (upper) side-
band of mπ−π+π0 (mK−K+π0).

Using the world average value for the
D0 → K−π+π0 branching fraction [3], the ab-
solute branching ratios result:

BABAR

B(D0 → π−π+π0) = (1.493±0.008±0.018±0.053)%,

B(D0 → K−K+π0) = (0.334±0.004±0.006±0.012)%,

Belle

B(D0 → π−π+π0) = (1.369±0.013±0.042±0.049)%,

where the errors are statistical, systematic, and due
to the uncertainty of B(D0 → K−π+π0).

The decay rate for each process can be written as:

Γ =

∫

dΦ|M|2,

where Γ is the decay rate to a particular three-body
final state, M is the decay matrix element, and Φ
is the phase space. Integrating over the Dalitz plot
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Figure 3: Top(BABAR collaboration): Fitted mass for the K−π+π0, π−π+π0, and K−K+π0 data samples. Dots are data
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assuming a uniform phase space density, the above
equation can be written as:

Γ = 〈|M|2〉 × Φ,

where 〈|M|2〉 is the average value of |M|2 over
the Dalitz plot and the three-body phase space,
Φ is proportional to the area of the Dalitz plot.
For the three signal decays Φ is in the ratio
π−π+π0 : K−π+π0 : K−K+π0 = 5.05 : 3.19 : 1.67.
Combining the statistical and systematic errors, it
results:

BABAR

〈|M|2〉(D0 → π−π+π0)

〈|M|2〉(D0 → K−π+π0)
= (6.68±0.04±0.08)% (2)

〈|M|2〉(D0 → K−K+π0)

〈|M|2〉(D0 → K−π+π0)
= (4.53±0.06±0.08)% (3)

〈|M|2〉(D0 → K−K+π0)

〈|M|2〉(D0 → π−π+π0)
= (6.78±0.14±0.21)% (4)

Belle

〈|M|2〉(D0 → π−π+π0)

〈|M|2〉(D0 → K−π+π0)
= (6.13±0.06±0.19)% (5)

To the extent that the differences in the matrix
elements are only due to Cabibbo-suppression at the
quark level, the ratios of the matrix elements squared
for singly Cabibbo-suppressed decays to that for
the Cabibbo-favored decay should be approximately
sin2 θC ≈ 0.05 and the ratio of the matrix elements
squared for the two singly Cabibbo-suppressed decays
should be unity. The deviations from this naive pic-
ture are less than 35% for these three-body decays. In
contrast, the corresponding ratios may be calculated
for the two-body decays D0 → π−π+, D0 → K−π+,
and D0 → K−K+. Using the world average values for
two-body branching ratios [3], the ratios of the matrix
elements squared for two-body Cabibbo-suppressed
decays, corresponding to Eqs. 2–5, are, respectively,
0.034 ± 0.001, 0.111 ± 0.002, and 3.53 ± 0.12. Thus
the naive Cabibbo-suppression model works well
for three-body decays but not so well for two-body
decays.

5. Amplitude analysis of D and Ds

decays

The Dalitz plot analysis is the most complete
method of studying the dynamics of three-body charm
decays. These decays are expected to proceed through
intermediate quasi-two-body modes [9] and experi-
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Figure 4: The D+
→ K+K−π+ Dalitz plot projections. The data are represented by the points with error bars; the

solid histograms are the projections of the fit described in the text. The inset shows an expanded view of the φ(1020)
region.

mentally this is the observed pattern. Dalitz plot
analyses can also provide new information on the res-
onances that contribute to observed three-body final
states. In this kind of analysis the complex quan-
tum mechanical amplitude f is a coherent sum of all
relevant quasi-two-body D0 → (r → AB)C isobar
model [10] resonances, f =

∑

r are
iφrAr(s). Here

s = m2
AB, and Ar is the resonance amplitude. The

isobar model is expected to fail when there are large
and overlapping resonances. In such case the ππ S-
wave is often parameterized through a K-matrix for-
malism [11, 12].

5.1. D+
s → K+K−

π
+ Dalitz plot analysis

BABAR collaboration reports the study of the three-
body D+

s meson decays to K+ K− π+ and in par-
ticular the measurement of the branching fractions

B(D+
s
→φπ+)

B(D+
s
→K+K−π+)

and
B(D+

s
→K∗0K−)

B(D+
s
→K+K−π+)

. The decay

D+
s → φπ+ is frequently used in particle physics as

the D+
s reference decay mode. The improvement in

the measurements of these ratios is therefore impor-
tant because it allows the D+

s → K+ K− π+ to be
used as reference.

A sample of 101k events with a purity of 95% is se-
lected by a likelihood function using vertex separation
and p∗, the momentum of D+

s in CM system. A 66%
of this final sample consists of D+

s ’s originating from
D∗

s(2112)+ → D+
s γ decay where the variable

∆m = m(K+K−π+γ) − m(K+K−π+)

is required to be within ±2σ of the PDG value [3].
The selection efficiency is determined from a sam-

ple of Monte-Carlo events in which the D+
s decay is

generated according to phase-space.
An unbinned maximum likelihood fit is performed

in order to use the distribution of events in the Dalitz

plot to determine the relative amplitudes and phases
of intermediate resonant and non-resonant states.

The best fit results showing fractions, are summa-
rized in Tab. II. The decay results to be dominated
by K∗(892) and φ. Their branching ratio are:

B(D+
s → φπ+)

B(D+
s → K+K−π+)

= 0.379± 0.002 ± 0.018

and

B(D+
s → K̄∗(892)0K+)

B(D+
s → K+K−π+)

= 0.487 ± 0.002± 0.016

where errors are statistic and systematic respectively.
These measurements are much more precise than the
previous ones, based on a Dalitz plot analysis of only
700 events [13].

A f0(890) contribution is large but it is affected by
large systematic errors as well due to uncertainness
on f0(980) and f0(1370) parameters. The Dalitz plot
projections together with the fit results are shown in
Fig. 4.

Table II Fit fractions of a Dalitz plot fit of D+
s →

K+K−π+ decay. Errors are statistical and systematic re-
spectively.

Decay Mode Decay fraction(%)

K̄∗(892)0K+ 48.7± 0.2 ± 1.6

φ(1020)π+ 37.9± 0.2 ± 1.8

f0(980)π
+ 35± 1 ± 14

K̄∗
0 (1430)0K+ 2.0± 0.2 ± 3.3

f0(1710)π
+ 2.0± 0.1 ± 1.0

f0(1370)π
+ 6.3± 0.6 ± 4.8

K̄∗
2 (1430)0K+ 0.17± 0.05± 0.3

f2(1270)π
+ 0.18± 0.03± 0.4
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Figure 5: Squared invariant mass projections of D0
→ K−K+π0 Dalitz plot. The dots (with error bars, black) are data

points and the solid lines (blue) correspond to the isobar fit model.

Further tests of the fit quality are performed us-
ing unnormalized Y 0

L moment projections onto the
K+K− and K−π+ axis as functions of the helicity
angles θK and θπ. For K+K−, the angle θK is defined
as the angle between the K− for D+

s (or K+ for D−

s )
in the K+K− rest frame and the K+K− direction in
the D+

s rest frame. The K+K− mass distribution is
then modified by weighting by the spherical harmonic
Y 0

L (cos θK) (L=1–4). A similar procedure is followed
for the K−π+ system. The resulting

〈

Y 0
1

〉

distribu-
tions are shown in Fig. 6.
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Figure 6: The unnormalized spherical harmonic moments
〈

Y 0
1

〉

as a function of K+K− and K−π+ effective masses.
The data are presented with error bars, the solid his-
tograms represents the fit projections.

In order to interpret these distributions, one should
recall the relationship between

〈

Y 0
1

〉

moments and S-
and P -wave amplitudes [14]:

√
4π

〈

Y 0
1

〉

= 2 | S || P | cosφSP (6)

Here S and P are proportional to the size of the S-
and P -wave contributions and φSP is their relative
phase. So

〈

Y 0
1

〉

results to be related to the S-P in-
terference. Due to the presence of strong reflections
on the K+K− channel from the K−π+ channel (and
vice versa), Eq. 6 is meaningful only in the threshold
regions. Figure 6 shows a large activity in the low
K+K− mass distribution, suggesting the presence of

a large S-wave contribution below the φ(1020). The
〈

Y 0
1

〉

distribution along the K−π+ projection, on the

other hand, has a very small activity in the K̄∗(892)0,
suggesting a small Kπ S-wave contribution.

5.2. D0 → K+K−
π

0 Dalitz plot analysis

The K±π0 systems [15] from the decay D0 →
K−K+π0can provide information on the Kπ S-wave
amplitude in the mass range 0.6–1.4 GeV/c2, and
hence on the possible existence of the κ(800), reported
to date only in the neutral state (κ0 → K−π+) [16].
If the κ has isospin 1/2, it should be observable also
in the charged states. Results of the present analysis
can also be an input for extracting the CP -violating
phase γ [17, 18].

D0 from D0 are identified by reconstructing the
decays D∗+ → D0π+ and D∗− → D0π−. The sig-
nal efficiency is estimated for each event as a func-
tion of its position in the Dalitz plot using simulated
D0 → K−K+π0 events from cc decays, generated uni-
formly in the available phase space.

For D0 decays to K±π0 S-wave states, three am-
plitude models are considered: the LASS amplitude
for K−π+ → K−π+ elastic scattering [19], the E-
791 results for the K−π+ S-wave amplitude from an
energy-independent partial-wave analysis in the decay
D+ → K−π+π+ [20] and a coherent sum of a uni-
form nonresonant term, and Breit-Wigner terms for
the κ(800) and K∗

0 (1430) resonances.
The results of an unbinned maximum likelihood

are shown in Fig. 5. While the measured fit frac-
tion(Tab. III) for D0 → K∗+K− agrees well with
a phenomenological prediction [21] based on a large
SU(3) symmetry breaking, the corresponding results
for D0 → K∗−K+ and the color-suppressed D0 →
φπ0 decays differ significantly from the predicted val-
ues. The Kπ S-wave amplitude is consistent with
that from the LASS analysis, throughout the available
mass range. The K−K+ S-wave amplitude, parame-
terized as either f0(980) or a0(980)0, is required. No
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Figure 7: Dalitz plot distribution and the projections for data (points with error bars) and the fit result (curve). Here,
m2

± corresponds to m2(K0
Sπ±) for D0 decays and to m2(K0

Sπ∓) for D0 decays(Belle collaboration).

higher mass f0 states are found to contribute signifi-
cantly.

Table III The results obtained from the D0
→ K−K+π0

Dalitz plot fit. The errors are statistical and systematic,
respectively. The a0(980) contribution, when it is included
in place of the f0(980), is shown in square brackets. LASS
amplitude is used to describe the Kπ S-wave states.

State Decay fraction(%)

K∗(892)+ 45.2± 0.8 ± 0.6

K∗(1410)+ 3.7± 1.1 ± 1.1

K+π0(S) 16.3± 3.4 ± 2.1

φ(1020) 19.3± 0.6 ± 0.4

f0(980) 6.7± 1.4 ± 1.2
[

a0(980)
0
]

[6.0± 1.8 ± 1.2]

f ′
2(1525) 0.08±0.04± 0.05

K∗(892)− 16.0± 0.8 ± 0.6

K∗(1410)− 4.8± 1.8 ± 1.2

K−π0(S) 2.7± 1.4 ± 0.8

Neglecting CP violation, the strong phase dif-
ference, δD, between the D0 and D0 decays to
K∗(892)+K− state and their amplitude ratio, rD, are
given by

rDeiδD =
aD0

→K∗−K+

aD0
→K∗+K−

ei(δ
K
∗−

K
+−δ

K
∗+

K
− ).

BABAR finds δD = −35.5◦ ± 1.9◦ (stat) ±2.2◦ (syst)
and rD = 0.599 ± 0.013 (stat) ± 0.011 (syst). These
results are consistent with the previous measure-
ments [22], δD = −28◦ ± 8◦ (stat) ±11◦ (syst) and
rD = 0.52 ± 0.05 (stat) ± 0.04 (syst).

5.3. D0 → K0
Sπ

+
π
− Dalitz plot analysis

Recently, evidence for D0-D0 mixing has been
found in D0 → K+K−/π+π− [24] and D0 →

K+π− [25] decays. It is important to measure D0-D0

mixing in other decay modes and to search for CP -
violating effects in order to determine whether physics
contributions outside the SM are present. Belle [23]
collaboration reports a measurement of D0-D0 mix-
ing studying D0 → K0

Sπ+π− decay. The relevance
of this decay is enhanced by its role in determin-
ing the angle γ ≡ arg [−VudV

∗

ub/VcdV
∗

cb ] of the Uni-
tarity Triangle. In fact, various methods [28] have

been proposed to extract γ using B− → D̃0K− de-
cays, all exploiting the interference between the color
allowed B− → D0K− (∝ Vcb) and the color sup-
pressed B− → D0K− (∝ Vub) transitions, when the
D0 and D0 are reconstructed in a common final state.
The symbol D̃0 indicates either a D0 or a D0 me-
son. Among the D̃0 decay modes studied so far the
K0

S
π−π+ channel is the one with the highest sensi-

tivity to γ because of the best overall combination of
branching ratio magnitude, D0 −D0 interference and
background level. BABAR collaboration reports a mea-
surement of the angle γ by studying the Dalitz plot of
D0 → K0

Sπ+π− [27]. In order to estimate the system-
atic errors due to model, BABAR reports a Dalitz plot
analysis where the ππ S-wave is parameterized by a
K-matrix model [26].

The results of these analyses are summarized in
Tab. IV. The decay is dominated by the K∗(892)−

and ρ(770) contribution. In order to improve the
quality of fits, doubly Cabibbo suppressed K∗ con-
tributions and two Breit-Wigner amplitudes σ1 and
σ2 (whose masses and widths are float parameters)
are included. σ1 and σ2 take in account the poor
knowledge of S-wave in the low mass spectrum and
f0(980) parameters. The K-matrix model overcomes
this problem describing the ππ S-wave at all.

Figure 7 shows the results of unbinned maximum
likelihood fit performed by Belle [23].
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Table IV Summary of branching ratios of D0
→ K0

Sπ+π−

Dalitz plot fits performed by Belle(Isobar Model) and
BABAR(Isobar and K-matrix Model).

Belle BaBar

Isobar Model Isobar Model K-matrix Model

State Fit Fraction(%)

K∗(892)− 62.27 58.1 58.9

K∗
0 (1430)− 7.24 6.7 9.1

K∗
2 (1430)− 1.33 3.6 3.1

K∗(1410)− 0.48 0.1 0.2

K∗(1680)− 0.02 0.6 1.4

K∗(892)+ 0.54 0.5 0.7

K∗
0 (1430)+ 0.47 0.0 0.2

K∗
2 (1430)+ 0.13 0.1 0.0

K∗(1410)+ 0.13 — —

K∗(1680)+ 0.04 — —

ρ(770) 21.11 21.6 22.3

ω(782) 0.63 0.7 0.6

f2(1270) 1.8 2.1 2.7

ρ(1450) 0.24 0.1 0.3

f0(980) 4.52 6.4

f0(1370) 1.62 2.0 S-wave

σ1 9.14 7.6 16.2

σ2 0.88 0.9

NR 6.15 8.5
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the Commissariat à l’Energie Atomique and Institut
National de Physique Nucléaire et de Physique des
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Flavor Symmetry and Charm Decays
Bhubanjyoti Bhattacharya and Jonathan L. Rosner
Enrico Fermi Institute and Department of Physics, University of Chicago, Chicago, IL 60637

A wealth of new data in charmed particle decays allows the testing of flavor symmetry and the extraction of
key amplitudes. Information on relative strong phases is obtained.

1. Introduction

The application of flavor symmetries, notably
SU(3), to charmed particle decays can shed light on
some fundamental questions. Often it is useful to
know the strong phases of amplitudes in these decays.
For example, the relative strong phase inD0 → K−π+

and D
0 → K−π+ is important in interpreting decays

of B mesons to D0X and D
0
X [1, 2]. Such strong

phases are non-negligible even in B decays to pairs of
pseudoscalar mesons (P ) despite some perturbative
QCD expectations to the contrary, and can be even
more important in D → PP decays. In the present re-
port we shall illustrate the extraction of strong phases
from charmed particle decays using SU(3) flavor sym-
metry, primarily the U-spin symmetry involving the
interchange of s and d quarks.

We begin in Section 2 by discussing the overall di-
agrammatic approach to flavor symmetry. In Section
3 we treat Cabibbo-favored decays, turning to singly-
Cabibbo-suppressed decays in Section 4 and doubly-
Cabibbo-suppressed decays in Section 5. We note spe-

cific applications to D0 and D
0

decays to K−π+ in
Section 6, mention some other theoretical approaches
in Section 7, and conclude in Section 8.

2. Diagrammatic amplitude expansion

We use a flavor-topology language for charmed par-
ticle decays first introduced by Chau and Cheng [3, 4].
These topologies, corresponding to linear combina-
tions of SU(3)-invariant amplitudes, are illustrated in
Fig. 1. Cabibbo-favored (CF) amplitudes, propor-
tional to the product VusV

∗

cs of Cabibbo-Kobayashi-
Maskawa (CKM) factors, will be denoted by un-
primed quantities; singly-Cabibbo-suppressed ampli-
tudes proportional to VusV

∗

cs or VudV
∗

cd will be de-
noted by primed quantities; and doubly-Cabibbo-
suppressed quantities proportional to VusV

∗

cd will be
denoted by amplitudes with a tilde. The relative hi-
erarchy of these amplitudes is 1 : λ : −λ : −λ2, where
λ = tan θC = 0.232±0.002 [5]. Here θC is the Cabibbo
angle.

3. Cabibbo-favored decays

A detailed discussion of amplitudes and their rel-
ative phases for Cabibbo-favored charm decays was
given in Ref. [6]. The main conclusions of that analysis
were large relative phases of the C and E amplitudes
relative to the dominant T term, and an approximate
relation A ≃ −E. The present updated data confirm
these results.

In Table I we show the results of extracting ampli-
tudes A = MD[8πBh̄/(p∗τ)]1/2 from the branching ra-
tios B and lifetimes τ , all from Ref. [5] unless otherwise
noted. Here MD is the mass of the decaying charmed
particle, and p∗ is the final c.m. 3-momentum.

The extracted amplitudes, with T defined to be real,
are, in units of 10−6 GeV:

T = 2.71 + 0 i ; (1)

C = −1.77 − 1.01i ; δ(CT ) = −150◦ ; (2)

E = −0.71 + 1.49i ; δ(ET ) = 115◦ ; (3)

A = 0.57 − 1.30i ; δ(AT ) = −66◦ . (4)

These values update (and are consistent with) those
quoted with less precision in Ref. [6]. New (mainly
lower) preliminary branching ratios for many Ds de-
cays reported at this Conference [7] will change some
of the results slightly once they are incorporated into
averages.

The Cabibbo-favored amplitudes are shown on an
Argand diagram in Fig. 2. Here A was extracted from
Ds → π+η and Ds → π+η′; the amplitude A for

Ds → K
0
K+ is then predicted to be 2.60×10−6 GeV

vs. (2.60 ± 0.25) × 10−6 GeV observed. Note the im-
portance of the E and A ≃ −E amplitudes.

4. Singly-Cabibbo-suppressed decays

4.1. SCS decays involving pions and
kaons

We show in Table II the branching ratios, ampli-
tudes, and representations in terms of reduced ampli-
tudes for singly-Cabibbo-suppressed (SCS) charm de-
cays involving pions and kaons. The ratio of primed
(SCS) to unprimed (CF) amplitudes is expected to be
tan θC ≃ 0.232.

1
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Figure 1: Flavor topologies for describing charm decays. T : color-favored tree; C: color-suppressed tree; E exchange;
A: annihilation.

Table I Branching ratios, amplitudes, and graphical representations for Cabibbo-favored charmed particle decays.

Meson Decay B p∗
|A| Rep.

mode (%) (MeV) (10−6 GeV)

D0 K−π+ 3.82±0.07 861 2.49±0.03 T + E

K
0
π0 2.26±0.24 860 1.92±0.06 (C − E)/

√
2

K
0
η 0.76±0.12 772 1.18±0.05 C/

√
3

K
0
η′ 1.82±0.28 565 2.13±0.09 −(C + 3E)/

√
6

D+ K
0
π+ 2.94±0.12 863 1.38±0.02 C + T

D+
s K

0
K+ 4.50±0.80 850 2.60±0.25 C + A

π+η 2.16±0.30 902 1.75±0.14 (T − 2A)/
√

3

π+η′ 4.80±0.60 743 2.88±0.20 2(T + A)/
√

6

The deviations from flavor SU(3) implicit in Ta-
ble II are well known. We shall discuss amplitudes
in units of 10−7 GeV. If one rescales the CF ampli-
tudes by the factor of tan θC , one predicts |A(D0 →
π+π−)| = |A(D0 → K+K−)| = 5.78, to be com-
pared with a smaller observed value for π+π− and a
larger observed value (by a factor of

√
2) for K+K−.

One can account for some of this discrepancy via the
ratios of decay constants fK/fπ = 1.22 and form fac-
tors f+(D → K)/f+(D → π) > 1. Furthermore,
one predicts |A(D0 → π0π0)| = 4.45 (larger than ob-
served) and |A(D+ → π+π0)| = 2.25 (smaller than
observed), which means that the ππ isospin triangle
[associated with the fact that there are two indepen-
dent amplitudes with I = (0, 2) for three decays] has
a different shape from that predicted by rescaling the

CF amplitudes. One predicts |A(D+ → K+K
0
)| =

|A(Ds → π+K0)| = 5.79; experimental values are

(11%,1%) higher. The decay D0 → K0K
0

is for-

bidden by SU(3); the branching ratio of 2B(D0 →
K0

SK
0
S) = (2.98± 0.68± 0.30± 0.60)× 10−4 reported

by CLEO [7] is more than a factor of two below that
quoted in Table II (based on the average in Ref. [5])
and so does offer some evidence for the expected sup-
pression.

4.2. SCS decays involving η, η
′

The amplitudes C and E extracted from Cabibbo-
favored charm decays imply values of C′ = λC and
E′ = λE which may be used in constructing am-
plitudes for singly-Cabibbo-suppressed D0 decays in-
volving η and η′. In Table III we write amplitudes
multiplied by factors so that they involve unit co-
efficient of an amplitude SE′ describing a discon-
nected “singlet” exchange amplitude for D0 decays
[8]. Similarly the decays D+ → (π+η, π+η′) and
D+

s → (K+η,K+η′) may be described in terms of a

2
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Table II Branching ratios, amplitudes, and decomposition in terms of reduced amplitudes for singly-Cabibbo-suppressed
(SCS) charm decays involving pions and kaons.

Meson Decay B p∗
|A| Rep.

mode (10−3) (MeV) (10−7 GeV)

D0 π+π− 1.37±0.03 922 4.57±0.05 −(T ′ + E′)

π0π0 0.79±0.08 923 3.46±0.18 −(C′
− E′)/

√
2

K+K− 3.85±0.09 791 8.26±0.10 (T ′ + E′)

K0K
0

0.72±0.14 789 3.58±0.35 0

D+ π+π0 1.28±0.08 925 2.77±0.09 −(T ′ + C′)/
√

2

K+K
0

5.90±0.38 793 6.43±0.21 T ′
− A′

D+
s π+K0 2.46±0.40 916 5.87±0.48 −(T ′

− A′)

π0K+ 0.75±0.28 917 3.24±0.60 −(C′ + A′)/
√

2

Figure 2: Construction of Cabibbo-favored amplitudes
from observed processes. Here the sides C + T , C + A,
and E + T correspond to measured processes; the magni-
tudes of other amplitudes listed in Table I are also needed
to specify the reduced amplitudes T , C, E, and A.

disconnected singlet annihilation amplitude SA′, writ-
ten with unit coefficient in Table III. For experimen-
tal values we have used new CLEO measurements as
reported in Ref. [9]. (See Table IV.)

We show in Fig. 3 the construction proposed in Ref.
[8] to obtain the amplitude SA′. Two solutions are
found. In one, |SA′| is uncomfortably large in com-
parison with the “connected” amplitudes, while in the
other |SA′| is smaller, but nonzero. Corresponding
studies of the D0 decays listed in Table III [10], which
await further analysis by the CLEO Collaboration,
will permit determination of the corresponding am-
plitude SE′ if one or more consistent solutions are
found.

Figure 3: Graphical construction to obtain the discon-
nected singlet annihilation amplitude SA′ from magni-
tudes of SCS D+ and D+

s decays involving η and η′. Black:
D+

→ ηπ+. Green: D+
→ η′π+. Blue: D+

s → ηK+.
Red: D+

s → η′K+. The small black circles show the solu-
tion regions.

5. Doubly-Cabibbo-suppressed decays

In Table V we expand amplitudes for doubly-
Cabibbo-suppressed decays in terms of the reduced
amplitudes T̃ ≡ − tan2 θCT , C̃ ≡ − tan2 θCC, Ẽ ≡

3
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Table III Real and imaginary parts of amplitudes for SCS charm decays involving η and η′, in units of 10−7 GeV as
predicted in Ref. [8].

Amplitude Expression Re Im Aexp

−
√

6A(D0
→ π0η) 2E′

− C′ + SE′ 0.82 9.24

−

√
3

2
A(D0

→ π0η ′) 1

2
(C′ + E′) + SE′

−2.87 0.56
3

2
√

2
A(D0

→ ηη) C′ + SE′
−4.10 −2.33

−
3
√

2

7
A(D0

→ ηη ′) 1

7
(C′ + 6E′) + SE′

−1.99 2.63
√

3A(D+
→ π+η) T ′ + 2C′ + 2A′ + SA′ 0.71 −10.68 8.29±0.38

−

√
6

4
A(D+

→ π+η ′) 1

4
(T ′

− C′ + 2A′) + SA′ 3.25 −0.92 4.03±0.42

−
√

3A(D+
s → ηK+) −(T ′ + 2C′) + SA′ 1.92 4.67 9.40±1.05

√
6

4
A(D+

s → η ′K+) 1

4
(2T ′ + C′ + 3A′) + SA′ 3.10 −2.84 3.88±0.66

Table IV Branching ratios and amplitudes for D+ and D+
s

SCS decays involving η and η′.

Meson Decay B p∗
A

mode (10−3) (MeV) (10−7 GeV)

D+ π+η 3.50±0.32 848 4.79±0.22

π+η′ 5.3±1.1 681 6.58±0.68

D+
s K+η 1.92±0.43 835 5.43±0.61

K+η′ 2.02±0.69 646 6.33±1.08

− tan2 θCE, and Ã ≡ − tan2 θCA.

With tan θC ≃ 0.23 one predicts |A(D0 →
K+π−)| = 1.32 × 10−7 GeV and |A[D+ →
K+(π0, η, η′)] = (0.93, 0.83, 1.27)×10−7 GeV, in qual-
itative agreement with experiment.

5.1. D
0 → (K0

π
0
, K

0
π

0) interference

The decays D0 → K0π0 and D0 → K
0
π0 are re-

lated to one another by the U-spin interchange s↔ d,
and SU(3) symmetry breaking is expected to be ex-
tremely small in this relation [11]. Graphs contribut-
ing to these processes are shown in Fig. 4.

The CLEO Collaboration [12] has reported the
asymmetry

R(D0) ≡ Γ(D0 → KSπ
0) − Γ(D0 → KLπ

0)

Γ(D0 → KSπ0) + Γ(D0 → KLπ0)
(5)

to have the value R(D0) = 0.122 ± 0.024 ± 0.030,
consistent with the expected value [11, 13] R(D0) =
2 tan2 θC ≃ 0.108. One expects the same R(D0) if π0

is replaced by η or η′ [11]. Moreover, by similar argu-
ments, one expects A[D0 → K0(ρ0, f0, . . .)]/A[D0 →
K

0
(ρ0, f0, . . .)] = − tan2 θC .

5.2. D
+ → (K0

π
+
, K

0
π

+) interference

In contrast to the case of D0 → (K0π0,K
0
π0), the

decays D+ → (K0π+,K
0
π+) are not related to one

another by a simple U-spin transformation. Ampli-
tudes contributing to these processes are shown in Fig.
5. Although both processes receive color-suppressed
(C or C̃) contributions, the Cabibbo-favored process
receives a color-favored tree (T ) contribution, while
the doubly-Cabibbo-suppressed process receives an
annihilation (Ã) contribution. In order to calculate
the asymmetry between KS and KL production in
these decays due to interference between CF and DCS
amplitudes, one can use the determination of the CF
amplitudes discussed previously and the relation be-
tween them and DCS amplitudes. Thus, we define

R(D+) ≡ Γ(D+ → KSπ
+) − Γ(D+ → KLπ

+)

Γ(D+ → KSπ+) + Γ(D+ → KLπ+)
(6)

and predict

R(D+) = −2 Re
C̃ + Ã

T + C

= 2 tan2 θC Re
C +A

T + C
= 0.068± 0.007 . (7)

This is consistent with (though slightly larger in cen-
tral value than) the observed value R(D+) = 0.026±
0.016 ± 0.018 [14]. The relative phase of C + A and
T + C is about 70◦, as can be seen from Fig. 2. The
real part of their ratio hence is small. A similar exer-
cise can be applied to the decays D+

s → K+K0 and

D+
s → K+K

0
, which are related by U-spin to the D+

decays discussed here. The corresponding ratio

R(D+
s ) ≡ Γ(D+

s → KSK
+) − Γ(D+

s → KLK
+)

Γ(D+
s → KSK+) + Γ(D+

s → KLK+)
(8)

is predicted to be

R(D+
s ) = −2 Re

C̃ + T̃

A+ C

4
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Table V Branching ratios, amplitudes, and representations in terms of reduced amplitudes for doubly-Cabibbo-
suppressed decays. Amplitudes denoted by (a) involve interference between the doubly-Cabibbo-suppressed process

shown and the corresponding Cabibbo-favored decay to K
0

+ X.

Meson Decay B p∗
|A| Rep.

mode (10−4) (MeV) (10−7 GeV)

D0 K+π− 1.45±0.04 861 1.54±0.02 T̃ + Ẽ

K0π0 (a) 860 (a) (C̃ − Ẽ)/
√

2

K0η (a) 772 (a) C̃/
√

3

K0η′ (a) 565 (a) −(C̃ + 3Ẽ)/
√

6

D+ K0π+ (a) 863 (a) C̃ + Ã

K+π0 2.28±0.39 864 1.21±0.10 (T̃ − Ã)/
√

2

K+η 1.01±0.37 776 0.85±0.16 −T̃ /
√

3

K+η′ < 1.2 571 < 1.08 (T̃ + 3Ã)/
√

6

D+
s K0K+ (a) 850 (a) T̃ + C̃

Figure 4: Graphs contributing to D0
→ (K0π0, K

0
π0).

= 2 tan2 θC Re
C + T

A+ C
= 0.019 ± 0.002 . (9)

6. Strong phases in (D0
, D

0
) → K

−
π

+

The relative strong phase in the CF decay D0 →
K−π+ and the DCS decay D

0 → K−π+ is of inter-
est in studying B decays involving neutral D mesons,
where these two processes often can interfere. It was
shown in Ref. [1] that one could measure this phase by
producing a CP eigenstate D0

CP , for example by tag-
ging on a state of opposite CP at the ψ(3770). Define
decay amplitudes as

〈K−π+|D0〉 ≡ AeiδR , 〈K−π+|D0〉 ≡ ĀeiδW . (10)

The difference δ = δR − δW of strong phases would
vanish in the SU(3) limit. At ψ(3770) with K−π+

produced opposite a state Sζ with CP eigenvalue ζ,
one would have

Γ(K−π+, Sζ) ≈ A2A2
Sζ

(1 + 2ζr cos δ) , (11)

so by choosing states with ζ = ±1 one can measure
(1+2r cos δ)/(1−2r cos δ), where r = |Ā/A| = 0.057 ≃
tan2 θC .

In an analysis of 281 pb−1 of CLEO data [15], the
error on cos δ is not yet conclusively determined, as a

result of uncertainty in fits to D0–D
0

mixing. For an
eventual integrated luminosity at CLEO of 750 pb−1

and a cross section of σ(e+e− → ψ(3770) → DD̄) = 6
nb one can estimate by rescaling the calculation in
Ref. [1] an eventual error of ∆ cos δ < 0.2.

7. Other theoretical approaches

One can invoke effects of final state interactions to
explain arbitrarily large SU(3) violations (if, for exam-
ple, a resonance with SU(3)-violating couplings domi-
nates a decay such as D0 → π+π− or D0 → K+K−).
As one example of this approach [16], both resonant
and nonresonant scattering can account for the ob-
served ratio Γ(D0 → K+K−)/Γ(D0 → π+π−) =
2.8 ± 0.1. This same approach predicted B(D0 →
K0K

0
) = 9.8 × 10−4, a level of SU(3) violation con-

sistent with the world average of Ref. [5] but far in
excess of the recent CLEO value [7]. The paper of
Ref. [16] may be consulted for many predictions for
PV and PS final states in charm decays, where V de-
notes a vector meson and S denotes a scalar meson.
Results for PV decays also may be found in Refs.

5
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Figure 5: Amplitudes T and C contributing to D+
→ K

0
π+; amplitudes C̃ and Ã contributing to D+

→ K0π+.

[6, 8, 17, 18].
The recent discussion of Ref. [19] entails a predic-

tion A ≃ −0.4E (recall we were finding A ≃ −E),
essentially as a consequence of a Fierz identity and
QCD corrections. Tree amplitudes are obtained from
factorization and semileptonic D → π and D → K
form factors. The main source of SU(3) breaking in /T
is assumed to come from fK/fπ = 1.22. Predictions
include asymmetries R(D0,+ = (2 tan2 θC , 0.068 ±
0.007), and – via a sum rule for D0 → K∓π± and
D+ → K+π0 – and expectation of |δ| ≃ 7–20◦ (to be
compared with 0 in exact SU(3) symmetry).

8. Summary

We have shown that the relative magnitudes and
phases of amplitudes contributing to charm decays
into two pseudoscalar mesons are describable by fla-
vor symmetry. We have verified that there are large
relative phases between the color-favored tree ampli-
tude T and the color-suppressed amplitude C, as well
as between T and E ≃ −A.

The largest symmetry-breaking effects are visible in
singly-Cabibbo-suppressed (SCS) decays, particularly
in the D0 → (π+π−/K+K−) ratio which are at least
in part understandable through form factor and decay
constant effects. Decays involving η, η′ are mostly
describable with small “disconnected” amplitudes, a
possible exception being in SCS D+ and D+

s decays.
One sees evidence for the expected interference

between Cabibbo-favored (CF) and doubly-Cabibbo-
suppressed decays in D0,+ → KS,Lπ

0,+ decays. As a

result of CLEO’s present data on (D0, D
0
) → K−π+,

limits are being placed on the relative strong phase
δ between these amplitudes, and the full CLEO data
sample is expected to result in an error equal to or
better than ∆(cos δ) = 0.2.
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Study of a model-independent method for the measurement of the
angle φ3

A. Bondar and A. Poluektov
Budker Institute of Nuclear Physics, Novosibirsk, Russia

This report shows the latest results on the study of the method to determine the angle φ3 of the unitarity triangle
using Dalitz plot analysis of D0 decay from B

±
→ DK

± process in a model-independent way. We concentrate
on the case with a limited charm data sample, which will be available from the CLEO-c collaboration in the
nearest future, with the main goal to find the optimal strategy for φ3 extraction. We find that the analysis using
decays of DCP only cannot provide a completely model-independent measurement in the case of limited data
sample. The procedure involving binned analysis of B± → DK± and ψ(3770) → (K0

S
π+π−)D(K0

S
π+π−)D

decays is proposed, that allows to obtain the φ3 precision comparable to unbinned model-dependent fit.

1. Introduction

The measurement of the angle φ3 (γ) of the unitar-
ity triangle using Dalitz plot analysis of the D0 →
K0

Sπ
+π− decay from B± → DK± process, intro-

duced by Giri et al. [1] and Belle collaboration [2] and
successfully implemented by BaBar [3] and Belle [4],
presently offers the best constraints on this quantity.
However, this technique is sensitive to the choice of the
model used to describe the three-body D0 decay. Cur-
rently, this uncertainty is estimated to be ∼ 10◦ and
due to large statistical error does not affect the preci-
sion of φ3 measurement. As the amount of B factory
data increases, though, this uncertainty will become
a major limitation. Fortunately, a model-independent
approach exists (see [1]), which uses the data of the τ -
charm factory to obtain the missing information about
the D0 decay amplitude.

In our previous study of the model-independent
Dalitz analysis technique [5] we have implemented a
procedure proposed by Giri et al. involving the divi-
sion of the Dalitz plots into bins, and shown that this
procedure allows to measure the phase φ3 with the
statistical precision only 30–40% worse than in the
unbinned model-dependent case. We did not attempt
to optimize the binning and mainly considered a high-
statistics limit with an aim to estimate the sensitivity
of the future super-B factory.

The data useful for model-independent measure-
ment are presently available from the CLEO-c exper-
iment [6]. The integrated luminocity at the ψ(3770)
resonance decaying to DD̄ available for the analysis is
400 pb−1. By the end of CLEO-c operation this statis-
tics will grow up to 750 pb−1 [7]. This corresponds
to ∼ 1000 events where D meson in a CP eigen-
state decays to K0

Sπ
+π−, and twice as much events

of ψ(3770) → D0D0 with both D mesons decaying
to K0

Sπ
+π−. Both of these processes include the in-

formation useful for a model-independent φ3 measure-
ment. In this paper, we report on studies of the model-
independent approach with a limited statistics of both
ψ(3770) andB data, using bothDCP → K0

Sπ
+π− and

(K0
Sπ

+π−)D(K0
Sπ

+π−)D final states.

2. Model-independent approach

The density of D0 → K0
Sπ

+π− Dalitz plot is given
by the absolute value of the amplitude fD squared:

pD = pD(m2
+,m

2
−

) = |fD(m2
+,m

2
−

)|2 (1)

In the case of no CP -violation in D decay the density
of the D0 decay p̄D equals to

p̄D = |f̄D|2 = pD(m2
−
,m2

+). (2)

Then the density of the D decay Dalitz plot from
B± → DK± process is expressed as

pB± =|fD + rBe
i(δB±φ3)f̄D|2 =

pD + r2B p̄D + 2
√
pDp̄D(x±c+ y±s),

(3)

where x±, y± include the value of φ3 and other related
quantities, the strong phase δB of the B± → DK±

decay, and amplitude ratio rB :

x± = rB cos(δB ± φ3); y± = rB sin(δB ± φ3). (4)

The functions c and s are the cosine and sine of the
strong phase difference ∆δD between the symmetric
Dalitz plot points:

c = cos(δD(m2
+,m

2
−
) − δD(m2

−
,m2

+)) = cos∆δD;

s = sin(δD(m2
+,m

2
−

) − δD(m2
−
,m2

+)) = sin ∆δD.

(5)

The phase difference ∆δD can be obtained from the
sample of D mesons in a CP -eigenstate, decaying to
K0

Sπ
+π−. The Dalitz plot density of such decay is

pCP = |fD ± f̄D|2 = pD + p̄D ± 2
√
pDp̄Dc (6)

(the normalization is arbitrary). Decays of D mesons
in CP eigenstate to K0

Sπ
+π− can be obtained in the

process, e.g. e+e− → ψ(3770) → DD̄, where the

http://arxiv.org/abs/0711.1509v1
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other (tag-side) D meson is reconstructed in the CP
eigenstate, such as K+K− or K0

Sω.
Another possibility is to use a sample, where both

D mesons (we denote them as D and D′) from the
ψ(3770) meson decay into the K0

Sπ
+π− state [9].

Since ψ(3770) is a vector, two D mesons are produced
in a P -wave, and the wave function of the two mesons
is antisymmetric. Then the four-dimensional density
of two correlated Dalitz plots is

pcorr(m
2
+,m

2
−
,m′2

+,m
′2
−

) = |fDf̄
′

D − f ′

Df̄D|2 =

pDp̄
′

D + p̄Dp
′

D − 2
√

pDp̄Dp′Dp̄
′

D(cc′ + ss′),
(7)

This decay is sensitive to both c and s for the price of
having to deal with the four-dimensional phase space.

In a real experiment, one measures scattered data
rather than a probability density. To deal with real
data, the Dalitz plot can be divided into bins. In what
follows, we show that using the appropriate binning,
it is possible to reach the statistical sensitivity equiv-
alent to the model-dependent case.

3. Binned analysis with DCP data

The binned approach was proposed by Giri et al.
[1]. Assume that the Dalitz plot is divided into 2N
bins symmetrically to the exchange m2

−
↔ m2

+. The
bins are denoted by the index i ranging from −N to
N (excluding 0); the exchangem2

+ ↔ m2
−

corresponds
to the exchange i ↔ −i. Then the expected number
of events in the bins of the Dalitz plot ofD decay from
B± → DK± is

〈Ni〉 = hB[Ki + r2BK−i + 2
√

KiK−i(xci + ysi)], (8)

where Ki is the number of events in the bins in the
Dalitz plot of the D0 in a flavor eigenstate, hB is the
normalization constant. Coefficients ci and si, which
include the information about the cosine and sine of
the phase difference, are given by

ci =

∫

Di

√
pDp̄D cos(∆δD(m2

+,m
2
−
))dD

√

∫

Di

pDdD
∫

Di

p̄DdD
, (9)

si is defined similarly with cosine substituted by sine.
Here Di is the bin region, over which the integration
is performed. Note that ci = c−i, si = −s−i and
c2i + s2i ≤ 1 (the equality c2i + s2i = 1 being satisfied if
the amplitude is constant across the bin).

The coefficients Ki are obtained precisely from a
very large sample ofD0 decays in the flavor eigenstate,
which is accessible at B-factories. The expected num-
ber of events in the Dalitz plot of DCP decay equals
to

〈Mi〉 = hCP [Ki +K−i + 2
√

KiK−ici], (10)

and thus can be used to obtain the coefficient ci. As
soon as the ci and si coefficients are known, one can
obtain x and y values (hence, φ3 and other related
quantities) by a maximum likelihood fit using equa-
tion (8).

Note that now the quantities of interest x and y
(and consequently φ3) have two statistical errors: one
due to a finite sample of B± → DK± data, and due to
DCP → K0

Sπ
+π− statistics. We will refer to these er-

rors as B-statistical and DCP -statistical, respectively.
Obtaining si is a major problem in this analy-

sis. If the binning is fine enough, so that both the
phase difference and the amplitude remain constant
across the area of each bin, expressions (9) reduce to
ci = cos(∆δD) and si = sin(∆δD), so si can be ob-

tained as si = ±
√

1 − c2i . Using this equality if the
amplitude varies will lead to the bias in the x, y fit
result. Since ci is obtained directly, and si is over-
estimated by the absolute value, the bias will mainly
affect y determination, resulting in lower absolute val-
ues of y.

Our studies [5] show that the use of equality c2i +
s2i = 1 is satisfactory for the number of bins around
200 or more, which cannot be used with presently
available DCP data. It is therefore essential to find
a relatively coarse binning (the number of bins be-
ing 10–20) which a) allows to extract si from ci with
low bias, and b) has the sensitivity to the φ3 phase
comparable to the unbinned model-dependent case.

Fortunately, both the a) and b) requirements ap-
pear to be equivalent. To determine the B-statistical
sensitivity of a certain binning, let’s define a quantity
Q — a ratio of a statistical sensitivity to that in the
unbinned case. Specifically, Q relates the number of
standard deviations by which the number of events
in bins is changed by varying parameters x and y, to
the number of standard deviations if the Dalitz plot
is divided into infinitely small regions (the unbinned
case):

Q2 =

∑

i

(

1
√

Ni

dNi

dx

)2

+
(

1
√

Ni

dNi

dy

)2

∫

D

[

(

1√
|fB |

2

d|fB |
2

dx

)2

+

(

1√
|fB |

2

d|fB|
2

dy

)2
]

dD
,

(11)
where fB = fD + (x + iy)f̄D, Ni =

∫

Di

|fB|2dD.

Since the precision of x and y weakly depends on
the values of x and y [5], we can take for simplicity
x = y = 0. In this case one can show that

Q2|x=y=0 =
∑

i

(c2i + s2i )Ni

/

∑

i

Ni (12)

Therefore, the binning which satisfies c2i + s2i = 1 (i.e.

the absence of bias if si is calculated as
√

1 − c2i ) also
has the same sensitivity as the unbinned approach.
The factor Q defined this way is not necessarily the
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best measure of the binning quality (the binning with
higher Q can be insensitive to either x or y, which
is impractical from the point of measuring φ3), but
it allows an easy calculation and correctly reproduces
the relative quality for a number of binnings we tried
in our simulation.

The choice of the optimal binning naturally depends
on the D0 model. In our studies we use the two-
body amplitude obtained in the latest Belle φ3 Dalitz
analysis [4].

From the consideration above it is clear that a
good approximation to the optimal binning is the
one obtained from the uniform division of the strong
phase difference ∆δD. In the half of the Dalitz plot
m2

+ < m2
−

(i.e. the bin index i > 0) the bin Di is
defined by condition

2π(i− 1/2)/N < ∆δD(m2
+,m

2
−

) < 2π(i+ 1/2)/N ,
(13)

in the remaining part (i < 0) the bins are defined
symmetrically. We will refer to this binning as ∆δD-
binning. As an example, such a binning with N = 8 is
shown in Fig. 1 (left). Although the phase difference
variation across the bin is small by definition, the ab-
solute value of the amplitude can vary significantly, so
the condition c2i + s2i = 1 is not satisfied exactly. The
values of ci and si in this binning are shown in Fig. 3
(bottom left) with crosses.

Figure 1 (right) shows the division with N = 8
obtained by continuous variation of the ∆δD-binning
to maximize the factor Q. The sensitivity factor Q
increases to 0.89 compared to 0.79 for ∆δD-binning.
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Figure 1: Divisions of the D0
→ K0

Sπ+π− Dalitz plot.
Uniform binning of ∆δD strong phase difference with N =
8 (left), and the binning obtained by variation of the latter
to maximize the sensitivity factor Q (right).

We perform a toy MC simulation to study the sta-
tistical sensitivity of the different binning options.
We use the amplitude from the Belle analysis [4]
to generate decays of flavor D0, DCP , and D from
B± → DK± decay to the K0

Sπ
+π− final state accord-

ing to the probability density given by (1), (6) and
(3), respectively. To obtain the B-statistical error we
use a large number of D0 and DCP decays, while the
generated number of D decays from the B± → DK±

process ranges from 100 to 100000. For each number
of B decay events, 100 samples are generated, and

the statistical errors of x and y are obtained from the
spread of the fitted values. A study of the error due
to DCP statistics is performed similarly, with a large
number of B decays, and the statistics of DCP decays
varied. Both errors are checked to satisfy the square
root scaling.

The binning options used are ∆δD-binning with
N = 8 and N = 20, as well as “optimal” binnings with
maximized Q obtained from these two with a smooth
variation of the bin shape. Note that the “optimal”
binning with N = 20 offers the B-statistical sensitiv-
ity only 4% worse than an unbinned technique. For
comparison, we use the binnings with the uniform di-
vision into rectangular bins (with N = 8 and N = 19
in the allowed phase space, the ones which are denoted
as 3x3 and 5x5 in [5]).

The B- and DCP -statistical precision of different
binning options, recalculated to 1000 events of both
B and DCP samples, as well as their calculated values
of the factor Q, are shown in Table I. In the present
study we use the errors of parameters x and y rather
than φ3 as a measure of the statistical power since
they are nearly independent of the actual values of
φ3, strong phase δ and amplitude ratio rB . The er-
ror of φ3 can be obtained from these numbers given
the value of rB . The factor Q reproduces the ratio of

the values
√

1/σ2
x + 1/σ2

y for the binned and unbinned

approaches with the precision of 1–2%. While the bin-
ning with maximized Q offers better B-statistical sen-
sitivity, the best DCP -statistical precision of the op-
tions we have studied is reached for the ∆δD-binning.
However, for the expected amount of experimental
data ofB andDCP decays the B-statistical error dom-
inates, therefore, slightly worse precision due to DCP

statistics does not affect significantly the total preci-
sion.

We have considered the choice of the optimal bin-
ning only from the point of statistical power. How-
ever, the conditions to satisfy low model dependence
are quite different. Since the bins in the binning op-
tions we have considered are sufficiently large, the re-
quirement that the phase does not change over the
bin area is a strong model assumption. We have per-
formed toy MC simulation to study the model depen-
dence. While the binning was kept the same as in
the statistical power study (based on the phase dif-
ference from the default D0 amplitude), the ampli-
tude used to generate D0, DCP and B± → DK±

decays was altered in the same way as in the Belle
study of the model-dependence in the unbinned anal-
ysis [4]. As a result, the same bias of ∆φ3 ∼ 10◦ is
observed as in unbinned analysis. The bias in x and y
if demonstrated in Fig. 2. We remind that the cause
of this bias is a fixed relation between the ci and si.
Therefore, proposed binning options, although provid-
ing good statistical precision, are not flexible enough
to provide also a low model dependence. To minimizie
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Table I Statistical precision of (x, y) determination using different binnings and with an unbinned approach. The errors
correspond to 1000 events in both the B and DCP ((K0

Sπ+π−)2) samples.

B-stat. err. DCP -stat. err. (K0
Sπ+π−)2-stat. err.

Binning Q σx σy σx σy σx σy

N = 8 (uniform) 0.57 0.0331 0.0600 0.0053 0.0097 0.0145 0.0322

N = 8 (∆δD) 0.79 0.0273 0.0370 0.0042 0.0072 0.0050 0.0095

N = 8 (optimal) 0.89 0.0232 0.0324 0.0058 0.0114 0.0082 0.0114

N = 19 (uniform) 0.69 0.0274 0.0549 0.0042 0.0112 - -

N = 20 (∆δD) 0.82 0.0266 0.0350 0.0048 0.0074 - -

N = 20 (optimal) 0.96 0.0223 0.0290 0.0078 0.0110 - -

Unbinned - 0.0213 0.0279 - - - -
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Figure 2: Toy MC study of the analysis using DCP data.
Difference between the fitted and generated x (left) and
y (right) values. Result of the toy MC study with ∆δD

binning, 105 B decays and 104 DCP decays. Histogram
shows the fit result with the same D0 decay amplitude
used for event generation and binning, the points with the
errors bars show the case with different amplitudes.

the model dependence, the bin size should be kept as
small as possible, therefore, uniform binning is more
preferred.

In a real analysis, one can control the model error
by testing if the amplitude used to define binning is
compatible with the observed DCP data. This can
be done, e.g., by dividing each bin and comparing
calculated values of ci in its parts, or by comparing
the expected and observed numbers of events in each
bin. The first results by the CLEO-c collaboration are
available [8] that show the good agreement of experi-
mental data with ci calculated from two-body ampli-
tude for ∆δD-binning.

We conclude that the method of φ3 determination
using only DCP data is only asymptotically model-
independent, since for any finite bin size the calcu-
lation of si is done using model assumptions of the
∆δD variations across the bin. Increasing the DCP

data set, however, allows to apply a finer binning and
therefore reduce the model error due to the variation
of the phase difference.

4. Binned analysis with correlated
D

0 → K
0
S
π

+
π
− data

The use of the ψ(3770) decays where both neutral
D mesons decay to the K0

Sπ
+π− state allows to signif-

icantly increase the amount of data useful to extract
phase information in D0 decay. It is also possible to
detect events of ψ(3770) → (K0

Sπ
+π−)D(K0

Lπ
+π−)D,

where K0
L is not reconstructed, and its momentum

is obtained from kinematic constraints. The num-
ber of these events is approximately twice that of
(K0

Sπ
+π−)2 due to combinatorics. However, it is im-

possible to simply combine these samples since the
phases of the doubly Cabibbo-suppressed components
in D0 → K0

Sπ
+π− and D0 → K0

Lπ
+π− amplitudes

are opposite [8]. In the analysis of B data only
K0

Sπ
+π− state can be used, but it is possible to utilize

K0
Lπ

+π− data to better constrain the D0 → K0
Sπ

+π−

amplitude using model assumptions based on SU(3)
symmetry. In what follows, we will consider the use
of K0

Sπ
+π− data only.

In the case of a binned analysis, the number of
events in the region of the (K0

Sπ
+π−)2 phase space

is

〈M〉ij = hcorr[KiK−j +K−iKj−
2
√

KiK−iKjK−j(cicj + sisj)].
(14)

Here two indices correspond to two D mesons from
ψ(3770) decay. It is logical to use the same binning as
in the case of DCP statistics to improve the precision
of the determination of ci coefficients, and to obtain
si from data without model assumptions, contrary to
DCP case. The obvious advantage of this approach is
its being unbiased for any finite (K0

Sπ
+π−)2 statistics

(not asymptotically as in the case of DCP data).
Note that in contrast to DCP analysis, where the

sign of si in each bin was undetermined and has to be
fixed using model assumptions, (K0

Sπ
+π−)2 analysis

has only a four-fold ambiguity: change of the sign of
all ci or all si. In combination with DCP analysis,
where the sign of ci is fixed, this ambiguity reduces
to only two-fold. One of the two solutions can be
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chosen based on a weak model assumption (incorrect
si sign corresponds to complex-conjugated D decay
amplitude, which violates causality requirement when
parameterized with the Breit-Wigner amplitudes).

Coefficients ci, si can be obtained by minimizing
the negative logarithmic likelihood function

− 2 logL = −2
∑

i,j

logP (Mij , 〈M〉ij), (15)

where P (M, 〈M〉) is the Poisson probability to get M
events with the expected number of 〈M〉 events.

The number of bins in the 4-dimensional phase
space is 4N 2 rather than 2N in the DCP case. Since
the expected number of events in correlated K0

Sπ
+π−

data is of the same order as for DCP , the bins will be
much less populated. This, however, does not affect
the precision of ci, si determination since each of the
free parameters is constrained by many bins.

The coefficients ci, si obtained this way can then
be used to constrain x, y with the maximum likeli-
hood fit of the B decay data using Eq. 8. To correctly
account for the errors of ci, si determination, this like-
lihood should include distributions of these quantities,
in addition to Poisson fluctuations in B data bins. A
more convenient way is to use the common likelihood
function, covering both B and (K0

Sπ
+π−)2 data:

−2 logL = −2
∑

i,j

logP (Mij , 〈M〉ij)−

2
∑

i

logP (Ni, 〈N〉i),
(16)

with x, y, hB, hcorr, ci and si as free parameters. This
approach is also more optimal in the case of large B
data sample, since it imposes additional constraints
on ci, si values.

The toy MC simulation was performed to study
the procedure described above. Using the amplitude
from the Belle analysis, we generate a large number of
D0 → K0

Sπ
+π− decays and several sets of (K0

Sπ
+π−)2

decays (according to the probability density given by
(7)) and B decays (3) . We use the same binning op-
tions as in DCP study with N = 8. The combined
negative likelihood (16) is minimized in the fit to each
toy MC sample. We constrain c2i + s2i < 1 in the fit to
avoid entering unphysical region with negative num-
ber of events in the bin. The number of (K0

Sπ
+π−)2

and B decays ranges from 103 to 105. The errors of
x and y parameters are calulated from the spread of
the fitted values. If the number of (K0

Sπ
+π−)2 decays

is comparable or larger than the number of B decays,
the x and y errors can be represented as quadratic
sums of two errors, each scaled as a square root of
(K0

Sπ
+π−)2 and B statistics, respectively. However if

the number of B decays is large, the errors of ci and
si depend also on B decay statistics, so separating the
total error into B- and (K0

Sπ
+π−)2-statistical errors

becomes impossible.
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Figure 3: Toy MC study of the analysis using (K0
Sπ+π−)2

data. Top plots: difference between the fitted and gen-
erated x (left) and y (right) values. Result of the toy
MC study with ∆δD binning, 105 B decays and 104

(K0
Sπ+π−)2 decays. Histogram shows the fit result with

the same D0 decay amplitude used for event generation
and binning, the points with the errors bars show the case
with different amplitudes. Bottom plots: coefficients ci,
si obtained in the fit to toy MC sample. Different colors
correspond to different bins. Cases with the same ampli-
tude (left) and different amplitudes (right) used for event
generation and binning.

The best (K0
Sπ

+π−)2-statistical error is obtained
for ∆δD-binning and recalculated to 1000 events yields
σx = 0.0050, σy = 0.0095, which is only slightly worse
than the error obtained with the same amount ofDCP

data (see Table I for comparison). We also check that
significant change of the model used to define the bin-
ning does not lead to the systematic bias (although
it does decrease the statistical precision). Figure 3
demonstrates the precision of the determination of ci,
si coefficients in our toy MC study and the absence of
the systematic bias for both x and y when the model
is varied.

The numbers of (K0
Sπ

+π−)2 and DCP decays in
ψ(3770) data are comparable, so are the statistical
errors due to ψ(3770) data sample for the two ap-
proaches. The same binning can be used in both ap-
proaches, therefore improving the accuracy of ci deter-
mination. The approach based on (K0

Sπ
+π−)2 data

allows to extract both ci and si without additional
model uncertainties, so it can be used to check the
validity of the constraint c2i + s2i = 1 and therefore to
test the sensitivity of the particular binning.
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5. Conclusion

We have studied the model-independent approach
to φ3 measurement using B± → DK± decays with
neutral D decaying to K0

Sπ
+π−. The analysis of

ψ(3770) → DD̄ data allows to extract the informa-
tion about the strong phase in D0 → K0

Sπ
+π− de-

cay that is fixed by model assumptions in a model-
dependent technique. We specially consider the case
with a limited ψ(3770) → DD̄ data sample which will
be available from CLEO-c in the nearest future.

In the binned analysis, we propose a way to obtain
the binning that offers an optimal statistical precision
(close to the precision of an unbinned approach). Two
different strategies of the binned analysis are consid-
ered: using DCP → K0

Sπ
+π− data sample, and using

decays of ψ(3770) to (K0
Sπ

+π−)D(K0
Sπ

+π−)D. The
strategy using DCP decays alone cannot offer a com-
pletely model-independent measurement: it provides
only the information about ci coefficients, while si

for low DCP statistics has to be fixed using model
assumptions. However, as the DCP data sample in-
creases, model-independence can be reached by reduc-
ing the bin size. The strategy using the ψ(3770) →
(K0π+π−)D(K0π+π−)D sample, in contrast, allows
to obtain both ci and si with an accuracy compara-
ble to DCP approach. Both strategies can use the
same binning of the D0 → K0

Sπ
+π− Dalitz plot and

therefore can be used in combination to improve the
accuracy due to ψ(3770) statistics.

The expected sensitivity is obtained based on the
D0 decay model from Belle analysis. For the CLEO-c
statistics of 750 pb−1 (∼ 1000 DCP and (K0

Sπ
+π−)2

events) the expected errors of parameters x and y due
to ψ(3770) statistics are of the order of 0.01. For rB =

0.1 it gives the φ3 precision σφ3 = σx,y/(
√

2rB) ≃ 5◦,
which is far below the expected error due to present-
day B data sample. Further improvement of φ3 pre-
cision will require larger charm dataset, which can be
provided by BES-III experiment [10].

In our study, we did not consider the experimental
systematic uncertainties e.g. due to imperfect knowl-
edge of the detection efficiency or background com-
position. We believe these issues can be addressed
in a similar manner as in already completed model-
dependent analyses.
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Impact on γ/φ3 from CLEO-c Using CP -Tagged D → KS,Lπ
+
π

−

Decays
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Precision determination of the CKM angle γ/φ3 depends upon constraints on charm mixing amplitudes, mea-
surements of doubly-Cabibbo suppressed amplitudes and relative phases, and studies of charm Dalitz plots
tagged by flavor or CP eigenstates. In this note we describe the technique used at CLEO-c to constrain the
KS,Lπ

+
π
− model uncertainty, and its impact on γ/φ3 measurements at B-factories presented at the Charm 2007

Workshop.

1. Introduction

Measurement of the CKM angle γ/φ3 is challeng-
ing. Several methods have been proposed using B∓ →
DK∓ decays; 1) the Gronau-London-Wyler (GLW)
method [1] where the D decays to CP eigenstates 2)
the Atwood-Dunietz-Soni (ADS) method [2] where the
D decays to flavor eigenstates and 3) the Dalitz plot
method [3, 5] where the D decays to a three-body fi-
nal state. This latter method has been used recently
by CLEO to measure the K∗K strong phase via the
three-body decay D0 → K+K−π0 [6]. Uncertainties
due to charm contribute to each of these methods.
The CLEO-c physics program includes a variety of
charm measurements that will improve the determina-
tion of γ/φ3 from the B-factory experiments, BaBar
and Belle. The pertinent components of this program
are improved constraints on charm mixing amplitudes
- important for GLW, measurement of the relative
strong phase δ between D0 and D0 decay to K+π− -
important for ADS, and studies of charm Dalitz plots
tagged by hadronic flavor or CP eigenstates. The to-
tal number of charm mesons accumulated at CLEO-c
will be much smaller than the samples already accu-
mulated by the B-factories. However, quantum cor-
relations in the DD̄ system from ψ(3770) provides a
unique laboratory in which to study charm.

The decay with the largest branching fraction rel-
evant to the determination of γ/φ3 D

0 → KSπ
+π−.

Recently Babar [7] and Belle [8] have reported γ =
(92±41±11±12)◦ and φ3 = (53+15

−18±3±9)◦, respec-
tively, where the third error is the systematic error
due to modeling of the Dalitz plot.

Both D0 and D0 populate the Dalitz plots
KSπ

+π−, (as well as π+π−π0, K+K−π0 and
K0

SK
±π∓) and so can be used in the determination of

γ/φ3 which exploit the interference between b → cūs

(B− → D0K−) and b → uc̄s (B− → D0K−) where
the former process is real and the latter is proportional
to ∼ e−iγ [9]. Studying CP tagged Dalitz plots allows
a model independent determination of the relative D0

and D0 phase across the Dalitz plot. We describe this
technique in the following sections.

2. Determining γ/φ3 From B Decays

Our analysis follows the work outlined in [3], [5],
and [4]. We consider the decay process B± → DK±,
followed by the three-body decay D → KSπ

+π−. As-
suming no CP violation, we define the decay ampli-
tudes for the D0 and D0 to be

A(D0 → KSπ
+π−;x, y) ≡ fD(x, y)

A(D0 → KSπ
−π+;x, y) ≡ fD(y, x). (1)

Sensitivity to the angle φ3 comes from the interference
of the neutral D mesons from B± → DK±. Since the
D meson is in a linear combination of flavor states,
the amplitude for a D0 → KSπ

+π− event originating
from a B decay is then

A(B−→(KSπ
+π−)DK

−) ∝ fD + rBe
iθ−fD, (2)

up to an overall normalization. The angle θ is de-
fined as θ± ≡ δB ± φ3. Here δB is the strong phase
difference between color-suppressed and favored am-
plitudes, whilst rB is the ratio between the color-
suppressed to favored amplitudes. Theoretical esti-
mates place rB between 0.1-0.2 [11]. This has been
confirmed by BaBar (rB = 0.12 ± 0.08 ± 0.03(syst)
± 0.04(model), [7]) and Belle (rB = 0.16 ± 0.05 ±
0.01(syst) ± 0.05(model), [8]).

The D0 → KSπ
+π− Dalitz plot is divided into 2N

bins, symmetric under exchange of x and y. The bins
are indexed from −i to i, excluding zero, as in shown
in Fig 1. The coordinate exchange x ↔ y thus corre-
sponds to the exchange of bins i↔ −i. For simplicity
we ignore the effects of efficiency and background in
the Dalitz plot. The number of events in the i-th bin
of the KSπ

+π− Dalitz plot from a D decay is then
expressed as

Ki = AD

∫

Di

|fD(x, y)|2 dx dy = ADFi. (3)

The interference between theD0 andD0 amplitudes
is parametrized by the two quantities

ci ≡
1

√

FiF−i

∫

Di

Re [fD(x, y)f∗

D(y, x)] dx dy (4)

http://arxiv.org/abs/0711.2285v1
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Figure 1: Binning of the D0
→ KSπ+π− Dalitz plot.

and

si ≡
1

√

FiF−i

∫

Di

Im [fD(x, y)f∗

D(y, x)] dx dy, (5)

where the integral is performed over a single bin. The
number of events in the i-th bin of theKSπ

+π− Dalitz
plot from a B decay is then

Ni = Ki + r2BK−i

−2rB
√

KiK−i (ci cos θ− − si sin θ−) , (6)

again up to an overall normalization. It is impor-
tant to note that ci and si depend only on the D
decay. These are the quantities that we measure us-
ing CLEO-c data. Although in principle they could
be left as free parameters in a D → KSπ

+π− Dalitz
plot analysis fromB± decays, their values can be more
precisely determined from correlatedDCP decays pro-
duced at CLEO-c.

Thus, we can constrain θ±, and in turn γ/φ3, if we
know Ki, ci, and si. The Ki can be easily determined
using flavor-taggedD0 → KSπ

+π− Dalitz plot. In the
next section we show how the ci can be obtained using
binned, CP -tagged D0 → KSπ

+π− Dalitz plots.

3. Measuring ci From CP -Tagged D

Decays

For D mesons that decay into a CP eigenstate, we
write the initial state of the D as a linear combination
of flavor eigenstates

fCP±(x, y) =
1√
2
|fD(x, y) ± fD(y, x)| . (7)

In terms of this amplitude the number of events in the
i-th bin of a CP -tagged Dalitz plot is

M±

i = hCP±

(

Ki ± 2ci
√

KiK−i +K−i

)

, (8)

where hCP± is a normalization factor.
The expression given above for M±

i can be used to
measure ci directly, even if only one type of CP tag
is reconstructed. Care must be taken to use the cor-
responding value of hCP± as defined above. However,
if samples of both CP parities are available we can
combine the expressions for M+

i and M−

i to get the
following equation

ci =
1

2

(

M−

i −M+
i

)

(

M+
i +M−

i

)

(Ki +K−i)
√

KiK−i

, (9)

We thus have an expression for measuring ci simply by
counting events within the bins of flavor-tagged and
CP -tagged Dalitz plots.

At CLEO-c we produce D0D0 pairs from the de-
cay of a ψ(3770) in a definite eigenstate of C = −1.
Ignoring both the effects of CP violation, the double
tag rate for final states |1〉 and |2〉 is given by

Γ(1, 2) = |A(1, 2)|2 + (mixing terms), (10)

where

A(1, 2) ≡ 〈1|D0〉〈2|D0〉 − 〈1|D0〉〈2|D0〉 (11)

For the time being we ignore the effects of correlations
and mixing in the Kπ tagged Dalitz plot. This is not
expected to make a significant difference for the Kπ
mode, as terms proportional to rKπ ≃ 0.06 and r2Kπ

are negligible.

3.1. Optimized Binning

Although the quantity si can only be measured us-
ing aKSπ

+π− vs. KSπ
+π− double Dalitz analysis [4],

it can still be approximated from a single Dalitz plot if
the binning is fine enough. If the bins are small enough
that the phase difference and the amplitude remains
constant across each bin, the strong phase parame-
ters become ci = cos (δD), si = sin (δD), so that the

equality si =
√

1 − c2i is true. It has been shown [3]
that this equality holds for 200 or more bins, which is
clearly not feasible for the number of DCP tags pro-
duced at CLEOc. In order to circumvent this problem,
Bondar has proposed an alternate, model-dependent
method for binning the KSπ

+π− Dalitz plot[4]. The
optimal choice depends on the D0 → KSπ

+π− model.
In this analysis we use the isobar model amplitude ob-
tained from the most recent Belle φ3 Dalitz analysis
[8].

From the consideration above it is clear that a good
approximation to the optimal binning is the one ob-
tained from the uniform division of the strong phase
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difference δD. We thus take the definition of i-th bin
to be

2π(i− 1/2)/N ≤ δD(x, y) < 2π(i+ 1/2)/N. (12)

An example of such a binning with N = 8 is shown in
Fig. 2.

)+π
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Figure 2: Divisions of the D0
→ KSπ+π− Dalitz plot with

uniform binning of ∆δD strong phase difference with N =
8.

4. Event Selection

4.1. Double-Tagged D → KSπ
+

π
−

Events

This analysis uses a combination of two-body CP
and flavor tags. Since the neutral D mesons are pro-
duced at ψ′(3770) threshold they are correlated in a
C = −1 state. If mixing is ignored we can determine
whether the parent particle was a D0 or D0, up to
DCS contributions. Similarly, if CP violation is ig-
nored, then the D mesons must be in eigenstates of
opposite CP [10].

To determine the flavor of the D meson, we tag
D0 → KSπ

+π− events with the two-body D0 →
K+π− mode. 1 We use the two CP -even tags K+K−

and π+π−, and the two CP -odd tags KSπ
0 and KSη.

We introduce two quantities that are reconstructed
on both sides of a double-tagged decay. The beam-
constrained mass is defined as Mbc ≡

√

E2
b − p2

D,

1The inclusion of charge-conjugate modes is implied
throughout our analysis.

where Eb is the beam energy and p2
D is the square

of the reconstructed 3-momentum of the D meson.
We require that the beam-constrained mass of the
reconstructed candidate is within 3σ of the nominal
D mass, which corresponds to a selection criteria of
1.8603 ≤ Mbc ≤ 1.8687 GeV. The other quantity is
the energy difference between the beam and the re-
constructed D, defined as ∆E ≡ Ebeam − ED. We
apply a selection criteria of |∆E| ≤ 30 MeV to all
D0 → KSπ

+π− candidates.

Additional selection criteria are placed on the du-
aghter particles to ensure basic track quality. For ex-
ample, we select pion track momenta between 0.05 ≤
p ≤ 2.0 GeV. Both signal and tagging modes contain-
ing a KS are selected to be within 3σ of the KS mass,
which corresponds to ±7.5 MeV from the central KS

mass value of 497.6 MeV.

We only reconstruct KS particles that decay
through the π+π− channel; we do not attempt to re-
construct KS → π0π0. Fake KS candidates can be
misreconstructed from combinatoric π+π− pairs. To
suppress these events we apply a selection criteria on
the flight significance fs ≥ 0 to our KS candidates.
Additionally, we require that the π0 mass falls within
3σ of its nominal value.

4.2. Double-Tagged D → KLπ
+

π
−

Events

For D0 → KLπ
+π− decays we require the same

selection criteria on charged pions and π0 candidates
as those described for D0 → KSπ

+π− decays. How-
ever, because of the large flight distance of the KL,
the KLπ

+π− signal is reconstructed using a missing
mass technique. We require the signal side to have
exactly two charged tracks. We also apply π0, η, and
KS vetoes. Using the measured momentum of the
tagged D, we compute the missing momentum and
energy on the signal side. We require that the missing
mass squared satisfies the condition 0.21 ≤ m2 ≤ 0.29
GeV2. The background for D0 → KLπ

+π− mode is
approximately 5%.

4.3. Double-Tagged KLπ
0 vs. KSπ

+
π

−

We can increase our statistics by reconstructing
D0 → KSπ

+π− events tagged with the CP -even
mode KLπ

0. We require zero tracks and exactly one
π0 candidate on the tag side. We veto events contain-
ing η candidates, and impose similar criteria on the
KL missing mass as described above.

The final yields for all tag modes are summarized
in Table I
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Table I Yields for CP-tagged KSπ+π− and KLπ+π− in
398 pb−1 data, by tag mode.

Tag Mode KSπ+π− KLπ+π−

K+K− 61 194

π+π− 33 90

KSπ0 108 263

KSη 29 21

KLπ0 190 -

5. Combining KSπ
+
π
− and KLπ

+
π
−

The taggedKLπ
+π− Dalitz plots are included to in-

crease the statistical accurancy of this analysis. How-
ever, if we naively combine the Dalitz plots with KS

and KL we will find our measurement of ci to be bi-
ased. We must first account for the phenomenological
differences between the KSπ

+π− and KLπ
+π− mod-

els.

Since the KS and KL mesons are of opposite CP ,
the doubly-Cabibbo suppressed amplitudes in each
Dalitz plot will contribute with opposite signs. We
can see this by inspecting the D0 decay amplitude for
each each Dalitz plot

A(KSππ) =
1√
2

[

A(K0ππ) + A(K0ππ)
]

A(KLππ) =
1√
2

[

A(K0ππ) −A(K0ππ)
]

(13)

(14)

The effect of this relative minus sign is to intro-
duce a 180◦ phase for all DCS K∗ resonances in the
KLπ

+π− model. We can use U -spin symmetry to
relate the amplitudes for resonances of definite CP
eigenvalue. We find that these states aquire a factor
of rKe

iδK ≃ − tan θC , where θC is the Cabibbo angle.

In our study we mulitply all DCS amplitudes in the
KLπ

+π− model by -1. From this “base” model we fix
rK = 0.06 for each CP eigenstate, then vary the phase
δK between 0 and 2π. For each bin we then find the
largest resulting deviation in ci, and report this value
as the systematic uncertainty in the KLπ

+π− model.

To better understand the difference between the
KSπ

+π− and KLπ
+π− models, we compare the nu-

merically calculated values of ci in each Dalitz plot.
We find that the value for ci is systematically larger in
each bin for KLπ

+π−. In Fig. 3 we can see that the
difference is significantly larger than the systematic
uncertainty in our KLπ

+π− model.

Figure 3: Values for ci numerically determined from our
model. KLπ+π− values are in red, KSπ+π− in blue. In
each bin the values for ci are systematically larger for
KLπ+π−. The error bars represent the uncertainties in
the KLπ+π− model parametrization.

6. Results

We report the difference in ci between KSπ
+π−

and KLπ
+π− as measured in 398 pb−1 of data. In

Fig. 4 we compare the ci differences calculated from
our model and measured from data. The error bars

Figure 4: The difference in KSππ and KLππ values of ci,
numerically determined from our model (black) and mea-
sured in 398 pb−1 of data (green). The green error bars
represent the combined statistical and model uncertainty.

in this figure represent both statistical and model un-
certainty combined. With a reasonable understanding
of the ci between the KSπ

+π− and KLπ
+π− Dalitz
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plots, we can estimate the final precision with which
we expect to measure ci once 750 pb−1 of data is avail-
able. The values of ci from our study are once again
plotted in Fig. 5, but here the error bars represent the
statistical uncertainty obtained from 398 pb−1 of data
scaled up to 750 pb−1.

Figure 5: The central values of ci are computed from our
model with expected sensitivity from 750 pb−1 of data.
The error bars are determined by scaling the statistical
uncertainty obtained from 398 pb−1 of data, then combin-
ing the KLπ+π− model uncertainty.

We expect good sensitivity to the measurement of ci
with the entire CLEO-c data. This measurement can
reduce the model uncertainty on γ/φ3 to a precision
of about 4◦ [3].
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Low Mass S-wave Kπ and ππ Systems

B. Meadows
Department of Physics, University of Cincinnati, Cincinnati, OH 45221, USA

Knowledge of the details of the S-waveKπ and ππ systems limits the precision of measurements of
heavy quark meson properties. This talk covers recent experimental developments in parametrizing
and measuring these waves, and examines possibilities for the future.

I. INTRODUCTION

Hadrons were once regarded as a source of complica-
tion in the measurement of the dynamics of weak de-
cays of heavy quark states. The realization that their
interactions can be used to help in understanding the
phases involved is quite a recent development. There
are several examples. Interference between hadrons
produced in decays of the D0 and D0 mesons to the
self-conjugate final state K0

sπ
+π− [31] has been used

to measure D0-D0 mixing parameters. [1, 2] It has
also allowed the measurement of the CKM phase γ
from the decays B+ → D0K+ and B+ → D0K+. [3–
6] Interference between S- and P -waves in the K+π−

systems produced in B0 → J/ψK+π− decays has
been used to resolve the ambiguity in the sign of
cos 2β, where β is the CKM phase involved in these
decays.

Central to all these analyses is the need to assign a
partial wave composition at each point in the hadron
phase space. Currently, models for the hadron in-
teractions based on resonant composition are mostly
used to do this (the “isobar model”). Sometimes a
K-matrix description of the S-wave component is in-
cluded. Uncertainties and ambiguities or questionable
assumptions, especially with respect to the S-wave
behaviour lead to significant systematic uncertainties
in the results. As the precision of the measurements
improves, it becomes a more pressing goal either to
develop a good, model-independent strategy for de-
scribing the hadron amplitudes or, at least, a better
understanding of how to describe the S-waves in the
decays of heavy quark mesons.

It is also of intrinsic interest to study the low mass
S-wave Kπ and ππ systems to better understand the
scalar states, labelled here as κ(800) or σ(500), that
may exist [7]. Measurements of these amplitudes in
this region are sparse. There is also merit, therefore,
in pursuing the possibility of using heavy quark meson
decays to add experimental data in these regions. This
talk focusses on recent progress and future prospects
on both fronts.

In the first section, information presently available
on both Kπ and ππ S-waves is briefly reviewed. The
expected relationship between scattering amplitudes
and those measured in decays of heavy quark mesons
is then examined. The remainder of the talk discusses
ways in which experimental observations, mostly of

the available Kπ data, are being studied.

II. S-WAVE SCATTERING DATA

Excellent experimental information comes from
model-independent analyses of differential cross sec-
tions for reactions in which production of Kπ or ππ
systems is dominated by a pion exchange mechanism.
The amplitudes so determined show clear evidence for
the K∗

0 (1430) resonance in the iso-spin I = 1/2 Kπ
S-wave and for the f0(980) in the I = 0 ππ S-wave.
No exotic states are found in the I = 3/2 Kπ or I = 2
ππ waves. Data at the very low mass regions, where
κ(800) or σ(500) poles may lurk far from the real axis,
are relatively poor.

A. The Kπ System

The SLAC E135 (LASS) experiment [8, 9] provides
the best information on the K−π+ system. The data
are shown in Fig. 1. Note that there are no data be-
low 825 MeV/c2 from this experiment, though some
is available from an earlier era of experiments. The
LASS collaboration determined that both I = 1/2
and I = 3/2 amplitudes T (s) are unitary up to Kη’
threshold (

√
s = 1454 MeV/c2)

T (s) = sin δ(s)eiδ(s) (1)

where s is the squared invariant mass and δ(s) is the
phase.

The I = 3/2 phase, assumed to be unitary, was
measured by Estabrooks, etal [10] and is shown in
Fig. 1(c) and (d). The LASS collaboration used this
information to separate the I = 1/2 and I = 3/2
components of the amplitude seen in Fig. 1(a) and
(b). The fit to their data, shown as the solid curves,
are described by Eq. (1) with

I = 1/2 : δ1/2(s) = δ
1/2
R (s) + δ

1/2
B (s)

cot δ
1/2
R (s) = (s0 − s)/(

√
s0Γ0)

q cot δ
1/2
B (s) = 1/a1/2 + b1/2q

2

I = 3/2 : q cot δ3/2(s) = 1/a3/2 + b3/2q
2

(2)

where q is the momentum of the K− in the Kπ center
of mass. This parametrization is valid in the range

http://arxiv.org/abs/0712.1605v1
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FIG. 1: S-wave K−π+ scattering amplitude extracted by the LASS collaboration from their data on the reaction
K−p → K−π+n at 11 GeV/c. The phase is shown in (a) and the magnitude in (b). The I-spin 1/2 component is
represented by points on a solid curve and I-spin 3/2 is shown with no curve. I = 3/2 phases measured in data from
Ref. [10] are plotted as a function of K±π± invariant mass ofr (c) K+p→ K+π+n and (d) K−p→ K−π−∆++.

825 <
√
s < 1454 MeV/c2, and includes one I = 1/2

resonance of mass
√
s0 ∼ 1435 MeV/c2 and width

Γ0 ∼ 275 MeV/c2. Non-resonant backgrounds in both
waves are described by scattering lengths a and effec-
tive ranges b.

B. The ππ System

Phases for the I = 0 component, shown in Fig. 2(a),
have been extracted in several analyses of π−p →
π−π+n data from Grayer, etal [11] It is clear that
data below 600 MeV/c2 in the region of the σ(500)
from these data are poor.

The I = 2 amplitude, assumed to be unitary up
to ρρ threshold (∼ 1500 MeV/c2), was derived from
data on π+p → π+π+n interactions at 12.5 GeV/c
[12] and π+d → π−π−ppspectator at 9 GeV/c [13].

It was fit to the form shown in Fig. 2(b) [14]. For
I = 0, the amplitude is unitary up to KK̄ thresh-
old where its elasticity drops suddenly. Slightly below
this, the phase rises rapidly indicating the presence of
the f0(980) resonance.

III. ROLE OF SCATTERING IN D DECAYS

In terms of our two goals, it would be useful if we
could draw on these measurements to help in reduc-
ing ambiguities in models used in analyzing decays of
heavy quark mesons. At the same time, we need to
learn how to interpret such decays in learning more
about the scattering amplitudes at small S values.

Consider the decay D → (AB)C in which a two
hadron system f = AB and another system C are
produced. A simple assumption about the decay am-
plitude F (s) for such a process is that it can be fac-

torized into short and long-range effects.

Ff (s) = Tfk(s)Qk(s) (3)

Here Qk(s) describes the short-range decay of D to
C and an intermediate hadron system k, and Tkf (s)
describes the subsequent re-scattering within the sys-
tem k to produce the final state f . We take Qk(s)
to encode not only the relatively real ratio of decay
modes for the weak decay of the D that would imply
an s-dependence of its magnitude, but also any other
short-range effects that may occur in the Ck system
which might also impart an s-dependence of its phase.

If s is below the threshold where AB scattering
becomes inelastic (Kη′ for L = even waves when
AB = Kπ and K+K− when AB = ππ systems, for
example), then Tkf (s) is simply equal to the AB elas-
tic scattering amplitude. If the phase of Qk(s) is in-
dependent of s, then the phase of F (s) will have the
same s-dependence as T (s), i.e. that observed in elas-
tic scattering. This is a statement of the (more rigor-
ously derived) Watson theorem [15]. If partial wave
expansions of F (s) and T (s) are made, then this con-
dition must hold for each partial wave. It must hold,
in particular, for the S-waves.

The Watson theorem could provide a very useful
constraint, therefore, in the analysis of heavy quark
states, so its range of applicability is of great impor-
tance. The considerations above lead us to expect the
following:

• If C is a di-lepton (ℓν, for example) then Ck
scattering would be unlikely and the phase of
Qk would have little, if any, s-dependence.

• The same might also be true if C were a massive
hadron (such as a J/ψ) with a small interaction
radius.
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FIG. 2: (a) I = 0 phase of the S-wave ππ scattering ampli-
tude extracted from data for the reactions π−p→ π−π+n

from Ref. [11]. The phase in degrees is plotted as a func-
tion of ππ invariant mass M . (b) The I = 2 phase
shifts plotted as a function of ππ invariant mass M . The
I = 2 amplitude is assumed to be unitary up to 1500
MeV/c and is obtained from data for the reactions π+p→

π+π+n (12.5 GeV/c) [12] and π+d → π−π−ppspectator
(9 GeV/c) [13].

• In cases where C is a hadron with mass compa-
rable to A or B, significant scattering in the Ck
system Would be likely. This could lead to a de-
pendence of both the magnitude and the phase
of Qk(s) upon s.

• The likelihood of Ck scattering probably in-
creases at shorter range.

We should expect, therefore, to find any deviations
from the Watson theorem to be most pronounced
when the mass of C is comparable with that of A or B,
and at small s in the AB system. We also note that,
the Watson theorem applies to every partial wave, and
it makes little sense to impose it only on the S-wave
alone.

IV. Kπ PRODUCTION FROM HEAVY
QUARK MESON DECAYS

A. Decays with Leptons or Massive Hadrons

In a study of semi-leptonic decays of D mesons

D0 → K−π+ℓν. (4)

the FOCUS collaboration [16] observed asymmetry in
the distribution of cos θ, where θ is the angle between
K− and the ℓν system in the K−π+ rest frame. The
asymmetry results from interference between S- and
P -waves, and is proportional to the cosine of the rela-
tive phase γ between them. As seen in Fig. 3 this fol-
lows the behaviour observed in the LASS data quite
closely as the K−π+ invariant mass moves through
the K∗(890) region. This conforms to the first of our
expectations.

FIG. 3: Asymmetry in cosine of K−π+ helicity angle in
D0

→ K−π+ℓν data from the FOCUS collaboration [16]
as a function of invariant mass for the K−π+ system. The
behaviour observed in the LASS data is indicated by the
solid curve.

The BABAR collaboration observed [17] similar be-
haviour in the asymmetry of the helicity distribution
for K+π− produced in

B0 → J/ψK+π− (5)

decays. Fig. 4 shows the two solutions for the S-P
phase difference γ in the K∗(890) invariant mass re-
gion. The relative phase is dominated by the rapid
variation in the P -wave due to the K∗(890) and only
one solution is physically meaningful. It is seen in
the figure that this matches the LASS phase variation
(though shifted by +π radians) very well.

This conforms to the second of our expectations,
but it is not obvious why there is an overall phase
shift of +π radians.
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FIG. 4: Two solutions (open and closed circles with er-
ror bars) for the relative phase γ = δS − δP between
S- and P -wave amplitudes of K+π− systems produced
in B0

→ J/ψK+π+ decays from the BABAR collabora-
tion [17]. Values for γ are plotted as a function of K+π−

invariant mass. The solid circles are for the only physi-
cal solution and follow the LASS data points, plotted as
triangles, closely.

B. Decays to Light Hadrons

The most detailed experimental information comes
from studies of D+ → K−π+π+ decays. These
Cabibbo favoured decays are known to contain a large
S-wave component.

A study of ∼ 15, 000 such decays by the E791 collab-
oration [18] provides an illustration. The E791 Dalitz
plot is shown in Fig. 5 where significant S-P interfer-
ence is evident from the asymmetry of the K∗(890)
bands. This is plotted in Fig. 5 vs. the Breit-Wigner
phase φBW = tan−1M0Γ(M0)/M

2
0 − s), where M0

is the mass and Γ(
√
s) the invariant mass-dependent

width of the K∗(890). The asymmetry is zero when
φ

BW
= 56◦, almost 80◦ below the phase found in the

LASS data [8]. This shows that the phase of QKπ(s)
at this invariant mass is ∼ −80◦ and is entered in
Table II.

1. Isobar Model Fits

In the earliest analyses of these decays, a model with
interfering resonances like the K∗(890), the L = 0
K∗

0 (1430) and a constant non-resonant “NR” 3-body
amplitude could account for the voids and asymmtries
observed in the Dalitz plot. With their larger sam-
ple, the E791 isobar model analysis showed that addi-
tional structure in the S-wave was required to achieve
an acceptable fit, and the addition of a κ(800) Breit-
Wigner isobar, which interfered destructively with the
NR term, worked well.

The “isobar model” description of the L = 0, 1 and

FIG. 5: Dalitz plot for D+
→ K−π+π+ decays. Data are

from E791 [18] and show distributions of squared invariant
mass for one K−π+ combination plotted against the other
(symmetrized). The inset shows the asymmetry in the
cosine of the K−π+ helicity angle (between K− and the
other π+ in the K−π+ rest frame) as a function of φBW ,
the K∗(890) Breit-Wigner phase.

2 wave amplitudes FL in the K−π+ systems for this
fit can be summarized as:

F0(s) = c00 + α10BWK∗

0 (1430)(s)

+α20BWκ(800)(s) (6)

F1(s) = α11BWK∗

1 (890)(s)

+α21BWK∗

0 (1688)(s) (7)

F2(s) = α21BWK∗

2 (140) (8)

where the BW (s) are relativistic Breit-Wigner func-
tions with s-dependent widths, and the αiL are com-
plex coefficients determined in the fit. The overall
phase was defined by setting α11 = 1.0, and α00 was
the NR term.

Two further isobar model analyses of this decay
mode were recently made, one by FOCUS [19] and
the other by CLEOc [20]. Each used samples ∼ 3.5
times larger. The conclusions, and estimates of the
resonant fractions [32], of both were in good general
agreement with E791.

Parameters for κ and K∗

0 (1430) S-wave Breit
Wigner isobars are compared for the three experi-
ments in Table IVB1. The K∗

0 (1430) parameters in
this model disagree significantly with those obtained
by the LASS experiment or with the World average
[21]. There is general agreement that this descrip-
tion of the S-wave, described by Eq. (6), with two
broad, Breit Wigner resonances, one of which is also
near threshold, is theoretically problematic and could
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account for this discrepancy. It would be virtually cer-
tain that this amplitude would have an s-dependent
phase that would differ from the Watson theorem ex-
pectation.

TABLE I: Breit Wigner Parameters for the K−π+ S-wave
Isobar States. All quantities are in MeV/c2.

E791 Focus CLEO c PDG

κ M◦ 797 ± 19 ± 42 883 ± 13 805 ± 11 672 ± 40

Γ◦ 410 ± 43 ± 85 355 ± 13 453 ± 21 550 ± 34

K∗
◦ M◦ 1459 ± 7 ± 12 1461 ± 4 1461 ± 3 1414 ± 6

Γ◦ 175 ± 12 ± 12 177 ± 8 169 ± 5 290 ± 21

2. Model-Independent Measurement

A test of the Watson theorem requires a measure-
ment of the phase of F (s) at several values of s in a
model-independent way. The first attempt to do this
for the S-wave for K−π+ produced in this decay mode
was made by the E791 collaboration [22].

They replaced the analytical function describing the
S-wave in Eq. (6) by a set of 38 complex values at
discrete values for s, using a spline interpolation for
other values. The P - and D-waves were paramerized,
as before, by the form in Eqs. (7) and (8) and the coef-
ficients αiL were allowed to float. A fit was then made
to determine the best values (magnitude and phase)
for each of the 38 S-wave points. The result, shown
in Fig. 6, is compared with the LASS model for the
I = 1/2 K−π+ system in Eq. (2). Agreement is good
in the K∗

0 (1430) region (above ∼1100 MeV/c2) after
a shift in phase of 75◦ and an arbitrary scale factor
are applied to the LASS amplitude. A very signifi-
cant discrepancy is, however, seen for lower values of
invariant mass.

This might conform to our 4th expectation, but
there are two problems. First, though I = 1/2 K−π+

production probably dominates, I = 3/2 production
in these decays cannot be excluded. Second, the isobar
model form in Eqs. (7) and (8) for the P - andD-waves,
upon which this result depends, is questionable. The
P -wave contains more than one Breit-Wigner, and
both waves are assumed to be dominated by resonant
behaviour. More importantly, neither wave is likely
to follow the Watson theorem, so a test of the S-wave
alone cannot be conclusive.

The CLEO collaboration [20] has attempted to
overcome the latter difficulty. Using their high pu-
rity sample of ∼ 60, 000 events, they proceeded in the
same way as E791, interpolating the S-wave between
discrete values of s, while parametrizing the P - and

FIG. 6: (a) Phase and (b) magnitude of the decay am-
plitude F0(s) at 38 discrete values of s (squared invariant
mass of the K−π+ systems from D0

→ K−π+π+ decays
taken from Ref. [22]. The LASS model in Eq. (2), shifted
by −75◦ and scaled to the region where s > 1.2 (GeV/c2)2

is shown as the blue, continuous curve.

D-waves as above. Their results were very similar.
They then fixed the S-wave and, using a similar pro-
cedure, fit the P−wave parametrized in the same way.
Then they repeated this for the D-wave. In each step,
only one wave was allowed to float with the others
fixed.

This procedure can converge only by simultaneously
floating all waves at once, and this was not done. Also,
the phases have to be defined in some part of the phase
space (as little as possible) in order for this to work.

It seems that a truly model-independent measure-
ment of the S-wave decay amplitudes in these hadron
decays is desirable, but has yet to be made, and will
probably need to await the much larger data samples
of the B factories, BES or the Panda experiment.

3. I-spin Analysis by the FOCUS Collaboration

Using a sample of about 50, 000 events with 96%
purity, the FOCUS collaboration used the K-matrix
method to separate I = 1/2 and I = 3/2 production
for this decay [19].

The P - and D-waves were described as in Eqs. (7)
and (8), however, the S-wave amplitude F0(s) in
Eq. (6) was replaced by the sum of two terms, one
for each I-spin. Each was described by

Ff (s) = (I − iρK(s))−1
fkPk(s) (9)

Tkf (s) = (I − iρK(s))−1
ki Kif (s) (10)

Qf(s) = K−1
fk (s)Pk(s). (11)

Here, the amplitudes F , T , P and Q were introduced
for each I-spin and their indices K and f labelled in-
termediate and final states (1 = Kπ, 2=η′K). The
production vector Pk(s) describing the couplings of
the D decay to the two intermediate states was de-



6 Proceedings of the CHARM 2007 Workshop, Ithaca, NY, August 5-8, 2007

scribed by parameters obtained from the fit, and ρkf

was the phase space matrix for the two channels.
Real values for all elements of the K matrices (2×2

for I = 1/2 and 1 × 1 for I = 3/2) were determined
by a fit to the LASS measurements of T .

The fit required a very large contribution from
the I = 3/2 S-wave (40.50%) interfering destruc-
tively with I = 1/2 (207.25%) giving a total S-wave
(83.23%).

The phases of the resulting decay amplitudes, F (s),
are shown in Fig. 7, with the K-matrix fit to the
LASS elastic scattering data for I = 1/2 superim-
posed. The phase of the total amplitude F (s), similar
to that found by E791 and by CLEOc, differs signif-
icantly from the LASS I = 1/2 data. The I = 1/2
component is shown alone in Fig. 7(b) and shows bet-
ter agreement.

The parametrization of the production vector was
chosen specifically to allow an s-dependence in its
phase, thereby allowing a deviation from the Wat-
son theorem. Some deviations are, indeed, evident
in Fig. 7(b), as the invariant mass approaches the
K∗

0 (1430) region. It is possible that this is due to
the K∗

0 (1430) pole and the onset of effects from the
Kη′ channel. However, another interpretation may be
possible. The phase shown in this figure is shifted by
an arbitrary amount to achieve good agreement at the
lower invariant masses. Were a different shift in phase
applied, agreement would, in fact, be good at the high
invariant mass end and poor at low mass, consistent
with our expectation number 4.

This analysis attempted to make a valid comparison
between scattering and decay. It appears premature,
however, to conclude that the Watson theorem works
for these hadronic decays especially because the same
is not required for the P - nor D-waves in this analysis.

V. ππ PRODUCTION FROM HEAVY
QUARK MESON DECAYS

Decays of D+ → π−π+π+ result in S-wave en-
riched π+π− systems. Unfortunately, these decays are
Cabibbo suppressed. Another decay rich in S-wave
content is D0 → K0π+π−. This is partly Cabibbo
favoured and partly doubly suppressed, so is some-
what complex with many resonances contributing.
Consequently, model-independent analyses of these
decays have yet to be attempted.

A. D
+

→ π
−

π
+

π
+ Decays

The largest sample yet studied comes from the
CLEO experiment [23]. It consists of only about 4, 000
events with a purity of ∼ 95%. It has been used to
test a variety of models.

An isobar model fit to the Dalitz plot confirms, as
does a similar analysis by FOCUS [24], the E791 col-
laboration conclusion [25] that structure in the low
mass π+π− system is well described by a scalar σ(500)
Breit Wigner destructively interfering with a constant
NR amplitude. The fit obtained was of marginal qual-
ity.

CLEO tried several variations on the isobar model.
They included an I = 2 π+π+ S-wave contribution,
slightly improving the fit quality. They also tried vari-
ations of ππ S-wave isobar model. In one, as suggested
in Ref. [26], they replaced the σ Breit-Wigner by a
simple pole

1/(m2
0 − s− im0Γ) → 1/(s0 − s) (12)

where s0 = (0.47 − 0.22i). Other S-wave models
used were an amplitude based on the linear sigma
model [27] and an amplitude derived by N.Achamov
described in the CLEO paper Ref. [23]. All models
provided fits to the data slightly more acceptable than
the isobar model, but no clear distinction was obvious.

B. D
0

→ K
0
π

+
π

− Decays

Isobar model fits to large samples have been made
by BABAR [4] and Belle [5] collaborations. They each
require two σ states in the π+π S-wave, one similar
to that found in isobar fits to the previous channel
by E791, FOCUS and CLEOc, and the other at a
mass of ∼ 1.0 GeV/c2. Both collaborations have also
used K-matrix parametrizations of the S-wave π+π−

amplitude, obtaining slightly better fits. These fits
involve no assumptions about σ states, and they do
enforce the Watson theorem in this system. However,
the other waves are those defined by the isobar model,
with no such constraint. None of the fits so far pub-
lished have acceptable quality.

Further progress in this system may come from the
larger data samples form the B factories, or from the
next generation of charm factories.

C. Other Channels

A number of B and D decays in which Kπ systems
are produced have now been published. A compari-
son between the general characteristics of the S-wave
amplitudes observed and those of the LASS scattering
data are summarized in Table II [9]. The two exam-
ples above are included and represent the best exam-
ples of the validity of the Watson theorem. Hope-
fully, an underlying pattern for these characteristics
will eventually emerge, provided that such decays are
studied with this goal in mind. Any pattern is cer-
tainly not yet evident.
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FIG. 7: Decay amplitudes for K−π+ systems from D+
→ K−π+π+ decays from Ref. [19] for a(a) the total S-wave and

(b) the I = 1/2 contribution. The black bands correspond to one standard deviation limits about the central fit in each
of the amplitudes. Scattering amplitudes from a K-matrix fit to the LASS data [8] are shown as red continuous lines.

TABLE II: Qualitative comparison between Kπ S-wave
decay amplitude F0(s) and the LASS Model in a variety of
cases studied. Three characteristics are compared. The S-
P relative phase at the K∗(890) mass. The observed value
minus that observed in LASS data, ∆φSP , is tabulated to
the nearest 15◦). The general shape of |F0(s)| for s values
both below and above s0 = 1.0 GeV/c2 are also tabulated.

Decay Process φ
◦

SP |F0| |F0|

approx s<s0 s>s0

B0
→ J/ψK+π− [17] +180 Poorly Similar

defined to LASS

B+
→ K+π−π+ [28] 0 Unknown Similar

to LASS

B+
→ K+π−ρ [29] +180 Unknown Unknown

D0
→ K−K+π0 [30] −90 Similar Similar

to LASS to LASS

D+
→ K−π+π+ [22] −75 Very Similar

different to LASS

D+
s → K−K+π+

−90 Similar Similar

to LASS to LASS

D+
→ K−π+ℓν [16] 0 Similar Similar

to LASS to LASS

VI. CONCLUSIONS

The most reliable data on S-wave amplitudes are
still those from LASS or CERN-Munich data on elas-

tic scattering. Data at the lowest energies, however,
are somewhat sparse. It would surely help in the un-
derstanding of the pole structure relevant to the firm
establishment of existence or otherwise of light scalar
κ(800) or σ(500) states to improve on this situation. It
is difficult, at present, to see how hadronic decays ofD
or B mesons will help since I-spin considerations, and
uncertainties in the D form-factor, make such mea-
surements difficult. It appears, therefore, that such
information is most likely to come from high statis-
tics studies of D semi-leptonic decays, or decays of B
mesons to J/ψK+π− (or J/ψπ+π−) from BABAR or
Belle or the new facilities in BES or Darmstadt.

Progress in understanding ways to parametrize the
S-wave decay amplitudes in Dalitz plot analyses is
slow, but the body of information is growing. The
prize could be less systematic uncertainty resulting
from model dependence of such analyses in measure-
ments of important phenomena such as D0-D0 mixing
or of the CKM angle γ.

A positive trend is that more techniques beyond
the isobar model, with its known problems and strong
model-dependence, are being developed.
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K-matrix and Dalitz plot analysis from FOCUS
S. Malvezzi
I.N.F.N Sezione di Milano Bicocca, Piazza della Scienza 3, 20126 Milano, Italy

Dalitz analysis is a powerful tool for physics studies within and beyond the Standard Model. In the last decade
it has helped to investigate the Heavy Flavor hadronic decay dynamics and is now being applied to extract
angles of the CKM Unitarity triangle. To perform such sophisticate analyses we need to model the strong
interaction effects. The FOCUS experiment has performed pilot studies in the charm sector through the K-

matrix formalism. What has been learnt from charm will be beneficial for future accurate beauty measurements.
Experience and results from FOCUS are presented and discussed.

1. Introduction

Over the last years we have seen a resurrection of
Dalitz plot analyses in modern Heavy Flavor experi-
ments. This analysis tool, first applied in the charm
sector, has more recently become a standard tech-
nique, used for sophisticated studies and searches for
new physics in the beauty sector. Paradigmatic exam-
ples are B → ρπ and B → D(∗)K(∗) for the extraction
of the α and γ angles of the Unitarity Triangle. In-
deed, the road to go from the detected final states
to the intermediate resonances can be rather insid-
ious and complications arise in both decays. More
precisely, the extraction of α in B → ρπ means, op-
eratively, selecting and filtering the desired interme-
diate states among all the possible (ππ)π combina-
tions, e.g. σπ, f0(980)π etc. The extraction of γ
in B → D(∗)K(∗) requires, in turn, modeling the D
amplitudes. This poses the problem of how to deal
with strong-dynamics effects, in particular those re-
garding the scalar mesons. The ππ and Kπ S-wave
are characterized by broad, overlapping states: uni-
tarity is not explicitly guaranteed by a simple sum of
Breit–Wigner functions. In addition, independently of
the nature of the σ, it is not a simple Breit–Wigner.
The f0(980) is a Flatté-like function, and its lineshape
parametrization needs a precise determination of KK
and ππ couplings. Recent analyses of CP violation
in the B → DK channel from the beauty factories
have used the Cabibbo-favored mode Ksπ

+π−, which
is common to both D0 and D̄0. A set of 16 two-
body resonances had to be introduced to describe the
(Kπ)π and Ks(ππ) states in the D0 amplitude: two
ad hoc resonances were required to reproduce the ex-
cess of events in the ππ spectrum, one at the low-mass
threshold, the other at 1.1GeV2. Masses and widths
of the two states, named σ1 and σ2, were fitted to the
data themselves and found to be Mσ1 = 484± 9MeV,
Γσ1 = 383±14 and Mσ2 = 1014±7MeV, Γσ2 = 88±13
in BaBar [1] and Mσ1 = 519± 6 MeV, Γσ1 = 454± 12
Mσ2 = 1050±8MeV, Γσ2 = 101±7 in Belle [2]. These
scalars were invoked with no reference to those found
in other processes, in particular scattering data, and
with no assumption as to the correctness of the physics
the model embodies. This procedure of “effectively”

fitting data invites a word of caution on estimating
the systematics of these measurements. A question
then naturally arises: in the era of precise measure-
ments, do we know sufficiently well how to deal with
strong-dynamics effects in the analyses?

We have faced parametrization problems in the
FOCUS experiment and learnt that many difficul-
ties are already known and studied in different fields
of physics, such as nuclear and intermediate-energy
physics, where broad, multi-channel, overlapping res-
onances are treated in the K-matrix formalism. The
effort we have had to make mainly consisted in build-
ing a bridge of knowledge and language to reach the
high-energy community; our pioneering work in the
charm sector might inspire future accurate studies in
the beauty sector.

2. The K-matrix and P-vector formalism

A formalism for studying overlapping and many-
channel resonances was proposed long ago and is
based on the K-matrix [3, 4] parametrization. The
K-matrix formalism provides a direct way of imposing
the two-body unitarity constraint, which is not explic-
itly guaranteed in the simple sum of Breit-Wigners,
here referred to as the isobar model. Minor unitar-
ity violations are expected for narrow, isolated reso-
nances but more severe ones exist for broad, overlap-
ping states. This is the real advantage of the K-matrix

approach: it heavily simplifies the formalization of any
scattering problem since the unitarity of the S matrix
is automatically encoded.

Originating in the context of two-body scattering,
the formalism can be generalized to cover the case of
production of resonances in more complex reactions
[5], with the assumption that the two-body system
in the final state is an isolated one and that the two
particles do not simultaneously interact with the rest
of the final state in the production process [4]. The
validity of the assumed quasi two-body nature of the
process of the K-matrix approach can only be verified
by a direct comparison of the model predictions with
data. In particular, the failure to reproduce the Dalitz

http://arxiv.org/abs/0710.0138v2
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plot distribution could be an indication of the presence
of relevant, neglected three-body effects.

3. The FOCUS results

3.1. The three pion analysis

The FOCUS collaboration has implemented the K-
matrix approach in the Ds and D+ → π+π−π+ anal-
yses. It was the first application of this formalism in
the charm sector. Results and details can be found in
[6]. Here I only reprodece plots of the final results. In
Fig. 1 and Fig. 2 the Dalitz-plot projections are shown
for Ds and D+ into three pions.
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Figure 1: FOCUS D+
s Dalitz-plot projections with fit re-

sults superimposed. The background shape under the signal

is also shown.
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Figure 2: FOCUS D+
Dalitz-plot projections with fit re-

sults superimposed. The background shape under the signal

is also shown.

In Fig. 3 the FOCUS adaptive binning schemes for
D+

s and D+ are plotted. In this model [5], the pro-
duction process, i.e, the D decay, can be viewed as
consisting of an initial preparation of states, described
by the P-vector, which then propagates according to
(I − iKρ)−1 into the final one. The K-matrix here
is the scattering matrix and is used as fixed input in
our analysis. Its form was inferred by the global fit
to a rich set of data performed in [7]. It is interest-
ing to note that this formalism, beside restoring the
proper dynamical features of the resonances, allows
for the inclusion in D decays of the knowledge coming
from scattering experiments, i.e, an enormous amount
of results and science. No re-tuning of the K-matrix

parameters was needed. The confidence levels of the
final fits are 3.0% and 7.7% for the Ds and D+ re-
spectively. The results were extremely encouraging
since the same K-matrix description gave a coherent
picture of both two-body scattering measurements in
light-quark experiments as well as charm-meson de-
cay. This result was not obvious beforehand. Fur-
thermore, the same model was able to reproduce fea-
tures of the D+ → π+π−π+ Dalitz plot that would
otherwise require an ad hoc σ resonance. The bet-
ter treatment of the S-wave contribution provided by
the K-matrix model was able reproduce the low-mass
π+π− structure of the D+ Dalitz plot. This suggests
that any σ-like object in the D decay should be con-
sistent with the same σ-like object measured in π+π−

scattering.
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Figure 3: Ds and D+
adaptive binning Dalitz-plots for the

three pion FOCUS K-matrix fit.

Further considerations and conclusions from the
FOCUS three-pion analysis were limited by the sam-
ple statistics, i.e. 1475 ± 50 and 1527 ± 51 events for
Ds and D+ respectively. We considered mandatory
to test the formalism at higher statistics. This was
accomplished by the D+ → K−π+π+ analysis.

3.2. The D
+

→ K
−

π
+

π
+

The recent FOCUS study of the D+ → K−π+π+

channel uses 53653 Dalitz-plot events with a signal
fraction of ∼ 97%, and represents the highest statis-



Proceedings of the CHARM 2007 Workshop, Ithaca, NY, August 5-8, 2007 3

tics, most complete Dalitz plot analysis for this chan-
nel. Invariant mass and Dalitz plot are shown in Fig.4.
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Figure 4: The D+
→ K−π+π+ Dalitz plot (left) and mass

distribution (right): signal and sideband regions are indi-
cated in red and blue respectively. The sidebands are at
±(6–8) σ from the peak.

Details of the analysis are in [8].
An additional complication in the Kπ system comes

from the presence in the S-wave of the two isospin
states, I = 1/2 and I = 3/2. Although only the
I = 1/2 is dominated by resonances, both isospin
components are involved in the decay of the D+ me-
son into K−π+π+. A model for the decay amplitudes
of the two isospin states can be constructed from the
2 × 2 K-matrix describing the I = 1/2 S-wave scat-
tering in (Kπ)1 and (Kη′)2 (with the subscripts 1
and 2, respectively, labelling these two channels), and
the single-channel K-matrix describing the I = 3/2
K−π+ → K−π+ scattering.

The K-matrix form we use as input describes the S-
wave K−π+ → K−π+ scattering from the LASS ex-
periment [9] for energy above 825 MeV and K−π− →
K−π− scattering from Estabrooks et al. [10]. The
K-matrix form follows the extrapolation down to the
Kπ threshold for both I = 1/2 and I = 3/2 S-wave
components by the dispersive analysis by Büttiker et
al. [11], consistent with Chiral Perturbation Theory
[12]. The complete form is given below in Eqs. (4-5)
with the parameters listed in Table I [13].

The total D-decay amplitude can be written as

M = (F1/2)1(s) + F3/2(s) +
∑

j

aj eiδj B(abc|r), (1)

where s = M2(Kπ), (F1/2)1 and F3/2 represent the

I = 1/2 and I = 3/2 decay amplitudes in the Kπ
channel, j runs over vector and spin-2 tensor reso-
nances 1, and B(abc|r) are Breit–Wigner forms. The
J > 0 resonances should, in principle, be treated in

1Higher spin resonances have been tried in the fit with both
formalisms but found to be statistically insignificant.

the same K-matrix formalism. However, the contri-
bution from the vector wave comes mainly from the
K∗(892) state, which is well separated from the higher
mass K∗(1410) and K∗(1680), and the contribution
from the spin-2 wave comes from K∗

2 (1430) alone.
Their contributions are limited to small percentages,
and, as a first approximation, they can be reasonably
described by a simple sum of Breit–Wigners. More
precise results would require a better treatment of
the overlapping K∗(1410) and K∗(1680) resonances
as well. In accord with SU(3) expectations, the cou-
pling of the Kπ system to Kη is supposed to be sup-
pressed. Indeed we find little evidence that it is re-
quired. Thus F1/2 is actually a vector consisting of
two components: the first accounting for the descrip-
tion of the Kπ channel, the second of the Kη′ chan-
nel: in fitting D+ → K−π+π+ we need, of course, the
(F1/2)1 element. Its form is

(F1/2)1 = (I − iK1/2ρ)−1
1j (P1/2)j , (2)

where I is the identity matrix, K1/2 is the K-matrix

for the I = 1/2 S-wave scattering in Kπ and Kη′, ρ
is the corresponding phase-space matrix for the two
channels [4] and (P1/2)j is the production vector in
the channel j.

The form for F3/2 is

F3/2 = (I − iK3/2ρ)−1P3/2, (3)

where K3/2 is the single-channel scalar function de-

scribing the I = 3/2 K−π+ → K−π+ scattering, and
P3/2 is the production function into Kπ.

Fitting of the real and imaginary parts of the
K−π+ → K−π+ LASS amplitude, shown in Fig. 5,
and using the predictions of Chiral Perturbation The-
ory to continue this to threshold, gives the K-matrix
parameters in Table I.

Figure 5: Real and imaginary K−π+
→ K−π+ ampli-

tudes from the LASS experiment and their K-matrix fit
results.

The I = 1/2 K-matrix is a single-pole, two-channel
matrix whose elements are given in Eq. (4).
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K11 =

(

s−s0 1
2

snorm

)(

g1 · g1

s1 − s
+ C110 + C111s̃ + C112s̃

2

)

K22 =

(

s−s0 1
2

snorm

)(

g2 · g2

s1 − s
+ C220 + C221s̃ + C222s̃

2

)

K12 =

(

s−s0 1
2

snorm

)(

g1 · g2

s1 − s
+ C120 + C121s̃ + C122s̃

2

)

,

(4)

where the factor of snorm = m2
K + m2

π is conve-
niently introduced to make the individual terms in
the above expression dimensionless. g1 and g2 are
the real couplings of the s1 pole to the first and the
second channel respectively. s0 1

2
= 0.23 GeV2 is the

position of the Adler zero in the I = 1/2 ChPT elas-
tic scattering amplitude 2. C11i, C22i and C12i for
i = 0, 1, 2 are the three coefficients of a second or-
der polynomial for the diagonal and off-diagonal el-
ements of the symmetric K-matrix. Polynomials are
expanded around s̃ = s/snorm − 1. This form gener-
ates an S-matrix pole, which is conventionally quoted
in the complex energy plane as E = M − iΓ/2 =
1.408 − i0.110 GeV. Any more distant pole than
K∗

0 (1430) is not reliably determined as this simple
K-matrix expression does not have the required an-
alyticity properties. Nevertheless, it is an accurate
description for real values of the energy, where scat-
tering takes place. Numerical values of the terms in
Eq. (4) are reported in Table I.

The I = 3/2 K-matrix is given in Eq. (5). Its form
is derived from a simultaneous fit to LASS data [9]
and to K−π− → K−π− scattering data [10]. It is a
non-resonant, single- channel scalar function.

K3/2 =

(

s − s0 3
2

snorm

)

(

D110 + D111s̃ + D112s̃
2
)

. (5)

In Eq. (5) s0 3
2

= 0.27 GeV2 is the Adler zero position

in the I = 3/2 ChPT elastic scattering and the values
of the polynomial coefficients are D110 = −0.22147,
D111 = 0.026637, and D112 = −0.00092057 [13].

When moving from scattering processes to D-
decays, the production P-vector has to be introduced.
While the K-matrix is real, P-vectors are in general
complex reflecting the fact that the initial coupling
D+ → (K−π+)π+

spectator need not be real. The P-
vector has to have the same poles as the K-matrix,
so that these cancel in the physical decay amplitude.
Their functional forms are:

2Chiral symmetry breaking demands an Adler zero in the
elastic S-wave amplitudes in the unphysical region. ChPT at
next-to-leading order fixes these positions s0I [11, 12].

(P1/2)1 =
βg1e

iθ

s1 − s
+ (c10 + c11ŝ + c12ŝ

2)eiγ1 (6)

(P1/2)2 =
βg2e

iθ

s1 − s
+ (c20 + c21ŝ + c22ŝ

2)eiγ2 (7)

P3/2 = (c30 + c31ŝ + c32ŝ
2)eiγ3 . (8)

βeiθ is the complex coupling to the pole in the ‘ini-
tial’ production process, g1 and g2 are the couplings as
given by Table I. The Kπ mass squared sc = 2 GeV2

corresponds to the center of the Dalitz plot. It is con-
venient to choose this as the value of s about which
the polynomials of Eqs. (6-8) are expanded, by defin-
ing ŝ = s− sc. The polynomial terms in each channel
are chosen to have a common phase γi to limit the
number of free parameters in the fit and avoid uncon-
trolled interference among the physical background
terms. Thus, the coefficients of the second order poly-
nomial, cij , are real. Coefficients and phases of the P-

vectors, except g1 and g2, are the only free parameters
of the fit determining the scalar components.

Free parameters for vectors and tensors are am-
plitudes and phases (ai and δi). Kπ scattering de-
termines the parameters of the K-matrix elements
and these are fixed inputs to this D decay analysis.
Table II reports our K-matrix fit results. It shows
quadratic terms in (P1/2)1 are significant in fitting
data, while in both (P1/2)2 and P3/2 constants are
sufficient.

The J > 0 states required by the fit are listed in
Table III.

The S-wave component accounts for the dominant
portion of the decay (83.23 ± 1.50)%. A significant
fraction, 13.61 ± 0.98%, comes, as expected, from
K∗(892); smaller contributions come from two vec-
tors K∗(1410) and K∗(1680) and from the tensor
K∗

2 (1430). It is conventional to quote fit fractions for
each component and this is what we do. Care should
be taken in interpreting some of these since strong
interference can occur. This is particularly apparent
between contributions in the same-spin partial wave.
While the total S-wave fraction is a sensitive measure
of its contribution to the Dalitz plot, the separate fit
fractions for I = 1/2 and I = 3/2 must be treated
with care. The broad I = 1/2 S-wave component
inevitably interferes strongly with the slowly varying
I = 3/2 S-wave, as seen for instance in [14]. Fit re-
sults on the projections are re shown in Fig. 6. The
corresponding adaptive binning scheme is at the top
of Fig. 7 .

The fit χ2/d.o.f is 1.27 corresponding to a confi-
dence level of 1.2%. If the I = 3/2 component is
removed from the fit, the χ2/d.o.f worsens to 1.54,
corresponding to a confidence level of 10−5.
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Table I Values of parameters for the I = 1/2 K-matrix.

pole (GeV2) coupling (GeV) C11i C12i C22i

s1 = 1.7919

g1 = 0.31072

g2 = −0.02323

C110 = 0.79299 C120 = 0.15040 C220 = 0.17054

C111 = −0.15099 C121 = −0.038266 C221 = −0.0219

C112 = 0.00811 C122 = 0.0022596 C222 = 0.00085655

Table II S-wave parameters from the K-matrix fit to the FOCUS D+
→ K−π+π+ data. The first error is statistic,

the second error is systematic from the experiment, and the third is systematic induced by model input parameters for
higher resonances. Coefficients are for the unnormalized S-wave.

coefficient phase (deg)

β = 3.389 ± 0.152 ± 0.002 ± 0.068 θ = 286 ± 4 ± 0.3 ± 3.0

c10 = 1.655 ± 0.156 ± 0.010 ± 0.101 γ1 = 304 ± 6 ± 0.4 ± 5.8

c11 = 0.780 ± 0.096 ± 0.003 ± 0.090

c12 = −0.954 ± 0.058 ± 0.0015 ± 0.025

c20 = 17.182 ± 1.036 ± 0.023 ± 0.362 γ2 = 126 ± 3 ± 0.1 ± 1.2

c30 = 0.734 ± 0.080 ± 0.005 ± 0.030 γ3 = 211 ± 10 ± 0.7 ± 7.8

Total S-wave fit fraction = 83.23 ± 1.50 ± 0.04 ± 0.07 %

Isospin 1/2 fraction = 207.25 ± 25.45 ± 1.81 ± 12.23 %

Isospin 3/2 fraction = 40.50 ± 9.63 ± 0.55 ± 3.15 %

Table III Fit fractions, phases, and coefficients for the J > 0 components from the K-matrix fit to the FOCUS D+
→

K−π+π+ data. The first error is statistic, the second error is systematic from the experiment, and the third error is
systematic induced by model input parameters for higher resonances.

component fit fraction (%) phase δj (deg) coefficient

K∗(892)π+ 13.61 ± 0.98 0 (fixed) 1 (fixed)

± 0.01 ± 0.30

K∗(1680)π+ 1.90 ± 0.63 1 ± 7 0.373 ± 0.067

± 0.009 ± 0.43 ± 0.1 ± 6 ± 0.009 ± 0.047

K∗
2 (1430)π+ 0.39 ± 0.09 296 ± 7 0.169 ± 0.017

± 0.004 ± 0.05 ± 0.3 ± 1 ± 0.010 ± 0.012

K∗(1410)π+ 0.48 ± 0.21 293 ± 17 0.188 ± 0.041

± 0.012 ± 0.17 ± 0.4 ± 7 ± 0.002 ± 0.030

These results can be compared with those obtained
in the effective isobar model, which can serve as the
standard for fit quality. Projections are shown in
Fig. 8 and the adaptive binning scheme at the bot-
tom of Fig. 7.

Two ad hoc scalar resonances are required, of mass
856± 17 and 1461± 4 and width 464± 28 and 177± 8
MeV/c2 respectively. A detailed discussion of the re-
sults and the systematics can be found in [8]. The
results of the K-matrix fit showed that a consistent
representation with scattering is possible, the global
fit quality being indeed good. However, it deteriorates

at higher Kπ mass. This is not surprising since our
K-matrix treatment only includes two channels Kπ
and Kη′. While we have reliable information on the
former channel, we have relatively poor constraints
on the latter. This means that as we consider Kπ
masses far above Kη′ threshold, these inadequacies
in the description of the Kη′ channel become increas-
ingly important. This is expected to become worse as
yet further inelastic channels open up. Consequently,
improvements could be made by using a number of
D-decay chains with Kπ final state interactions and
inputting all these in one combined analysis in which
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Figure 6: The Dalitz plot projections with the K-matrix

fit superimposed. The background shape under the signal
is also shown.

several inelastic channels are included in the K-matrix

formalism. In the present single D+ → K−π+π+

channel, adding further inelastic modes would be just
adding free unconstrained parameters for which there
is little justification. It is interesting to note that
the adaptive binning scheme shows that both the K-
matrix and the isobar fit are not able to reproduce
data well in the region at 2 GeV2, in the vicinity of
the Kη′ threshold. It is also the energy domain where
higher spin states live. Vector and tensor fit param-
eters in the two models are in very good agreement:
we do not exclude the possibility that a better treat-
ment of these amplitudes could improve the χ2. Some
isolated spots of high χ2 could be caused by an im-
perfect modeling of the efficiency as they are in the
same regions in both fits.

A feature of the K-matrix amplitude analysis is that
it allows an indirect phase measurement of the sep-
arate isospin components: it is this phase variation
with isospin I = 1/2 which should be compared with
the same I = 1/2 LASS phase, extrapolated from 825
GeV down to threshold according to Chiral Perturba-
tion Theory. This is done in the right plot of Fig. 9. In
this model [5] the P-vector allows for a phase variation
accounting for the interaction with the third particle
in the process of resonance formation. It so happens
that the Dalitz fit gives a nearly constant production
phase. The two phases in Fig. 9b) have the same
behaviour up to ∼ 1.1 GeV. However, approaching
Kη′ threshold, effects of inelasticity and differing fi-
nal state interactions start to appear.

The difference between the phases in Fig. 9a) is due
to the I = 3/2 component.

These results are consistent with Kπ scattering
data, and consequently with Watson’s theorem pre-
dictions for two-body Kπ interactions in the low Kπ
mass region, up to ∼ 1.1 GeV, where elastic processes
dominate. This means that possible three-body in-
teraction effects, not accounted for in the K-matrix

parametrization, play a marginal role.
Our results for the total S-wave are in general agree-

ment with those from the E791 analysis, in which the
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1

1.25

1.5

1.75

2

2.25

2.5

2.75

3

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Cut   = 20
Bins  = 175

χ2<1

1>χ2<2

2>χ2<3

3>χ2<4

χ2>4

χ2tot
Free Par
DOF
CL
χ2/dof

= 202.114
= 16
= 159
= 1.18E-02
=   1.271

Adaptive binning and χ2 contributions for dp to kpp (data)

1

1.25

1.5

1.75

2

2.25

2.5

2.75

3

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Cut   = 20
Bins  = 173

χ2<1

1>χ2<2

2>χ2<3

3>χ2<4

χ2>4

χ2tot
Free Par
DOF
CL
χ2/dof

= 184.150
= 16
= 157
= 6.83E-02
=   1.173

Figure 7: The adaptive binning schemes corresponding to
the K-matrix (top) and isobar (bottomt) fits.

S-wave modulus and phase were determined in each
Kπ slice [15], [16]. What does this analysis contribute
to the discussion of the existence and parameters of
the κ? We know from analysis [17] of the LASS data
(which in K−π+ scattering only start at 825 MeV)
there is no pole, the κ(900), in its energy range. How-
ever, below 800 MeV, deep in the complex plane, there
is very likely such a state. Its precise location re-
quires a more sophisticated analytic continuation onto
the unphysical sheet than the K-matrix representation
provided here. This is because of the need to approach
close to the crossed channel cut, which is not correctly
represented for a robust analytic continuation. How-
ever, our K-matrix representation fits along the real
energy axis inputs on scattering data and Chiral Per-
turbation Theory in close agreement with those used
in the analysis by Descotes-Genon and Moussallam
[18] that locates the κ with a mass of (658± 13) MeV
and a width of (557±24) MeV by careful continuation.
These pole parameters are quite different from those
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Figure 8: Dalitz plot projections with our isobar fit super-
imposed. The background shape under the signal is also
shown.
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Figure 9: Comparison between the LASS I = 1/2 phase +
ChPT (continous line) and the F-vector phases (with ±1σ

statical error bars); a) total F-vector phase; b) I = 1/2 F-

vector phase. The vertical dashed line shows the location
of the Kη′.

implied by the simple isobar fits. We have thus shown
that whatever κ is revealed by our D+ → K−π+π+

results, it is the same as that found in scattering data.
Consequently, our analysis supports the conclusions of
[18] and [19].

4. Conclusions

Dalitz-plot analysis represents a unique, powerful
and promising tool for studying the Heavy Flavor de-
cay dynamics. There is a recent, vigorous effort to
perform amplitude analysis: a more robust formalism
has been implemented, many channels have been in-
vestigated. The beauty community can benefit from
charm experience and expertise. The high statistic
D+ → K−π+π+ from FOCUS showed us that D-
decay can also teach us about Kπ interaction much

closer to threshold than the older scattering results.
This serves as a valuable check from experiment [20]
of the inputs to the analyses of [18] and [19] based
largely on theoretical considerations. Dalitz-plot anal-
ysis will definitely keep us company over the next few
years. There will be a lot of work for both experimen-
talists and theorists alike: synergy will be invaluable.
Some complications have already emerged, especially
in the charm field, others, unexpected, will only be-
come clearer when we delve deeper into the beauty
sector. Bs will be a completely new chapter. The
analysis is challenging but there are no shortcuts to-
ward ambitious and high-precision studies and, ulti-
mately, to New Physics searches.
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Leptonic and semileptonic D and Ds decays at B-factories

L. Widhalm (Belle collaboration)
Institute of High-Energy Physics, Austrian Academy of Sciences, Vienna 1050, Austria

Recent measurements of branching fractions, form factors and decay constants of leptonic and
semileptonic decays of D(s)-mesons acquired at experiments running at the Υ (4S) resonance energy
are reviewed.

I. INTRODUCTION

One of the important goals of particle physics is
the precise measurement and understanding of the
Cabibbo-Kobayashi-Maskawa (CKM) Matrix. To in-
terpret results from B-factory experiments such as
BABAR [1] and Belle [2], theoretical calculations of
form factors and decay constants (usually based on
lattice gauge theory, see e.g. [3]) are needed. It is nec-
essary to have accurate measurements in the charm
sector to check (and allow further tuning of) theoret-
ical methods and predictions.

Due to their relative abundance and simplified the-
oretical treatment, (semi)leptonic decays of D or Ds

mesons are a favored means of determining the weak
interaction couplings of quarks within the standard
model.

This review concentrates on experimental results for
such decays achieved at experiments running at the
Υ (4S) resonance threshold, namely the BABAR and
Belle experiments. It uses adapted excerpts from the
cited Belle and BABAR publications.

II. THE EXPERIMENTS

The BABAR detector [1] reconstructs charged parti-
cles by matching hits in the 5-layer double-sided sili-
con vertex tracker (SVT) with track elements in the
40-layer drift chamber (DCH), which is filled with a
gas mixture of helium and isobutane. Slow particles
which do not leave enough hits in the DCH due to
the bending in the 1.5-T magnetic field, are recon-
structed in the SVT. Charged hadron identification is
performed combining the measurements of the energy
deposition in the SVT and in the DCH with the in-
formation from the Cherenkov detector (DIRC). Pho-
tons are detected and measured in the CsI(Tl) electro-
magnetic calorimeter (EMC). Electrons are identified
by the ratio of the track momentum to the associated
energy deposited in the EMC, the transverse profile
of the shower, the energy loss in the DCH, and the
Cherenkov angle in the DIRC. Muons are identified
in the instrumented flux return, composed of resis-
tive plate chambers interleaved with layers of steel and
brass.

The Belle detector [2] is a large-solid-angle magnetic
spectrometer that consists of a silicon vertex detector

(SVD), a 50-layer central drift chamber (CDC), an ar-
ray of aerogel threshold Cherenkov counters (ACC),
a barrel-like arrangement of time-of-flight scintillation
counters (TOF), and an electromagnetic calorimeter
comprised of CsI(Tl) crystals (ECL) located inside a
superconducting solenoid coil that provides a 1.5 T
magnetic field. An iron flux-return located outside of
the coil is instrumented to detect K0

L mesons and to
identify muons (KLM). The detector is described in
detail elsewhere [2]. Two inner detector configurations
were used. A 2.0 cm beampipe and a 3-layer silicon
vertex detector were used for the first sample of 156
fb−1, while a 1.5 cm beampipe, a 4-layer silicon de-
tector and a small-cell inner drift chamber were used
to record the remaining 392 fb−1 [4].

III. SEMILEPTONIC DECAYS TO SCALAR
MESONS

Form factors from D meson semileptonic decay have
been calculated using lattice QCD techniques [5, 6, 7].
In the theoretical description, the differential decay
width is dominated by the form factor f+(q2) [8],
where q2 is the invariant mass of the lepton pair. Up
to order m2

ℓ it is given by

dΓK(π)

dq2
=

G2
F |Vcs(d)|2
24π3

|fK(π)
+ (q2)|2p3

K(π) (1)

where pK(π) is the magnitude of the meson 3-

momentum in the D̄0
sig rest frame.

In the modified pole model [9], the form factor f+ is
described as

f+(q2) =
f+(0)

(1 − q2/m2
pole)(1 − αpq2/m2

pole)
, (2)

with the pole masses predicted as m(D∗

s) =
2.11 GeV/c2 (for D̄0

sig → K+ℓ−ν) and m(D∗) =

2.01 GeV/c2 (for D̄0
sig → π+ℓ−ν). Setting αp = 0

leads to the simple pole model [8].
A model independent description of the form factor

has been studied in [10]. The most general expres-
sions of the form factor f+(q2) are analytic functions
satisfying the dispersion relation:

f+(q2) =
Res(f+)q2=m2

D
∗

s

m2
D∗

s

− q2
+

1

π

∫

∞

t+

dt
ℑf+(t)

t − q2 − iǫ
. (3)
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The only singularities in the complex t ≡ q2 plane
originate from the interaction of the charm and the
strange quarks in vector states. They are a pole,
situated at the D∗

s mass squared and a cut, along
the positive real axis, starting at threshold (t+ =
(mD + mK)2) for D0K− production.

This cut t-plane can be mapped onto the open unit
disk with center at t = t0 using the variable:

z(t, t0) =

√
t+ − t −√

t+ − t0√
t+ − t +

√
t+ − t0

. (4)

In this variable, the physical region for the semilep-
tonic decay corresponds to the small (real) range be-
tween ±zmax = ±0.051. The z expansion of f+,

f+(t) ∝
∞
∑

k=0

ak(t0) zk(t, t0), (5)

is thus expected to converge quickly.

A. D → (K/π)(e/µ)ν(e/µ) at Belle

Belle has measured the absolute branching fractions
and form factors of D0 → K−l+νl and D0 → π−l+νl

(l = e, µ) [11], using a novel reconstruction method
with better q2 resolution than in previous experi-
ments. The analysis is based on data corresponding
to a total integrated luminosity of 282 fb−1.

To achieve good resolution in the neutrino mo-
mentum and q2, the D0 are tagged by fully recon-
structing the remainder of the event. The studied

events are of the type e+e− → D
(∗)
tagD

∗−

sig X {D∗−

sig →
D̄0

sigπ
−

s }, where X may include additional π±, π0,

or K± mesons (inclusion of charge-conjugate states

is implied throughout this paper). The D
(∗)
tag is re-

constructed in the modes D∗+ → D0π+, D+π0 and
D∗0 → D0π0, D0γ, with D+/0 → K−(nπ)++/+

{n = 1, 2, 3}. Each Dtag and D∗

tag candidate is sub-
jected to a mass-constrained vertex fit to improve the
momentum resolution. The 4-momentum of D∗−

sig is
found by energy-momentum conservation, assuming a

D
(∗)
tagD

∗−

sig X event. Its resolution is improved by sub-

jecting it to a fit of the X tracks and the D
(∗)
tag mo-

mentum, constrained to originate at the run-by-run
average collision point, while the invariant mass is con-
strained to the nominal mass of a D∗−. Candidates
for π−

s are selected from among the remaining tracks,
and for each the candidate D̄0

sig 4-momentum is calcu-

lated from that of the D∗−

sig and π−

s . The momentum is
then adjusted by a kinematic fit constraining the can-
didate mass to that of the D0. For this fit, the decay
vertex of the D̄0

sig has been estimated by extrapolat-

ing from the collision point in the direction of the D̄0
sig

momentum assuming the average decay length.
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FIG. 1: Belle: Form factors for (a) D0
→ K−ℓ+ν, in q2

bins of 0.067 GeV2/c2 and (b) D0
→ π−ℓ+ν, in q2 bins

of 0.3 GeV2/c2. Overlaid are the predictions of the simple
pole model using the physical pole mass (dashed), and a
quenched (yellow) and unquenched (purple) LQCD calcu-
lation. Each LQCD curve is obtained by fitting a parabola
to values calculated at specific q2 points. The shaded band
reflects the theoretical uncertainty and is shown within the
range of q2 for which calculations are reported.

Background lying under the D̄0
sig mass peak (i.e.

fake-D̄0
sig) is estimated using a wrong sign (WS) sam-

ple where the tag- and signal-side D candidates have
the same flavor (D̄tag instead of Dtag). A MC study

(including Υ (4S) → BB and continuum (qq̄, where
q = c, s, u, d) events [12, 13]) has found that this
sample can properly model the shape of background
except for a small contribution from real D̄0

sig decays

(≈ 2%) from interchange between particles used for
the tag due to particle misidentification. Background
from fake D̄0

sig is subtracted normalizing this shape

in a sideband region 1.84 − 1.85 GeV/c2, yielding
56461± 309stat ± 830syst signal D̄0

sig tags.

Within this sample of D̄0
sig tags, the semileptonic

decay D̄0
sig → K+(π+)ℓ−ν̄ is reconstructed with

K+(π+) and ℓ− candidates from among the remaining
tracks. The neutrino candidate 4-momentum is re-
constructed by energy-momentum conservation, and
its invariant mass squared, m2

ν , is required to satisfy
|m2

ν | < 0.05 GeV2/c4.

Multiple candidates still remain in one third of D̄0
sig

tags, and in about one quarter of the semileptonic
sample. In these cases all candidates are saved and
given equal weights such that each event has a total
weight of 1.
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TABLE I: Belle: Yields in data, estimated backgrounds, extracted signal yields and branching fractions, where for the
latter two, the first uncertainty is statistical and second is systematic; small differences in the numbers are due to
rounding.

channel full D
0

sig K+e−νe K+µ−νµ π+e−νe π+µ−νµ

yield 95250 1349 1333 152 141

fake D
0

sig 38789 12.6 12.2 12.3 12.5

semileptonic n/a 6.7 10.0 11.7 12.6

hadronic n/a 11.9 62.1 1.8 9.7

signal 56461 1318 1249 126 106

stat. error 309 37 37 12 12

syst. error 830 7 25 3 6

Branching Fraction (10−4) 345 ± 10 ± 19 345 ± 10 ± 21 27.9 ± 2.7 ± 1.6 23.1 ± 2.6 ± 1.9

(e and µ channels, average) 345 ± 7 ± 20 25.5 ± 1.9 ± 1.6

The contribution from fake D̄0
sig in the sample of

semileptonic decay candidates is estimated using the
D̄0

sig invariant mass WS shape of the D̄0
sig tag sam-

ple, normalized in the previously defined sideband
region. Backgrounds from semileptonic decays with
either an incorrectly identified meson or where ad-
ditional mesons are lost in reconstruction are highly
suppressed by the good neutrino mass resolution. For
D̄0

sig → π+ℓ−ν the most significant background is

D̄0 → K+ℓ−ν amounting to 6% − 8% of the to-
tal yield. It was estimated using the reconstructed
D̄0 → K+ℓ−ν decays in data, reweighted with the
(independently measured) probability of kaons to fake
pions. Smaller backgrounds from D̄0 → K∗+ℓ−ν and
D̄0 → ρ+ℓ−ν decays amounting to 0.8% − 0.9% were
measured by normalizing MC to data in the upper
sideband region m2

ν > 0.3 GeV2/c4, which is dom-
inated by these channels. For D̄0

sig → K+ℓ−ν, de-

cays of D̄0 → K∗+ℓ−ν contribute at the level of
0.5%−0.8%, measured using a sideband evaluation as
described above, while background from D̄0 → π+ℓ−ν
and D̄0 → ρ+ℓ−ν was found to be negligible (< 0.07%
of the total yield). Background from D̄0

sig decays to
hadrons, where a hadron is mis-identified as a lepton,
is measured with an opposite sign (OS) sample, where
the lepton charge is opposite to that of the D∗−

sig slow
pion. Note that the signal is extracted from the same
sign (SS) sample. In contrast to the SS sample, the
OS sample has no signal or semileptonic backgrounds;
fake D̄0

sig are subtracted in the same manner described
previously. Assigning well identified pion and kaon
tracks a lepton mass, pure background m2

ν distribu-
tions are constructed in both SS and OS, which are
labelled fSS

m and fOS
m , m = K, π. A fit of the weights

aK and aπ of the components fOS
K and fOS

π in the m2
ν

distribution of the OS data sample is performed, and
the hadronic background in the SS data sample is cal-
culated as (aKfSS

K +aπfSS
π ), utilizing the fact that the

hadron misidentification rate does not depend on the
charge correlation defining SS and OS. The method

has been validated using MC samples. As the muon
fake rate is about an order of magnitude larger than
that for electrons, this background is much more sig-
nificant for muon modes. The signal yields and esti-
mated backgrounds are summarized in the upper part
of Table I.

Efficiencies depend strongly on nX , defined as the
number of π±(0) and K± mesons assigned to X (in

e+e− → D
(∗)
tagD

∗−

sig X), and are determined with MC;
differences in the nX distribution between MC and
data give rise to a further (+1.9 ± 3.9)% correction.
Applying these corrections, the absolute branching
fractions (normalized to the total number of D̄0

sig tags)
summarized in the lower part of Table I are obtained.

The resolution in q2 of semileptonic decays is found
to be σq2 = 0.0145 ± 0.0007stat GeV2/c2 in MC sig-
nal events. This is much smaller than statistically
reasonable bin widths, which have been chosen as
0.067 (0.3) GeV2/c2 for kaon (pion) modes, and hence
no unfolding is necessary. Bias in the measurement of
q2 that may arise due to events where the lepton and
meson are interchanged, a double mis-assignment, was
checked with candidate D̄0

sig → K+ℓ−ν events and
found to be negligible. The differential decay width is
bin-by-bin background subtracted and efficiency cor-
rected, using the same methods described previously.

The measured q2 distribution is fitted with 2 free
parameters to the predicted differential decay width
dΓ/dq2 of the pole models with f+(0) being one of
the parameters, and either mpole (setting αp = 0) or
αp (assuming the theoretical pole) the other. Bin-
ning effects are accounted for by averaging the model
functions within individual q2 bins. The fit to the
simple pole model yields mpole(K

−ℓ+ν) = 1.82 ±
0.04stat ± 0.03syst GeV/c2 (χ2/ndf = 34/28) and
mpole(π

−ℓ+ν) = 1.97 ± 0.08stat ± 0.04syst GeV/c2

(χ2/ndf = 6.2/10). While the pole mass for the πℓν
decay agrees within errors with the predicted value,
m(D∗), the more accurate fit of mpole(Kℓν) is sev-
eral standard deviations below m(D∗

s). In the mod-
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ified pole model, αp describes this deviation of the
real poles from the m(D∗

(s)) masses. Fixing these

masses to their known experimental values, a fit of αp

yields αp(D
0 → K−ℓ+ν) = 0.52 ± 0.08stat ± 0.06syst

(χ2/ndf = 31/28) and αp(D
0 → π−ℓ+ν) = 0.10 ±

0.21stat ± 0.10syst (χ2/ndf = 6.4/10).

The fitted values for fK,π
+ (0) vary little for the

different fits, for the modified pole model the re-
sults are fK

+ (0) = 0.695 ± 0.007stat ± 0.022syst and
fπ
+(0) = 0.624 ± 0.020stat ± 0.030syst.

The measured form factors fK,π
+ (q2) are shown in

Figure 1 with predictions of the simple pole model,
unquenched [6] and quenched [7] LQCD. To obtain
a continuous curve for f+ from the LQCD values re-
ported at discrete q2 points, the values were fitted
by a parabola, which is found to fit well within the
stated theoretical errors and is not associated with
any specific model. To quantify the degree of agree-
ment, a χ2/ndf is calculated between this measure-
ment and the interpolated LQCD curve within the
q2 range for which LQCD predictions are made. For
the kaon modes, χ2/ndf is 28/18 (34/23), for the pion
modes 9.8/5 (3.4/5); correlations induced by the fit
of the calculated q2 points to a parabola have been
considered.

B. D → Keνe at BABAR

This subsection is an adapted excerpt of BABAR’s pub-

lication [14].

The corresponding BABAR analysis [14] is using a
total integrated luminosity of 75 fb−1 collected dur-
ing the years 2000-2002. It measures the q2 variation
and the absolute value of the hadronic form factor at
q2 = 0 for the decay D0 → K−e+νe(γ). Normal-
izing to D0 → K−π+, it also gives a value for its
branching fraction. In contrast to the Belle analy-
sis, a semi-inclusive reconstruction technique is used
to select semileptonic decays with less resolution, but
much higher efficiency. As a result of this approach,
events with a photon radiated during the D0 decay
are included in the signal.

D0 → K−e+νe(γ) decays are reconstructed in
e+e− → cc̄ events where the D0 originates from the
D∗+ → D0π+. Charged and neutral particles are
boosted to the center of mass system (c.m.) and the
event thrust axis is determined. The direction of this
axis is required to be in the interval | cos(θthrust)| < 0.6
to minimize the loss of particles in regions close to the
beam axis. A plane perpendicular to the thrust axis
is used to define two hemispheres, equivalent to the
two jets produced by quark fragmentation. In each
hemisphere, pairs of oppositely charged leptons and
kaons are searched for. For the charged lepton candi-
dates only electrons or positrons with c.m. momen-

tum greater than 0.5 GeV/c are considered.
Since the νe momentum is unmeasured, a kinematic

fit is performed, constraining the invariant mass of the
candidate e+K−νe system to the D0 mass. In this fit,
the D0 momentum and the neutrino energy are esti-
mated from the other particles measured in the event.
The D0 direction is taken as the direction opposite to
the sum of the momenta of all reconstructed particles
in the event, except for the kaon and the positron as-
sociated with the signal candidate. The energy of the
jet is determined from the total c.m. energy and from
the measured masses of the two jets. The neutrino
energy is estimated as the difference between the to-
tal energy of the jet and the sum of the energies of all
reconstructed particles in the hemisphere. A correc-
tion, which depends on the value of the missing energy
measured in the opposite jet, is applied to account for
the presence of missing energy due to particles escap-
ing detection, even in the absence of a neutrino from
the D0 decay.

Background events arise from Υ (4S) decays and
hadronic events from the continuum. To reduce the
contribution from BB̄ events, selection criteria ex-
ploiting the topological differences to events with cc̄
fragmentation are used. Background events from the
continuum arise mainly from charm particles Because
charm hadrons take a large fraction of the charm
quark energy, charm decay products have higher aver-
age energies and different angular distributions (rela-
tive to the thrust axis or to the D direction) compared
with other particles in the hemisphere emitted from
the hadronization of the c and c quarks. Selection
criteria based on these considerations are applied to
suppress this kind of background.

The remaining background from cc̄-events can be
divided into peaking (60%) and non-peaking (40%)
candidates. Peaking events are those background
events whose distribution is peaked around the sig-
nal region. These are mainly events with a real D∗+

in which the slow π+ is included in the candidate
track combination. Backgrounds from e+e− annihi-
lations into light uū, dd̄, ss̄ quarks and BB̄ events
are non-peaking. To improve the accuracy of the re-
constructed D0 momentum, the nominal D∗+ mass
is added as a constraint in the previous fit and only
events with a χ2 probability higher than 1% are kept,
resulting in 85260 selected D0 candidates containing
an estimated number of 11280 background events.
The non-peaking component comprises 54% of the
background. Detailed studies have been performed to
understand corrections (and the connected systemat-
ics) of various components of the peaking background.

To obtain the true q2 distribution, the measured
one has to be corrected for selection efficiency and
detector resolution effects. This is done using an un-
folding algorithm based on MC simulation of these ef-
fects: Using Singular Value Decomposition (SVD) [15]
of the resolution matrix, the unfolded q2 distribution
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TABLE II: BABAR: Fitted values of the parameters corresponding to different parameterizations of f+(q2). The last
column gives the χ2/NDF of the fit when using the value expected for the parameter.

Theoretical Unit Parameters χ2/NDF Expectations

ansatz [χ2/NDF]

z expansion a1 = −2.5 ± 0.2 ± 0.2 5.9/7

a2 = 0.6 ± 6. ± 5.

Modified pole αpole = 0.377 ± 0.023 ± 0.029 6.0/8

Simple pole GeV/c2 mpole = 1.884 ± 0.012 ± 0.015 7.4/8 2.112 [243/9]

for signal events, corrected for resolution and accep-
tance effects, is obtained. This approach provides the
full covariance matrix for the bin contents of the un-
folded distribution. To verify that the q2 variation of
the selection efficiency is well described by the simu-
lation, a control sample of D0 → K−π+π0 is recon-
structed as if they were K−e+νe events, and indicates
no significant bias. With a second control sample of
D0 → K−π+, the accuracy of the D0 direction and
missing energy reconstruction for the D0 → K−e+νe

analysis is checked. This information is used in the
mass-constrained fits and thus influences the q2 recon-
struction. Once the simulation is tuned to reproduce
the results obtained on data for these parameters, the
q2 resolution distributions agree very well. One half of
the measured variation on the fitted parameters from
these corrections has been taken as a systematic un-
certainty.

Effects from a momentum-dependent difference be-
tween data and simulated events on the charged lepton
and on the kaon identification have been found to be
< 2% and included in the corrections and systematics.
Care has also be taken to correctly understand radia-
tive decays where q2 = (pD − pK)2 = (pe + pν + pγ)2.
Corresponding corrections have been applied and the
corresponding uncertainties enter in the systematic
uncertainty evaluation. Toy simulations have been
used to verify that the statistical precision obtained
for each binned unfolded value is correct and if biases
generated by removing information are under control.

The fit to a model is done by comparing the num-
ber of events measured in a given bin of q2 with the
expectation from the exact analytic integration of the

expression
∣

∣~pK(q2)
∣

∣

3 ∣
∣f+(q2)

∣

∣

2
over the bin range, with

the overall normalization left free. The summary of
the fits to the normalized q2 distributions is presented
in Table II. As long as the form factor parameters are
left free in the fit, the fitted distributions agree well
with the data and it is not possible to reject any of
the parameterizations. As also observed by Belle and
other experiments, the simple pole model ansatz, with
mpole = mD∗

s

= 2.112 GeV/c2 does not reproduce the
measurements.

Figure 2 shows the product P ×Φ×f+ as a function

of z(q2) (defined above), where P×Φ is the theoretical
normalization [10], which constrains this product to
unity at z = zmax (equivalent to q2 = 0). The data
are compatible with a linear dependence, which is fully
consistent with the modified pole ansatz for f+(q2).
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FIG. 2: BABAR: Measured values for P×Φ×f+ are plotted
versus −z and requiring that P ×Φ×f+ = 1 for z = zmax.
The straight lines represent the result for the modified pole
ansatz, the fit in the center and the statistical and total
uncertainty.

The D0 → K−e+νe branching fraction is measured
relative to the reference decay channel, D0 → K−π+:

RD =
BR(D0 → K−e+νe)data

BR(D0 → K−π+)data
(6)

Using slightly adapted selection criteria, after back-
ground subtraction there remain 76283 ± 323 events
of D0 → K−e+νe in data. To select D0 → K−π+

candidates, care has been taken to do this in the
most similar way possible. After background sub-
traction and the necessary corrections, there are
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134537±374 candidates selected in the interval δ(m) ∈
[0.142, 0.149] GeV/c2.

A summary of the systematic uncertainties on RD

is given in [14]. The measured relative decay rate is:

RD = 0.9269± 0.0072± 0.0119. (7)

Using the world average for the branching fraction
BR(D0 → K−π+) = (3.80 ± 0.07)% [16], gives
BR(D0 → K−e+νe(γ)) = (3.522 ± 0.027 ± 0.045 ±
0.065)%, where the last quoted uncertainty corre-
sponds to the accuracy on BR(D0 → K−π+).

The value of the hadronic form factor at q2 = 0 can
be obtained as

f+(0) =
1

|Vcs|

√

24π3

G2
F

BR

τD0I
, (8)

where BR is the measured D0 → K−e+νe branching
fraction, τD0 = (410.1 ± 1.5) × 10−15 s [16] is the D0

lifetime and I =
∫ q2

max

0

∣

∣~pK(q2)
∣

∣

3 ∣
∣f+(q2)/f+(0)

∣

∣

2
dq2.

To account for the variation of the form factor within
one bin, and in particular to extrapolate the result at
q2 = 0, the pole mass and the modified pole ansätze
have been used; the corresponding values obtained for
f+(0) differ by 0.002. Taking the average between
these two values and including their difference in the
systematic uncertainty, this gives

f+(0) = 0.727± 0.007± 0.005 ± 0.007, (9)

where the last quoted uncertainty corresponds to the
accuracy on BR(D0 → K−π+), τD0 and |Vcs|. For the
z expansion, this corresponds to a0 = (2.98 ± 0.01 ±
0.03 ± 0.03)× 10−2.

IV. SEMILEPTONIC DECAYS TO VECTOR
MESONS

The differential semileptonic decay rate of a scalar
meson to a vector meson, specifically, D+

s → φe+νe,
depends on the four variables q2, θe, θV and χ [17],
depicted in Fig. 3.

Neglecting the electron mass, the differential decay
rate as function of these four variables depends in a
given way [18, 19] on three form factors

A1,2(q
2) =

A1,2(0)

1 − q2/m2
A

(10)

V (q2) =
V (0)

1 − q2/m2
V

(11)

with the pole masses mA = 2.5 GeV/c2 and mV =
2.1 GeV/c2. Measurements have usually been ex-
pressed in terms of the ratios of the form factors at
q2 = 0, namely:

rV = V (0)/A1(0) and r2 = A2(0)/A1(0). (12)

FIG. 3: Definition of the angles θe, θV , and χ.

Based on a prediction by [20], rV is a constant de-
pending only on particle masses,

rV =
(mDs

+ mφ)
2

m2
Ds

+ m2
φ

= 1.8. (13)

A. Ds → φeνe at BABAR

This subsection is an adapted excerpt of BABAR’s pub-

lication [18].

BaBar has presented a study of the hadronic form
factors for the vector meson decay D+

s → φe+νe with
φ → K+K− [18] (results still preliminary). This anal-
ysis is based on a fraction of the total available BABAR

data sample, corresponding to integrated luminosities
of 78.5 fb−1 recorded on the Υ (4S) resonance. It fo-
cuses on semileptonic decays of D+

s mesons which are
produced via e+e− → cc annihilation. Ds mesons pro-
duced in BB events are not included and treated as
background.

Similar to BABAR’s D0 → Keνe analysis presented
above, a plane perpendicular to the thrust axis is
used to define two hemispheres, equivalent to the two
jets produced by quark fragmentation. In each hemi-
sphere, decay products of the D+

s , a charged lepton
and two oppositely charged kaons are searched for.
Charged leptons are required to have a c.m. momen-
tum larger than 0.5 GeV/c. The unmeasured neu-
trino momentum is determined in a way similar to
the D0 → Keνe analysis presented above.

Figure 4 shows the K+K− invariant mass distribu-
tion for the selected decays compared to MC simula-
tion and the composition of the background. φ can-
didates are defined as K+K− pairs with an invari-
ant mass in the interval from 1.01 and 1.03 GeV/c2.
Various selection criteria are applied to suppress the
background [18]. About 71% of the total background
include a true φ decay combined with an electron from
another source, namely B meson decays (41%), charm
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FIG. 4: BABAR: K+K− invariant mass distribution from
data and simulated events. MC events have been nor-
malized to the data luminosity according to the different
cross sections. The excess of signal events in the φ region
can be attributed to a different production rate and decay
branching fraction of D+

s mesons in data and in simulated
events. Dedicated studies have been done to evaluate the
amount of peaking background in real events.

particle decays (25%), photon conversions or Dalitz
decays (24%), and the rest are fake electrons. These
φ mesons are expected to originate from the primary
vertex, or from a secondary charm decay vertex.

A maximum likelihood fit is performed to the four-
dimensional decay distribution in the reconstructed
variables q2

r , cos(θV )r, cos(θe)r and χr using the like-
lihood function

L = −
625
∑

i=1

lnP(ndata
i |nMC

i ). (14)

In this expression, for each bin i, P(ndata
i |nMC

i ) is the
Poisson probability to observe ndata

i events, when nMC
i

are expected. Considering the typical resolutions and
the available statistics, the four variables are divided
into 4 bins each, corresponding to a four-dimensional
array with a total number of bins of 625.

To determine the expected number of signal events,
a dedicated sample of signal events is generated in
MC with a uniform decay phase space distribution,
and each event is weighted using the differential decay
rate divided by pφ. Two of the four variables, cos(θV )
and χ, are integrated (averaged), taking advantage of
the fact that the estimated background rate is flat
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FIG. 5: BABAR: Results from previous experiments and
present measurement of r2 and rV in D+

s → φe+νe decays.
The error bars represent the statistical and systematic un-
certainties added in quadrature. These measurements for
Ds → φe+νe decays are compared with the average of sim-
ilar measurements obtained for D → K∗e+νe decays. The
± one sigma range is indicated by the two parallel lines.

in these variables. The background components are
normalized to correspond to the expected rates for
the integrated luminosity of the data sample. The
absolute normalization for signal events (NS) is left
free to vary in the fit. In each bin (i), the expected
number of events is evaluated to be:

nMC
i = NS

∑n
signal
i

j=1 wj(λk)

Wtot(λk)
+ nbckg.

i . (15)

Here nsignal
i refers to the number of simulated signal

events, with reconstructed values of the four variables
corresponding to bin i. The weight wj is evaluated
for each event, using the generated values of the kine-
matic variables, thus accounting for resolution effects.

Wtot(λk) =
∑Nsignal

j=1 wj(λk) is the sum of the weights
for all simulated signal events which have been gen-
erated according to a uniform phase space distribu-
tion. NS and λk are the parameters to be fitted.
Specifically, the free parameters λk are rV , r2, and
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parameters which define q2 dependence of the form
factors. To avoid having to introduce finite ranges for
the fit to the pole masses, mi, we define mi = 1 + λ2

i .
This expression ensures that mi is always larger than
q2
max. ≃ 0.9 GeV2.
The fit to the four-dimensional data distribution is

performed using simulated signal events generated ac-
cording to a uniform phase space distribution. Sig-
nal MC events are weighted to correct for differences
in the quark fragmentation process between data and
simulated events.

Differences between data and MC have been mea-
sured using D+

s → φπ+ decays, according corrections
were applied. The influence of combinatorial back-
ground has been studied and considered in the sys-
tematics. Background from φ mesons produced in D
or B decays results in a further correction in MC (to
calibrate the φ production rate) and corresponding
systematics. The effect of uncertainties due to finite
MC statistics and background estimation on the fit
has been studied with toy simulations, and was also
included in the final results. Remaining detector ef-
fects have been determined with control data samples.
Using D∗+ → D0π+ and D0 → K−π+π0 events it
has been verified that differences between data and
simulated events in the resolution of the variables q2

and cos(θe) are small compared with other sources of
systematic uncertainties. They have been neglected
at present.

Using fixed values for the pole masses (mA =
2.5 GeV/c2 and mV = 2.1 GeV/c2), the final fit re-
sults including all corrections are:

NS = 12886± 129

rV = 1.636 ± 0.067 ± 0.038

r2 = 0.705 ± 0.056 ± 0.029.

Keeping mV fixed, for which there is no sensitivity,
and adding mA as additional free parameter, the fit
results in

NS = 12887± 129

rV = 1.633 ± 0.081± 0.068

r2 = 0.711 ± 0.111± 0.096

mA = 2.53+0.54
−0.35 ± 0.54 GeV/c2.

The measurements of the parameters rV and r2 for
the semileptonic decay D+

s → φe+νe have an accuracy
similar to the one obtained for D → K∗e+νe decays
[21], see Fig. 5.

V. LEPTONIC DECAYS

The purely leptonic decay D+
s → ℓ+νℓ (the charge

conjugate mode is implied throughout this paper) is
theoretically a rather clean decay; in the Standard

Model (SM), the decay is mediated by a single virtual
W+-boson. The decay rate is given by

Γ(D+
s → ℓ+νℓ) =

G2
F

8π
f2

D
+
s

m2
ℓMD

+
s

(

1 − m2
ℓ

M2
D+

s

)2

|Vcs|2,

(16)
where GF is the Fermi coupling constant, mℓ and
MD

+
s

are the masses of the lepton and of the Ds

meson, respectively. Vcs is the corresponding CKM-
matrix element, while all effects of strong interaction
are accounted for in the decay constant fD

+
s

. Due
to helicity conservation, the decay rate is highly sup-
pressed for electrons. Since the detection of τ ’s involve
additional neutrinos, the muon mode is experimen-
tally the cleanest and most accessible mode.

A. Ds → µνµ at BABAR

This subsection is an adapted excerpt of BABAR’s pub-

lication [22].

BABAR performed a measurement of the ratio
Γ(Ds → µνµ)/Γ(Ds → φπ) and the decay constant
fDs

, based on a total integrated luminosity of 230.2
fb−1 .

In order to measure D+
s → µ+νµ, the decay chain

D∗+
s → γD+

s , D+
s → µ+νµ is reconstructed from D∗+

s

mesons produced in the hard fragmentation of con-
tinuum cc events. The subsequent decay results in
a photon, a high-momentum D+

s and daughter muon
and neutrino, lying mostly in the same hemisphere
of the event. Signal candidates are required to lie in
the recoil of a fully reconstructed D0, D+, D+

s , or
D∗+ meson (the “tag”) reconstructed in a variety of
modes [22] wherein the tag flavor is uniquely deter-
mined. To eliminate signal from B decays, the mini-
mum tag momentum is chosen to be close to the kine-
matic limit for charm mesons arising from B decays.

For each event a single tag candidate is chosen and
then used in the subsequent analysis. To pick this tag
among multiple candidates within an event (there are
1.2 candidates on average in events with at least one
candidate) modes of higher purity are preferred. In
events where two tag candidates are reconstructed in
the same mode, the quality of the vertex fit of the
D meson is used as a secondary criterion. After sub-
tracting combinatorial background there are 5 ∗ 105

charm tagged events with a muon amongst the recoil-
ing particles.

The signature of the decay D∗+
s → γD+

s is a nar-
row peak in the distribution of the mass difference
∆M = M(µνγ) − M(µν) at 143.5 MeV/c2. The D∗+

s

signal is reconstructed from a muon and a photon can-
didate in the recoil of the tag. Muons are identified as
non-showering tracks penetrating the IFR. The muon
must have a momentum of at least 1.2 GeV/c in the
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center-of-mass (CM) frame and have a charge consis-
tent with the tag flavor. Clusters of energy in the
EMC not associated with charged tracks and exceed-
ing an CM energy of 0.115 GeV are identified as pho-
ton candidates.

The CM missing energy (E∗

miss) and momentum
(~p∗miss) are calculated from the four-momenta of the
incoming e+e−, the tag four-momentum, and the four-
momenta of all remaining tracks and photons in the
event. The energy of the charged particles that do not
belong to the tag is calculated from the track momen-
tum under a pion mass hypothesis. Assigning a mass
according to the most likely particle hypothesis has
negligible effect on the missing energy resolution.

The neutrino CM four-momentum (p∗ν = (|~p∗ν |, ~p∗ν))
is estimated from the muon CM four-momentum (p∗µ)
and ~p∗miss, using a technique adopted from Ref. [23].
The difference |~p∗miss − ~p∗ν | is minimized, while the in-
variant mass of the neutrino-muon pair is required to
be the known mass of the D+

s [24]. The muon CM
four-momentum (p∗µ) is combined with p∗ν to form the

D+
s candidate. The D+

s candidate is then combined
with a photon candidate to form the D∗+

s . The se-
lection requirements on E∗

miss, pcorr, and other vari-
ables have been optimized to maximize the signifi-
cance s/

√
s + b, where s and b are the signal and back-

ground yields expected in the data set.
One class of background are events e+e− → f f̄ ,

where f = u, d, s, b, or τ , which do not contain a
real charm tag. The contribution of these events is
estimated from data using the tag sidebands. In ad-
dition there are events e+e− → cc where the tag is
incorrectly reconstructed. Although these events po-
tentially contain the signal decay, they are also sub-
tracted using the tag sidebands. These two sources
amount to ≈ 42 % of the background. A second class
of background events (≈ 26 %) are correctly tagged cc
events with the recoil muon coming from a semilep-
tonic charm decay or from τ+ → µ+νµν̄τ . This in-
cludes events D∗+

s → γD+
s → γτ+ντ , τ+ → µ+νµν̄τ .

To estimate the size and shape of this background
contribution, the analysis is repeated, substituting
a well-identified electron for the muon. Except for
a small phase-space correction, the widths of weak
charm decays into muons and electrons are assumed
to be equal. QED effects such as bremsstrahlung
(e+ → γe+) energy losses and photon conversion
(γ → e+e−), where the muon equivalents have a
much lower rate, are explicitly removed. In partic-
ular, bremsstrahlung photons found in the vicinity
of an electron track are combined with the track.
The small number of events with an electron from a
converted photon that survive the selection are sup-
pressed by a photon conversion veto, using the vertex
and the known radial distribution of the material in
the detector. The muon selection efficiency as a func-
tion of momentum and direction is measured using
e+e− → µ+µ−γ events, while radiative Bhabha events
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FIG. 6: BABAR: ∆M distribution of charm-tagged events
passing the signal selection. The tag can be from the tag
signal region (solid lines) or the sidebands (dashed lines).
In the bottom plot the signal muon is replaced with an
electron to estimate the semileptonic charm and τ decay
background.

are used to quantify the electron efficiency. The ratio
of muon to electron efficiencies is applied as a weight
to each electron event. The remaining backgrounds
are estimated from simulation.

Events that pass the signal selection are grouped
into four sets, depending on whether the tag lies in the
signal region or the sideband regions, and on whether
the lepton is a muon or an electron (Fig. 6). For
each lepton type the sideband ∆M distribution is sub-
tracted. The electron distribution, scaled by the rela-
tive phase-space factor (0.97) appropriate to semilep-
tonic charm meson decays and leptonic τ decays is
then subtracted from the muon distribution. The
resulting ∆M distribution is fitted with a function
(NSigfSig + NBkgdfBkgd)(∆M), where fSig and fBkgd

describe the simulated signal and background ∆M
distributions. The function fSig is a double Gaussian
distribution. The function fBkgd consists of a double
and a single Gaussian distribution describing the two
peaking background components, and a function [22]
describing the flat background component. The rela-
tive sizes of the background components, along with
all parameters except NSig and NBkgd are fixed to the
values estimated from simulation. The χ2 fit yields
NSig = 489±55(stat) signal events and has a fit prob-
ability of 8.9% (Fig. 7).

The branching fraction of D+
s → µ+νµ can-

not be determined directly, since the production

rate of D
(∗)+
s mesons in cc fragmentation is un-

known. Instead the partial width ratio Γ(D+
s →

µ+νµ)/Γ(D+
s → φπ+) is measured by reconstructing

D∗+
s → γD+

s → γφπ+ decays. The D+
s → µ+νµ

branching fraction is evaluated using the measured
branching fraction for D+

s → φπ+.

Candidate φ mesons are reconstructed from two
kaons of opposite charge. The φ candidates are com-
bined with charged pions to form D+

s meson can-
didates. Both times a geometrically constrained fit
is employed, and a minimum requirement on the
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FIG. 7: BABAR: ∆M distribution after the tag sidebands
and the electron sample are subtracted. The solid line is
the fitted signal and background distribution (NSigfSig +
NBkgdfBkgd), the dashed line is the background distribu-
tion (NBkgdfBkgd) alone.

fit quality is made. The φ and the D+
s candidate

masses must lie within 2 σ of their nominal values,
obtained from fits to simulated events and data. Pho-
ton candidates are then combined with the D+

s to
form D∗+

s candidates. The same requirements on
the CM photon energy and D∗+

s momentum as in
the D+

s → µ+νµ signal selection are made. Data
events that pass the selection are grouped into two
sets: the tag signal and sideband regions. After the
tag sideband has been subtracted from the tag sig-
nal ∆M distribution, the remaining distribution is
fitted with (Nφπfφπ + NφπBkgdfφπBkgd)(∆M), where
fφπ is a triple Gaussian, describing the simulated
D∗+

s → γD+
s → γφπ+ signal, and fφπBkgd consists of

a broad Gaussian centered at 70 MeV/c2 and a func-
tion [22] describing the simulated background ∆M
distributions. The Gaussian describes the background
D∗+

s → π0D+
s → π0φπ+ where the photon candidate

originates from the π0. The relative sizes of the back-
ground components, along with all parameters except
Nφπ, NφπBkgd, and the mean of the peak are fixed
to the values estimated from simulation. The χ2 fit
yields Nφπ = 2093 ± 99 events and has a probability
of 25.0% (Fig. 8). From simulation 48 ± 23 events
D∗+

s → γD+
s → γf0(980)(K+K−)π+ are expected

to contribute to the signal, where the error is mostly
from the uncertainty in the D+

s → f0(980)(K+K−)π+

braching ratio.

Precise knowledge of the efficiency of reconstruct-
ing the tag is not important, since it mostly cancels
in the calculation of the partial width ratio. How-
ever, the presence of two charged kaons in D+

s → φπ+

events leads to an increased number of random tag
candidates, compared to D+

s → µ+νµ events, which
decreases the chances that the correct tag is picked.
The size of the correction for this effect to the effi-
ciency ratio (ǫφπ/ǫSig) is determined to be −1.4% in
simulated events.

To measure the effect of a difference between the
D∗+

s momentum spectrum in simulated and data
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FIG. 8: BABAR: ∆M distribution of selected D∗+
s →

γD+
s → γφπ+ events after the tag sideband is subtracted.

The solid line is the fitted signal and background distri-
bution (Nφπfφπ + NφπBkgdfφπBkgd), the dashed line is the
background distribution (NφπBkgdfφπBkgd) alone.

events, D∗+
s → γD+

s → γφπ+ events are selected in
data with the D∗+

s momentum requirement removed.
The sample is purified by requiring the CM momen-
tum of the charged pion to be at least 0.8 GeV/c.
The efficiency-corrected D∗+

s momentum distribution
in data is compared to that of D∗+

s in simulated
D∗+

s → γD+
s → γφπ+ events. A harder momentum

spectrum is observed in data. The detection efficien-
cies for signal and D∗+

s → γD+
s → γφπ+ events are re-

evaluated after weighting simulated events to match
the D∗+

s momentum distribution measured in data.
The correction to the efficiency ratio is +1.5%.

With both corrections applied, the partial
width ratio is determined to be Γµν/Γφπ =
(N/ǫ)Sig/(N/ǫ)φπ × B(φ → K+K−) =
0.143 ± 0.018(stat), with B(φ → K+K−) = 49.1 %
[24].

A detailed discussion of the systematics can be
found in [22]. Using the BABAR average for the branch-
ing ratio B(D+

s → φπ+) = (4.71 ± 0.46)% [25][26],
the branching fraction B(D+

s → µ+νµ) = (6.74 ±
0.83 ± 0.26 ± 0.66) × 10−3 and the decay constant
fDs

= (283 ± 17 ± 7 ± 14) MeV are obtained. The
first and second errors are statistical and system-
atic, respectively; the third is the uncertainty from
B(D+

s → φπ+).

B. Ds → µνµ at Belle

The Belle analysis uses data corresponding to 548
fb−1 to study the decay D+

s → µ+νµ, using the full-
reconstruction recoil method first established in the
study of semileptonic D mesons described above.

This analysis uses fully reconstructed events of the
type e+e− → D∗

sD±,0K±,0X , where X can be any
number of additional pions from fragmentation, and
up to one photon[31]. The tag side consists of a D-
and a K meson (in any charge combination) while the
signal side is a D∗

s meson decaying to Dsγ. Recon-
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structing the tag side, and allowing any possible set
of particles in X , the signal side is reconstructed in
the recoil, using the known beam momentum.

Tracks are detected with the CDC and the SVD.
They are required to have at least one associated hit
in the SVD and an impact parameter with respect
to the interaction point in the radial direction of less
than 2 cm and in the beam direction of less than
4 cm. Tracks are also required to have momenta in
the laboratory frame greater than 92 MeV/c. A like-
lihood ratio for a given track to be a kaon or pion,
which is required to be larger than 50%, is obtained
by utilising specific ionisation energy loss measure-
ments made with the CDC, light yield measurements
from the ACC, and time-of-flight information from the
TOF. Lepton candidates are required to have momen-
tum in the lab frame larger than 500 MeV/c. For
electron identification we use position, cluster energy,
shower shape in the ECL, combined with track mo-
mentum and dE/dx measurements in the CDC and
hits in the ACC. For muon identification, we extrap-
olate the CDC track to the KLM and compare the
measured range and transverse deviation in the KLM
with the expected values. Neutral pion candidates are
reconstructed using photon pairs with invariant mass
within ±10 MeV/c2 of the nominal π0 mass. Neutral
kaon candidates are reconstructed using charged pion
pairs within ±30 MeV/c2 of the nominal K0 mass.

Tag-side D mesons (both charged and neutral) are
reconstructed in D → Knπ with n = 1, 2, 3 (total
branching fraction ≈ 25%). Mass windows have been
optimised for each channel separately, and a com-
bined mass- and vertex fit (requiring a confidence level
greater than 0.1%) is applied to the D meson to im-
prove the momentum resolution. D∗

s -candidates are
not directly reconstructed, but searched for in the re-
coil of DKX , using the known beam momentum, by
applying a mass window cut of ±150 MeV/c2 around
the nominal D∗

s mass [16]. Since at this point in the re-
construction X can be any set of remaining pions and
photons, there are usually a large number of combina-
torial possibilities. This number is reduced by requir-
ing the presence of a photon that is consistent with
the decay D∗

s → Dsγ where the Ds has its nominal
mass within a mass window of ±150 MeV/c2. Further
selection criteria are applied on the momentum of the
primary K meson in the e+e− rest frame, pK , which
should be smaller than 2 GeV/c; the momentum of
the D meson in the e+e− rest frame, pD, should be
larger than 2 GeV/c; the momentum of the D∗

s me-
son in the e+e− rest frame, pD∗

s

, is required to be
larger than 3 GeV/c and the energy of the photon in
D∗

s → Dsγ, Eγ,Ds
in the lab frame, is required to be

larger than 150 MeV/c2, irrespective of θγ . To further
improve the recoil momentum resolution, inverse [32]
mass-constrained vertex fits are then performed for
the D∗

s and Ds, requiring a confidence level greater
than 1%. After all these selections are applied, the

average number of combinatorial reconstruction pos-
sibilities is ≈ 2 per event. The sample is further di-
vided into a right- (RS) and wrong-sign (WS) part,
depending on the relative charges of the primary K
meson, the D meson and that of the K meson the D
meson decays into (KD), compared to the charge of
the D∗

s meson, which is fixed by the total charge of the
X assuming overall charge conservation for the event.

Within this sample of Ds-tags, decays of the type
Ds → µνµ are selected by requiring another charged
track that is identified as a muon and has the same
charge as the Ds candidate. No additional charged
particles are allowed in the event, and additional en-
ergy corresponding to neutral particles is required to
be smaller than 1/n GeV where n is the number of
additional neutral particles. After these selections, in
almost all cases only one combinatorial reconstruction
possibility remains. Figure 9 shows the mass spectra
for Ds-tags and neutrino candidates.

nX is defined as the number of primary particles
in the event, where primary means that the particle
is not a daughter of any particle reconstructed in the
event. The minimal value for nX is three correspond-
ing to a e+e− → D∗

sDK event without any further
particles from fragmentation. The upper limit for nX

is determined by the reconstruction efficiency; Monte-
Carlo (MC) shows that the number of reconstructed
signal events is negligible for nX > 10. As the ef-
ficiency very sensitively depends on nX , it is crucial
to use MC that correctly reflects the nX distribution
observed in data. Unfortunately, the details of frag-
mentation processes are not very well understood, and
standard MC [12] shows notable differences compared
to data. Furthermore, the true (generated) nT

X value
differs from the reconstructed nR

X , as particles can be
lost or wrongly assigned. Thus the measured (recon-
structed) nR

X distribution has to be deconvoluted so
that the analysis can be done in bins of nT

X to avoid
bias in the results.

To extract the number of Ds-tags as function of
nT

X in data from the background, 2-dimensional his-
tograms in nR

X (ranging from 3 to 8) and the invariant
recoil mass mDs

are used. The signal shapes for differ-
ent values of nT

X (ranging from 3 to 9 [33]) of the signal
are modelled with generic MC (GMC) [13], which has
been filtered on the generator-level for events of the
type e+e− → D∗

sDKX . The weights of these com-

ponents, wDs

i , i = 1..6, are free parameters in the fit
to data. As a model for the background in RS, the
WS data sample is used. Each slice of nR

X is fitted
separately, adding another 6 free parameters. Since
the WS-sample contains some signal (≈ 10% of the
RS signal), these signal components (in slices of nT

X)
are also included in the fit as independent parame-
ters (yielding a negative weight to compensate for the
WS signal present in the data shapes). The fit is per-
formed simultaneously with all these free parameters.
As a crosscheck, the fit has also been performed us-
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FIG. 9: Belle: Invariant mass spectrum of Ds-tags (left plot), and missing mass spectrum squared of Ds → µν candidates
(right plot) in data with the selection criteria described in the text (points with error bars show statistical errors only).
The red shaded areas show the fitted background, the cyan shaded bands show the fit with systematic uncertainties.
The vertical lines indicate the signal regions.

ing generic MC RS-sample backgrounds, which gives
a negligible change in the results. A further cross-
check involved dividing the MC sample randomly into
two halves, using the shapes of the first half to fit the
signal in the second. The result as function of nT

X ,
normalized to the amount of signal in the first half,
fits to a flat line as 0.990 ± 0.046, which agrees well
with the expectation of 1. The total number of recon-
structed Ds-tags in data is calculated as

N rec
Ds

=

6
∑

i=1

wDs

i NGMC,i
Ds

, (17)

where NGMC,i
Ds

represents the total number of recon-
structed filtered GMC events that were generated in
the i-th bin of nT

X (regardless of the reconstructed nR
X)

and wDs

i is the fitted weight of this component.
To fit the number of Ds → µν-events as function of

nT
X , 2-dimensional histograms in nR

X and the missing
mass squared m2

ν are used. The shape of the signal
is modelled with signal MC. As MC studies show, the
background under the µν-signal peak consists primar-
ily of non-Ds decays, semileptonic Ds decays (where
the additional hadrons have low momenta and remain
undetected) and leptonic τ decays (where the τ decays
to a muon and two neutrinos). Hadronic Ds decays
(with one hadron misidentfied as muon) are a rather
small background component. Except for hadronic
decays, which are negligible, all backgrounds are com-
mon to the eν-mode, which is suppressed by a factor of
O(10−5). Thus, the eν-sample provides a good model
of the µν background that has to be corrected only for
kinematical and efficiency differences. Including this

corrected shape in the fit, the total number of fitted
µν-events in data is given by

N rec
µν =

6
∑

i=1

wµν
i NSMC,i

µν , (18)

where NSMC,i
µν represents the total number of recon-

structed signal MC events that were generated in the
i-th bin of nT

X (regardless of the reconstructed nR
X)

and wµν
i is the fitted weight of this component.

The numerical result for N rec
Ds

is 32100±870(stat)±
1210(syst), that for N rec

µν is 169 ± 16(stat) ± 8(syst).
The statistical uncertainties are due to statistics in
the data signal, the systematic uncertainties due to
statistics of the data background samples and those
of the MC samples used. These errors include the
non-negligble correlations between the nT

X bins.
As the branching fraction of Ds → µν used for

the generation of generic MC is known, the branching
fraction in data can be determined using the following
formula:

B(Ds → µν) =
N rec

µν

NGMCexp
µν

· Bgenerated(Ds → µν) ,

(19)
where Bgenerated(Ds → µν) = 0.0051 and NGMCexp

µν is
the number of reconstructed µν-events in the generic
MC, weighted according to the fit to data, i.e.

NGMCexp
µν =

6
∑

i=1

wDs

i NGMC,i
µν . (20)

where NGMC,i
µν represents the total number of recon-

structed µν-events filtered from GMC that were gen-
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erated in the i-th bin of nT
X (regardless of the recon-

structed nR
X).

Figure 10 shows the branching fraction determined
in bins of nT

X (using correlated fit results). The re-
sult is stable within errors in nX ; note that the errors
shown for the nX bins are the total errors, including
correlation. The final result is:

B(Ds → µν) = (6.44 ± 0.76(stat) ± 0.52(syst)) · 10−3

(21)
The statistical error reflects the statistics of the signal
sample. The systematic error is dominated by statisti-
cal uncertainties due to background samples from data
and MC samples (0.29) and the statistical uncertainty
on NGMCexp

µν (0.41). Since the branching fraction is
determined by calculating a ratio of the signal yield
to the number of Ds-tags, systematics in the recon-
struction of the tag side cancel; the only remaining
systematics are due to the tracking and identification
of the muon, which have been estimated as 2%, con-
tributing 0.13 to the total systematic error. As a cross-
check, also the branching fraction for nT

X ≤ 6 has been
determined as (6.54 ± 0.76(stat) ± 0.54(syst)) · 10−3,
which agrees nicely with the result given above includ-
ing all available nT

X bins.
The decay constant fDs

, using Eqn. 16 and recent
values from PDG [16] yields

fDs
= 275 ± 16(stat) ± 12(syst)MeV. (22)

.

VI. SUMMARY: OVERVIEW AND
COMPARISON

Studies in the charm sector are notoriously difficult
for experiments running at much higher than thresh-
old energy; still both Belle and BABAR present an in-
teresting variety of results on (semi)leptonic charm de-
cays. While Belle concentrated on fully reconstructed
(and consequently tagged) events, BABAR preferred
methods with partially reconstructed events, and uses
tag information only for its Ds → µνµ analysis.

The advantage of Belle’s approach is a very effec-
tive background suppression and an excellent neutrino
momentum resolution which can compete with results
achieved at experiments operating at threshold energy
like Cleo-c [27]. It also allows absolute measurements,
by normalization to the number of D(s) tags.

However, BABAR’s approach is significantly more ef-
ficient in terms of event statistics. In the case of the
D0 → Keνe analysis, despite higher backgrounds, this
results in a much better accuracy of measurements.
For the Ds → µνµ analysis, the advantage of higher
statistics is more or less equalled by the disadvantage
of larger backgrounds, which eventually gives some-
what larger errors than Belle’s.

In any case, it is a valuable crosscheck to have rather
different experimental approaches at different experi-
ments. Table III summarizes all results by Belle and
BABAR.

Within the semileptonic channels discussed in this
review, only the mode D0 → Keνe has been studied
by both BABAR and Belle, and can be compared. The
measured branching fractions agree well within errors,
larger differences are seen in the form factor measure-
ments. However, these differences do not exceed 1.3σ,
and could be due to the more complicated systematics
of the fits involved. The results are much more precise
than those of previous experiments, and also well com-
patible with other recent results [28, 29]. Obviously,
the untagged, partial reconstruction of BABAR has
clearly smaller erros, even though it suffers a large un-
certainty due to the normalizing channel used, which
is the dominating part of its systematic error. Belle
does an absolute measurement, but also is clearly lim-
ited by systematics. Thus in neither case a significant
further improvement of the measurements can be ex-
pected with more data accumulated, without also fur-
ther developing the experimental methods.

The other mode where results can be compared is
Ds → µνµ. The results agree very well with each
other. Here Belle profits from its full reconstruc-
tion method, and has somewhat, but not dramatically
smaller errors. Both results are well compatible with
other recent results, and still compatible with theoret-
ical predictions, which tend to be lower by ≈ 2.5σexp,
but bear some uncertainties as well [30]. In both ex-
periments, statistical and systematic error are of the
same order. Considering the fact that part of the
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TABLE III: Overview of results obtained by BaBar and Belle experiments, compared to theoretical expectations (where
available); errors are statistical (first) and systematic (second).

decay mode parameter prediction BaBar result Belle result difference

D → Keνe BF (%) 3.522 ± 0.027 ± 0.079 3.45 ± 0.10 ± 0.19 0.3σ

z-expansion, a0 2.98 ± 0.01 ± 0.04 n/a

z-expansion, a1 −2.5 ± 0.2 ± 0.2 n/a

z-expansion, a2 0.6 ± 6.0 ± 5.0 n/a

mpole (GeV/c2) 2.112(= mD∗

s

) 1.884 ± 0.012 ± 0.015 1.82 ± 0.04 ± 0.03 1.2σ

α 0.50 ± 0.04 0.377 ± 0.023 ± 0.029 0.52 ± 0.08 ± 0.06 1.3σ

f+(0) 0.73(3)(7) 0.727 ± 0.007 ± 0.009 0.695 ± 0.007 ± 0.022 1.3σ

D → Kµνµ BF (%) n/a 3.45 ± 0.10 ± 0.21

mpole (GeV/c2) 2.112(= mD
∗

s

) n/a included in Keνe

α 0.50 ± 0.04 n/a results shown

f+(0) 0.73(3)(7) n/a above

D → πeνe BF (%) n/a 0.279 ± 0.027 ± 0.016

mpole (GeV/c2) 2.010(= mD∗) n/a 1.97 ± 0.08 ± 0.04

α 0.44 ± 0.04 n/a 0.10 ± 0.21 ± 0.10

f+(0) 0.64(3)(6) n/a 0.624 ± 0.020 ± 0.030

D → πµνµ BF (%) n/a 0.231 ± 0.026 ± 0.019

mpole (GeV/c2) 2.010(= mD∗) n/a included in πeνe

α 0.44 ± 0.04 n/a results shown

f+(0) 0.64(3)(6) n/a above

Ds → φeνe r2 (mA,V fixed) 0.705 ± 0.056 ± 0.029 n/a

rV (mA,V fixed) 1.636 ± 0.067 ± 0.038 n/a

r2 (mV fixed) 0.711 ± 0.111 ± 0.096 n/a

rV (mV fixed) 1.633 ± 0.081 ± 0.068 n/a

mA (GeV/c2) (mV fixed) 2.53+0.54

−0.35 ± 0.54 n/a

Ds → µνµ BF (10−3) 6.74 ± 0.83 ± 0.71 6.44 ± 0.76 ± 0.52 0.2σ

fDs
(MeV) 249 ± 3 ± 16 283 ± 17 ± 16 275 ± 16 ± 12 0.3σ

systematic error is due to the size of control samples
which will get larger with more statistics, there is some
room for further improvements once the full data sets
of the experiments are available.
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Leptonic D and Ds Decays near cc̄ Threshold
S. R. Blusk
Syracuse University, Syracuse, NY 13244, USA

We present recent results from the CLEO Collaboration on leptonic decay rates of D and Ds near cc̄ production
threshold. From these decay rates, we extract the decay constants, f

D+ = (222.6 ± 16.7+2.8

−3.4
) MeV, f

D
+
s

=

(274 ± 10 ± 5) MeV, and the ratio f
D

+
s

/f
D+ = 1.23 ± 0.11 ± 0.03.

1. Introduction

Within the Standard Model, leptonic D (or B) me-
son decays proceed via annihilation of the initial state
quarks. The matrix element is described by the prod-
uct of a hadronic current, a leptonic current, along
with a W propagator. The form of the latter two
are well-known within the Standard Model, however,
the hadronic matrix element, which represents the an-
nihilation of the initial state heavy quark and light
antiquark, depends on the details of the initial-state
quark wave-functions, and is not calculable using stan-
dard techniques of perturbative QCD. This hadronic
matrix element can be computed using either lattice
QCD [1, 2, 3], or other techniques [4, 5, 6, 7, 8]. The
partial width for the leptonic decay is given by:

Γ(D+
(s) → l+ν) =

G2
F

8π
f2

D
+

(s)

m2
lMD

+
(s)

(1− m2
l

M2
D

+
(s)

)2|Vcd(s)|2,

(1)
where GF is the Fermi constant, MD

+
(s)

is the D+

(D+
s ) mass, ml is the final state lepton’s mass, and

Vcd(s) are the relevant CKM matrix elements, The
quantity fD is the decay constant and represents the
hadronic matrix element discussed above. A critical
input to B mixing and CP violation measurements in
the B sector is the B decay constant, fB. Due to
the difficulty in measuring fB, we take the value from
theory, usually lattice QCD. To have confidence in
the theoretical number, a stringent theoretical test is
provided by a precision measurement of the D decay
constant, fD. Such a measurement provides a critical
test of any theory or model that makes predictions for
decay constants.

The CLEO experiment, operating near cc̄ threshold,
is well positioned to measure these decay rates, and
hence fD+ and fD

+
s

. Charge conjugate finals states
are implied throughout unless otherwise noted.

2. Measurement of f
+
D

To measure f+
D [9], we use 281 pb−1 of data col-

lected at the ψ(3770) resonance. The proximity to

the production threshold implies that the ψ(3770) de-
cays to DD̄ with no additional particles. We exploit
this clean final state, along with the hermiticity of the
detector to reconstruct the neutrino from the miss-
ing momentum in the event. Specifically, we fully re-
construct a D− meson (the tag) in six hadronic fi-
nal states, comprising Ntag = 158, 354 ± 496 tags.
To search for D+ → µ+ν, we require a single ex-
tra charged particle with an energy deposition in the
crystal calorimeter (CC), Etrk

CC <300 MeV, and veto
events with any additional photon candidates with
energy larger than 250 MeV. From this subsample
of events, we compute the square of the missing-
mass (MM2) recoiling against the D−µ+ system. For
D+ → µ+νµ, a peak at zero is obtained with a res-
olution of σ(MM2) ∼ 0.025 GeV2. The MM2 dis-
tribution is shown in Fig. 1 for data. The clear
excess near zero is the D+ → µ+ν signal. Some
D+ → KS,Lπ

+ events pass the selection requirements
and appear as a prominent, but well-separated peak
near MM2 ≃ 0.25 GeV2.
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Figure 1: Missing-mass squared distribution for D+
→

µ+ν candidates. The peak near zero corresponds to signal
events, and is expanded in the inset. The larger peak at
MM2

≃ 0.25 GeV2 corresponds to D+
→ KS,Lπ+ events

which pass the selection requirements.
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The branching fraction is computed using:

B =
Ncand −Nback

NtagǫµǫCC

, (2)

where Ncand = 50 is the number of signal candi-
dates in the region |MM2| < 0.050 GeV2, Nback =
2.81 ± 0.30 ± 0.27 is the expected number of back-
ground events, Ntag = 158, 354 ± 496 is the number
of fully-reconstructed D− tags, ǫµ = 69.4% is the ef-
ficiency for reconstructing and identifying the muon,
and ǫCC = 96.1% is the fraction of events that do
not have any additional photon candidates with en-
ergy larger than 250 MeV. An additional correction of
(1.5± 0.4± 0.5)% is applied to account for the higher
efficiency for reconstructing a D− tag in D+ → µ+ν
events than in generic hadronic events.

The resulting branching fraction is

B(D+ → µ+ν) = (4.40 ± 0.66+0.09
−0.12) × 10−4. (3)

Using Eq. 1 we determine the decay constant to be:

fD+ = (222.6 ± 16.7+2.8
−3.4) MeV. (4)

3. Measurement of f
D

+
s

The measurements of fD
+
s

at CLEO require higher

energy running in order to produce the DsD̄s pair.
A scan of the energy region from 3970 to 4260 MeV
was performed, and it was determined that the opti-
mal energy for Ds physics was 4170 MeV [11], where
DsD̄

∗

s is dominant, e.g., σ(DsD̄
∗

s) = (916 ± 50) pb
and σ(DsD̄

∗

s) = (35 ± 19) pb. A slight complication
with using DsD̄

∗

s is the additional (∼150 MeV) pho-
ton(s) from the D∗

s decay. Two independent analyses
have been carried out. The first analysis is similar
to the D+ → µ+ν measurement described previously,
where, in addition to measuring B(D+

s → µ+ν), we
also measure B(D+

s → τ+ν), where, τ+ → π+νν̄.
In the second analysis, we measure B(D+

s → τ+ν),
τ+ → e+νn̄u.

3.1. Measurement of B(D+
s
→ (µ+

, τ
+)ν)

using Missing Mass

We use 314 pb−1 of data collected at Ecm =
4170 MeV for this analysis. We search for final states
consistent with either D+

s → µ+ν or D+
s → τ+ν. The

branching fraction is obtained from:

B =
Ncand −Nback

N∗

tagǫ
(5)

where N∗

tag is the number of reconstructed DsD
∗

s

events and ǫ is the efficiency for reconstruction and
identification of the µ+ for D+

s → µ+ν, or the π+ for
D+

s → τ+ν, τ+ → π+νn̄u We therefore absorb the
full reconstruction of the D∗

s into the denominator,
and do not rely on Monte Carlo simulation for the
efficiency of the ∼100 MeV photon.

To determine N∗

tag, we first fully reconstruct a

hadronic D−

s tag in eight tag modes, from which we
obtain 31, 302 ± 472 D+

s tags. To identify DsD̄
∗+s

events, we combine a D−

s tag with any additional pho-
ton candidate in the event and form the missing-mass
squared (MM∗2) recoiling against the γD+

s system,
MM∗2 = (Ecm − EDs

− Eγ)2 − (~pcm − ~pDs
− ~pγ)2.

This quantity peaks at M2
Ds

, regardless of whether

the photon came from the D−

s (the tag) or from the
D+

s . The distribution of MM∗2 is shown in Fig 2 for
all eight tag modes combined. A fit to this distribu-
tion yields 18645 ± 426 ± 1081 D∗

sD̄s events within
±2.5 standard deviations of M(Ds).

Figure 2: Square of the missing mass recoiling against a
γD∗

s candidates.

To search for D+
s → µ+ν and D+

s → τ+ν, τ+ →
π+νn̄u, we require a single additional charged parti-
cle and no additional photon candidates with energy
in excess of 250 MeV. The signatures for D+

s → µ+ν
and D+

s → τ+ν, τ+ → π+νn̄u are similar in that
they both have a Ds tag and a single high momentum
charged particle. In addition to the difference in the
energy depositions of muons and pions, the two-body
versus three-body decay implies significantly different
missing mass (MM2) distributions. To suppress back-
grounds with neutrals, we veto events which have an
energy deposition (excluding the tag) in the CC ex-
ceeding 250 MeV. The two-body leptonic decay form a
MM2 distribution that peaks near zero with a resolu-
tion of ∼0.025 GeV2. The three-body leptonic decay
covers a broad MM2 region, which peaks near 0.1
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GeV2, and falls smoothly to zero at MM2 = −0.05
and extends to MM2 ∼ 0.8 GeV2. We thus define
signal samples as follows. (i)-µ: For D+

s → µ+ν, we
require an energy deposition, Etrk

CC < 300 MeV, and
|MM2| < 0.05 GeV2. For D+

s → τ+ν, τ+ → π+νν̄,
we define two subsamples – (i)-τ : Etrk

CC < 300 MeV
and 0.05 < MM2 < 0.20 GeV2, and (ii)-τ Etrk

CC >
300 MeV and −0.05 < MM2 < 0.20 GeV2. The
upper cutoff in MM2 is to avoid background from
D+

s → K0π+. We also consider a third sample, (iii)-
e, for D+

s → e+ν by requiring the track’s energy
deposition to be consistent with its momentum and
|MM2| < 0.050 GeV2.

The MM2 distributions are shown in Fig. 3, where
cases (i)-µ and (i)-τ are combined. In the D+

s →
µ+ν signal region of |MM2| < 0.05 GeV2, we find
92 events with an expected background of 3.5 ± 1.4
events. This sample is mostly of D+

s → µ+ν, with
some cross-feed from D+

s → τ+ν, τ+ → π+νν̄. We
evaluate the branching fraction using the number of
µ+ν events, Nµν=92, in the signal region:

Nµν = Ndet −Nback (6)

= N∗

tag · ǫ[ǫ′B(D+
s → µ+ν)

+ǫ′′B(D+
s → τ+ν, τ+ → π+νν̄)],

where ǫ = 80.1% is the efficiency of reconstructing
the charged particle in a D+

s → µ+ν event, and in-
cludes the veto on events with additional photons with
E > 250 MeV. The quantity, ǫ′ = 91.4%, is the prod-
uct of the muon identification efficiency (99%) and
the MM2 < 0.05 GeV2 requirement (92.3%). The
cross-feed efficiency, ǫ′′=7.9%, which is the product
of the efficiency of the pion depositing less than 300
MeV in the CC (60%) and the MM2 < 0.05 GeV2

requirement (13.2%). One can re-express B(D+
s →

τ+ν, τ+ → π+νν̄) as:

B(D+
s → τ+ν, τ+ → π+νν̄) = R · B(τ+ → π+ν)

×B(D+
s → µ+ν) = 1.059 · B(D+

s → µ+ν) (7)

where we use the Standard Model ratio for R:

R =
Γ(D+

s → τ+ν)

Γ(D+
s → µ+ν)

=

(

mτ+

mµ+

)2

(

1 − m2

τ
+

m2

D
+
s

)2

(

1 −
m2

µ
+

m2

D
+
s

)2 = 9.72.

(8)
We thus find:

B(D+
s → µ+ν) = (0.594± 0.066 ± 0.031)%, (9)

where the 5.2% systematic error is dominated by the
5% uncertainty on N∗

tag.

Figure 3: Square of the missing mass recoiling against
γD∗

sµ+(or π+) candidates for cases (i) Etrk
CC < 300 MeV

(D+
s → µ+ν and D+

s → τ+ν, τ+
→ π+νν̄ candidates com-

bined), (ii) Etrk
CC > 300 MeV (D+

s → τ+ν, τ+
→ π+νν̄),

and (iii) charged particle consistent with an electron.

We also compute B(D+
s → τ+ν, τ+ → π+νν̄) us-

ing cases (i)-τ and (ii)-τ . For these two cases, we
find yields of 31 and 25 events, and expected back-
grounds of 3.5+1.7

−1.1 and 5.1±1.6 events, respectively.
The fraction of D+

s → τ+ν, τ+ → π+νν̄ events in the
respective MM2 regions are 32% and 45%. We thus
find:

B(D+
s → τ+ν, τ+ → π+νν̄) = (8.0 ± 1.3 ± 0.4)%.

(10)
With the measured branching fractions, B(D+

s →
µ+ν) and B(D+

s → τ+ν, τ+ → π+νν̄), we measure
the ratio of partial widths, R=13.4±2.6±0.2 (defined
in Eq. 8), which is consistent with the Standard Model
value of 9.72.

We may improve on the precision of B(D+
s → µ+ν)

by combining the D+
s → µ+ν and D+

s → τ+ν, τ+ →
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π+νν̄ candidates. We can still use Eq. 7, except ǫ′

and ǫ′′ increase from 91.4% and 7.9% to 96.2% and
45.2%, respectively. We thus find an effective branch-
ing fraction:

Beff(D+
s → µ+ν) = (0.638± 0.059 ± 0.033)%. (11)

Again, the dominant systematic uncertainty (5%) is
on the number of D∗

s tags.
The MM2 distribution for all selected D+

s → µ+ν
and D+

s → τ+ν, τ+ → π+νν̄ candidates is shown
in Fig. 4. Overlayed is a curve that represents the
expected shape, normalized to the event yield in the
data in the MM2 region below 0.2 GeV2. We find
good agreement between the shape in data and ex-
pectations.

Figure 4: Square of the missing mass recoiling against
γD∗

sµ+(or π+) candidates. The curve is the expected
shape from simulation, normalized to the number of events
with MM2 < 0.2 GeV.

We also search for the decay D+
s → e+ν. The he-

licity suppression in this decay is much larger, and
the expected rate is ∼50,000 times smaller than in
D+

s → µ+ν. We find no D+
s → e+ν candidates and

set the upper limit, B(D+
s → e+ν) < 1.3 × 10−4 at

the 90% confidence level.
Using the more precise value for B(D+

s → µ+ν)
from Eq. 11, we compute the decay constant, fD

+
s

::

fD
+
s

= 274 ± 13 ± 7 MeV (12)

Combining this with our previous result for fD+ =
(222.6 ± 16.7+2.8

−3.4) MeV we determine the ratio:

fD
+
s

fD+

= 1.23 ± 0.11 ± 0.04. (13)

4. Measurement of D
+
s
→ τ

+
ν, τ

+ → e
+
νν̄

In the second measurement of B(D+
s → τ+ν), we

use 298 pb−1 of data collected at Ecm = 4170 MeV.
We utilize the decay τ+ → e+νν̄, where we bene-
fit from the large value of B(τ+ → e+νν̄) ∼ 18%,
and the excellent electron identification capabilities of
the CLEO-c detector. We fully reconstruct the three
hadronic decay channels: D−

s → φπ−,K∗0K− and
K0

SK
−. Charged hadrons are identified using stan-

dard selection criteria [12], and the intermediate res-
onances, φ → K+K−, K∗0 → K−π+, and K0

S →
π+π−, are required to have an invariant mass within
±10 MeV, ±75 MeV and ±12 MeV of their known
values [13]. Signal candidates are required to a recon-
structed invariant mass, M(Ds) within ±20 MeV of
the known Ds mass (mDs

). We also define sideband
regions, 35 < |M(Ds)−mDs

| < 55 MeV, to study the
combinatorial background. The invariant mass distri-
butions of the three D−

s tag channels are shown in
Fig. 5.

Figure 5: Invariant mass distributions of D−
s candidates

from data. The points are data, the solid line is a fit, and
the dashed line is the background.

To ensure we have DsD̄
∗

s , we compute the mass re-
coiling against the reconstructed Ds, and require it to
be within ±55 MeV of the D∗

s mass [13]. We then
select the subset of events with a single additional
charged track with p > 200 MeV that has opposite
charge to the Ds tag and is consistent with being a
positron. The discriminating variable we use to iden-
tify D+

s → τ+ν, τ+ → e+νν̄ is Eextra, the total en-
ergy remaining in the calorimeter after all showers as-
sociated with the tag and the positron are removed.
In signal events, the only additional particles beyond
the Ds tag and the positron are the two neutrinos
and either a photon from D∗

s → γDs, or a π0 from
D∗

s → π0Ds . Kinematically, these photons populate
the energy regions from 114-170 MeV (for γD+

s ) and
39-117 MeV (from π0D+

s ).
The distribution of Eextra in data is shown in

Fig. 6. The large excess at low values of Eextra
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is the D+
s → τ+ν, τ+ → e+νν̄ signal. The

broad background which peaks near 1 GeV is pre-
dominantly semi-leptonic decays, such as D+

s →
φe+ν, ηe+ν, η′e+ν, K0e+ν and K∗0e+ν. The
Cabibbo-suppressed decay, K0

Le
+ν, produces a small

peaking component in the signal region. The shape
of this background is taken from Monte Carlo sim-
ulation, and is normalized to our measured rate for
D+

s → K0
Se

+ν of B(D+
s → K0

Se
+ν) = (0.27± 0.10)%.

We choose the signal region as Eextra < 400 MeV,
which is chosen based on optimizing the signal signif-
icance. The expected non-peaking background in the
signal region is estimated by scaling the number of
data events with Eexta > 600 MeV by the MC ratio of
events in the sideband (EMC

extra > 600 MeV) to signal
region (EMC

extra < 400 MeV). The yields of D−

s tags and
D+

s → τ+ν, τ+ → e+νν̄ signal events are shown in
Table I. The scale factor, s shown in Table I is a cor-
rection to account for slight differences in the expected
number of background events in the signal and side-
band regions. Using the efficiency to reconstruct the
final state, D+

s → τ+ν, τ+ → e+νν̄ of (71.4 ± 0.4)%
and the B(τ+ → e+νν̄) = (17.84 ± 0.05)%, we find:

B(D+
s → τν) = (6.24 ± 0.71 ± 0.36)%. (14)

The 5.8% systematic uncertainty is dominated by the
4.3% contribution from the simulation of K0

L shower-
ing in the calorimeter.

Figure 6: Total extra energy left over in the calorimeter
after removing energy associated with the Ds tag and the
positron. Data are shown as the points with error bars,
and the MC background predictions are shown as solid,
dashed and hatched histograms, and the expected signal
contribution is indicated by the shaded histogram.

Using Eq. 1, we find fD
+
s

= (275 ± 16 ± 8) MeV.

When this result is combined with the result in Eq. 12,
we obtain:

fD
+
s

= 274 ± 10 ± 5 MeV (15)

5. Summary

We have presented measurements of the branch-
ing fractions B(D+ → µ+ν, D+

s → µ+ν and D+
s →

τ+ν, τ+ → π+νν̄ with the CLEO-c detector. The
results are the most precise measurements of these
leptonic decay rates to date. Using Eq 1, we extract
the decay constants:

fD+ = (222.6 ± 16.7+2.8
−3.4) MeV. (16)

fD
+
s

= (274 ± 10 ± 5) MeV (17)

fD
+
s

/fD+ = 1.23 ± 0.11 ± 0.03 (18)

Our measurement of fD
+
s

is consistent with and sig-
nificantly more precise than the recent measurement
by BaBar [14]. The only other measurement of fD+

was reported by BES based on 1 signal candidate. Re-
cent lattice QCD predictions [15, 16] of both fD+ and
fD

+
s

are typically ∼10% lower than our measurements,

whereas the ratio of fD
+
s

/fD+ is in good agreement
with our measurement.

We gratefully acknowledge the effort of the CESR
staff in providing us with excellent luminosity and
running conditions. We also thank the National
Science Foundation for support of this research.
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Table I Summary of D−
s tagged events (yield, background from sidebands, sidebands scale factor (s), and sideband-

subtracted yield), and D+
s → τ+ν, τ+

→ e+νν̄ events (yield, background from D−
s sidebands, background from D+

s

semileptonic decays, and sideband-subtracted yield).

Mode D−
s Tags D+

s → τ+ν, τ+
→ e+νν̄

Yield Back s Signal Yield Background Signal

D−
s D+

s

D−
s → φπ− 5232 388 1.001 4843.6 ± 75.0 49 0 8.7 ± 0.6 40.3 ± 7.0

D−
s → K−K∗0 8937 3618 1.008 5289.2 ± 112.2 55 3 8.5 ± 0.7 43.5 ± 7.6

D−
s → K−K0

S 3468 695 1.030 2751.8 ± 64.7 24 2 3.8 ± 0.4 18.1 ± 5.1

Total 17637 4701 - 12884.6 ± 149.7 128 5 21.0 ± 1.0 101.9 ± 11.5
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Weak Charm Decays with Lattice QCD
A. X. El-Khadra
Department of Physics, University of Illinois, Urbana, IL 61801, USA

In this paper I review the status of lattice QCD calculations of D and Ds meson decay constants and of D meson
semileptonic decay form factors. I restrict my discussion to results obtained from simulations with nf = 2 + 1
sea quarks.

1. Introduction and Motivation

Lattice QCD is the only systematically improvable
calculational tool we have for quantitatively under-
standing nonperturbative QCD effects. Accurate the-
oretical calculations of nonperturbative QCD effects
are essential for the experimental flavor physics pro-
gram. One set of goals of the experimental program
are accurate determinations of the CKM matrix ele-
ments. This is illustrated for the weak decay process
D → Klν. The experimentally measured (differen-
tial) decay rate can be written as

dΓ

dq2
= (known)|Vcs|2f2

+(q2) (1)

where f+(q2) is one of the hadronic form factors which
parameterize the hadronic matrix element for this pro-
cess, 〈K|Vµ|D〉. Hence, to determine |Vcs| from exper-
imental measurements, we need a theoretical calcula-
tion of the form factor with matching precision. An-
other set of goals is to constrain beyond the standard
model theories and to search for new physics signals.
This effort complements the experiments at the high
energy frontier. Accurate theoretical calculations are
again essential.

Since lattice QCD calculations are complicated and
time consuming, a third important goal specifically of
the charm physics experiments is to test lattice QCD
methods. For example, we can use Eq. 1 to determine
the form factors from experimental measurements af-
ter taking |Vcs| from other sources. These tests are im-
portant to establish lattice methods for the B meson
system, where the CKM matrix elements are less well
known, and where input from lattice QCD is essen-
tial. The leptonic and semileptonic D meson decays
discussed in this talk are ideal for this. They are not
expected to be sensitive to new physics, and the cor-
responding hadronic matrix elements are straightfor-
ward to calculate. Once established, lattice QCD to-
gether with the experimental measurements can then
be used to improve the determinations of the CKM
angles Vcd and Vcs. All of these goals require accurate
measurements and calculations.

1.1. Introduction to Lattice QCD

In lattice field theory, the space-time continuum is
replaced by a discrete lattice. (For reviews of lat-
tice QCD see Ref. [1].) This implies that derivatives
are replaced by discrete differences, which in turn in-
troduces discretisation errors into physical quantities.
These errors generally vanish with a positive power of
the lattice spacing (a).

Nonperturbative calculations in lattice QCD can be
performed using Monte Carlo methods. Lattice arti-
facts can be removed by reducing the lattice spacing
used in numerical calculations. However, the com-
putational cost increases as 1/a7 (keeping the other
parameters fixed). Alternatively, one can reduce dis-
cretisation errors by adding higher-dimensional oper-
ators to the action. This is called improvement. With
improved actions the computational effort needed to
perform reliable lattice QCD calculations can poten-
tially be significantly reduced. This idea is behind
much of the important progress made in lattice QCD
calculations in recent years and has been an increasing
part of research in lattice field theory.

The main obstacle for obtaining quantitative results
(at the few percent level) from numerical simulations
of lattice QCD has always been the computational ef-
fort associated with the proper inclusion of sea quark
effects. Several years ago, substantial progress was
made on this problem, in large part due to the de-
velopment of an improved staggered fermion action
[2]. For the first time, computationally efficient lat-
tice simulations with realistic sea quark effects have
become possible.

1.2. Light Quark Methods

The simplest lattice quark action replaces the co-
variant derivative in the continuum action by a dis-
crete difference operator. This so-called naive action
suffers from the doubling problem. For every con-
tinuum quark flavor, it has 15 additional unphysical
flavors, called tastes. The staggered quark action com-
bines four of these tastes into one Dirac field, by stag-
gering the quark fields on a hypercube. This leaves
four unphysical flavors (tastes). This action suffers
from large O(a2) lattice spacing artifacts due to taste

http://arxiv.org/abs/0711.1616v1
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changing interactions. The Asqtad action is an im-
proved staggered action where all tree-level discretisa-
tion errors are removed [2]. Its leading lattice spacing
errors are therefore of O(αsa

2) and greatly reduced
compared to the original staggered action. The Asq-
tad action is the computationally most efficient light
quark action available. However, in order to use it
for the sea quarks in numerical simulations, the un-
physical flavors must be removed. The sea quarks are
present in the fermion determinant of the path inte-
gral. To simulate two degenerate light (up and down)
sea quarks, the MILC collaboration simply takes the
square root of the light quark fermion determinant.
For the strange sea quark, they take the fourth root
of the determinant. This procedure is still somewhat
controversial, but there is a growing body of evidence
that its effects are controllable and disappear in the
continuum limit [3]. The Asqtad action with the
square root trick has been extensively tested in nu-
merical simulations, most prominently in Ref. [4].

The HISQ (highly improved staggered quark) ac-
tion is another version of an improved staggered action
[5]. Like the Asqtad action, it removes all tree-level
O(a2) errors. The O(αsa

2) errors in the Asqtad action
are rather large, due to taste changing interactions
which appear at one-loop order. The HISQ action re-
duces the O(αsa

2) taste-changing effects by roughly a
factor of three over the Asqtad action. The HISQ ac-
tion has not yet been used to generate nf = 2 + 1 sea
quark ensembles. Its computational cost is expected
to be about a factor of two larger than the Asqtad
action.

Other light quark methods include the Wilson ac-
tion and its improvements [6], Domain Wall Fermions
[7] and Overlap fermions [8], with increasing compu-
tational cost. The Wilson action solves the doubling
problem by adding a dimension five operator which
breaks chiral symmetry. Domain Wall Fermions solve
the doubling problem by adding a fifth dimension,
while keeping chiral symmetry almost exact. Overlap
fermions have exact chiral symmetry, but a compli-
cated operator structure.

1.3. Heavy Quark Methods

On the lattice, heavy quarks with amQ large, are
best treated within an effective field theory framework
(NRQCD or HQET). One can start with an effective
field theory, and discretise it as in Ref. [11], for ex-
ample. Alternatively, one can start with a relativistic
lattice action and analyze its mass dependent discreti-
sation errors using effective field theories. The charm
quark it too light for a straightforward implementa-
tion of the former approach, so we will focus on the
latter.

The Fermilab approach [12] starts with the im-
proved relativistic Wilson action [6] and the observa-

tion that the Wilson action has the same heavy quark
limit as QCD. With a simple prescription, the Wilson
action can be used for heavy quarks without errors
that grow with the heavy quark mass, (amQ)n. This
approach can be used for both charm and and beauty
quarks. With the improved Wilson action, the leading
discretisation errors are O(αsΛ/mQ) and O(Λ/mQ)2.

The HISQ action is so highly improved that it can
be used for charm quarks with an additional tuning
of a parameter in the action, provided that the lat-
tice spacing is small enough [5]. The leading mass
dependent discretisation errors are formally of order
O(αs(amc)

2) and O(amc)
4.

1.4. Systematic Errors

The most important sources of systematic error in
lattice QCD calculations are sea quark effects; using
unphysically large masses for the up and down quarks;
discretisation effects; finite volume effects; and renor-
malisation effects.

In order to be phenomenologically relevant, a lattice
QCD calculation must use gauge configurations that
include the effects of three light sea quarks. Since
the masses of the up and down quarks are generally
taken to be degenerate, this is also referred to as the
nf = 2 + 1 case.

Until roughly five years ago, almost all lattice QCD
calculations used ensembles generated either in the
quenched approximation or with an incorrect number
of sea quarks (generally, nf = 2) because of the com-
putational cost associated with including sea quarks in
the simulations. The quenched approximation omits
sea quark effects entirely, at the cost of adding a sys-
tematic error in the range of 10 − 30% for physical
quantities involving stable hadrons [4]. This error
must be determined on a case by case basis. Simu-
lations with an incorrect number of sea quarks carry
a similar systematic error, which is hard to estimate
a priori.

The computational cost increases with decreasing
sea quark mass as m−2.5

l . All simulations to date use
masses for the light sea quarks which are larger than
the physical up and down quark masses. (Note, the
strange quark mass is large enough to be simulated
at its physical value.) We can use chiral perturba-
tion theory (ChPT) to guide the extrapolations from
the light sea quark masses used in the simulations to
the physical masses. ChPT is an effective theory of
QCD, which can be applied to (lattice QCD calcula-
tions involving) pions and kaons. It can be combined
with heavy quark effective theory and be applied to
heavy-light systems, such as D and B mesons. Fur-
thermore, it can be extended to include the leading
light quark discretisation errors. Indeed, this has been
done for the taste changing interactions of the Asqtad
action and is called staggered ChPT (SChPT) [10].
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The ChPT extrapolations are a significant but con-
trollable source of systematic error. In order to keep
this error at the few percent level or less, one needs to
include simulations with a range of light sea masses,
keeping ml < ms/2. The lattice QCD calculations
described here include light sea quarks with masses in
the range ml = 1/10 ms – 1/2 ms. Hence, the lightest
light sea quark masses are only a factor of 2− 3 away
from their physical value.

As described in the previous sections, the lattice
actions give rise to discretisation errors. They can
usually be estimated a priori using power counting
arguments. However, even with improved actions, it
is important to study and possibly remove these errors
by repeating the calculation at several lattice spacings.

1.5. Simulation Parameters

The simulation parameters of the nf = 2 + 1 sea
quark ensembles generated by the MILC collaboration
using the Asqtad action (with the square root trick)
are listed below and are shown in Figure 1. Each en-
semble contains between 450–800 configurations. The
ensembles contain one sea quark with a mass near the
strange quark mass, ms, and two degenerate light sea
quarks with masses, ml.

• a = 0.15 fm; ml = 0.1 ms, 0.2 ms, 0.4 ms,
0.6 ms.

• a = 0.12 fm; ml = 0.125 ms, 0.25 ms, 0.5 ms,
0.75 ms.

• a = 0.09 fm; ml = 0.1 ms, 0.2 ms, 0.4 ms.

0 0.04 0.08 0.12 0.16 0.2

lattice spacing, a  (fm)

0

0.2

0.4

0.6

0.8

1

m
li

gh
t/m

s

MILC (Asqtad)

Figure 1: Simulation parameters for the MILC ensembles
with nf = 2+1. showing ml/ms vs. lattice spacing a (red
squares). The physical point is at ml/ms = 1/25 (pink
burst).

2. Semileptonic D Meson Form Factors

The semileptonic decays D → K(π)lν are medi-
ated by weak vector currents. The hadronic matrix
elements for semileptonic decays are parameterized in
terms of form factors. In our case there are two form
factors, conventionally f+(q2) and f0(q

2). The form
factors are functions of the virtual W boson momen-
tum transfer, q2, or, equivalently, the recoil momen-
tum of the daughter meson. This introduces addi-
tional lattice spacing errors:

〈K|Vµ|D〉lat = 〈K|Vµ|D〉cont + O(apK)n (2)

Hence, discretisation errors are smallest, when pK is
small and q2 ≈ q2

max = (mD − mK)2.
The finite lattice volume provides an infrared cut-

off, and therefore a minimum value for finite momen-
tum, pmin = 2π

L
. Lattice three-momenta can be writ-

ten in terms of pmin as ~p = pmin(nx, ny, nz), where
nx, ny, nz are integers. For example, for a = 0.1 fm,
L = 20, pmin = 620 MeV.

To date, the only lattice results for semileptonic D
meson form factors with nf = 2+1 are from the Fermi-
lab Lattice and MILC collaborations [13]. They use
the MILC a = 0.12 fm lattices with light sea quark
masses in the range ml = 1/8ms – 3/4ms, the Asqtad
action for the light valence quarks and the Fermilab
action for the charm quark. Staggered chiral pertur-
bation theory is used to extrapolate to the physical
light quark masses and to remove the leading discreti-
sation errors due to taste violations.

Figure 2 shows a comparison of the lattice QCD re-
sult for the normalization fK

+ (0) for D → Klν with
experimental determinations (where Vcs is taken from
other sources). The results are in very good agree-
ment; however, the lattice QCD result has much larger
errors than the experimental determinations. The
comparison between lattice theory and experiment for
fπ
+(0) is similar [14].
The shape of the form factor can also be determined

in lattice QCD. However, in Ref. [13] the form factors
were calculated at a few values of recoil momentum.
Then the BK [16] parameterisation was used to deter-
mine the q2 dependence of the form factors. Since the
errors increase with recoil momentum, the shape of
the form factors is fixed mainly from the form factors
near q2

max and from using the BK parameterisation
[15]. The lattice QCD result appeared before the new
measurements by the FOCUS [17] and Belle [18] col-
laborations were announced, so it is one of a very few
lattice QCD predictions. Figure 3 [15] shows a com-
parison of the lattice prediction for the q2 dependence
with experimental data from the Belle collaboration
[18]. The agreement is excellent. However, a quanti-
tative comparison between the BK shape parameter
determined from experiment and lattice theory is dif-
ficult to interpret, as eloquently argued by Richard
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Figure 2: fK

+ (0) in comparison from Ref. [14]
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Figure 3: The shape of fK

+ (q2) in comparison. The lattice
prediction for the shape is from Ref. [15].

Hill [19]. A model independent parameterisation of
the shape based on the z-expansion would avoid this
difficulty [20]. The z-expansion is being used by the
Fermilab Lattice and MILC (FNAL/MILC) collabo-
ration to parameterize the q2 dependence of the form
factors for B → πlν [21]. This works quite well,
as shown in Figure 4. Any new lattice analysis of
semileptonic D meson decay form factors will (should)
adopt the z-expansion to determine the shape.

A number of additional improvements are possible
in future calculations. Twisted boundary conditions
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f
+
(q

2
) from unconstrained fit

Figure 4: The form factors for B → πlν vs. q2 from fit-
ting to the z-expansion. The preliminary results are from
Ref. [21].

can be used to adjust the lattice momenta to arbitrar-
ily small values [22], which would improve the shape
determination. Double ratio methods similar to what
has been developed for lattice studies of B → Dlν [23]
can be adapted to semileptonic D meson decays [24].
This may lead to reduced statistical errors as well as
improvements of some of the systematic errors.

3. Leptonic Decay Constants fD and fDs

Charm leptonic decays provide another important
test of lattice QCD. The lattice methods for calculat-
ing decay constants in the charm and beauty meson
systems are the same. Indeed, with the Fermilab ap-
proach one uses the same heavy quark action in both
systems and the heavy quark discretisation errors are
expected to be larger for D mesons than for B mesons.

There are now results from two groups
(FNAL/MILC and HPQCD). Both use the MILC
ensembles at a = 0.09 fm, 0.12 fm, 0.15 fm.

The first FNAL/MILC results came out in 2005
[25], just days before CLEO-c announced its first pre-
cise determination of fD+ [26]; the two results were in
good agreement.

The HPQCD collaboration announced their results
for decay constants with much reduced errors this
summer [27] and FNAL/MILC presented updated re-
sults at the Lattice 2007 conference [28], also with
reduced errors. The new FNAL/MILC analysis was
done “blind”, where an overall unknown offset was
added to the lattice data. The final results were un-
blinded shortly before they were presented at the Lat-
tice 2007 conference, making this the first (intention-
ally) blind lattice analysis. Table I compares the main
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features of the two calculations. More details about
the HPQCD and FNAL/MILC calculations, includ-
ing discussion of the error analysis and plots of chi-
ral and lattice spacing extrapolations can be found
in Refs. [29] and [28] respectively. The FNAL/MILC
analysis includes more lattice ensembles, more valence
quark masses per ensemble, and uses staggered chiral
perturbation theory (Staggered ChPT) to remove the
leading light quark discretisation errors. The HPQCD
collaboration considers only the case mq = ml, where
mq denotes the light valence quark mass and ml de-
notes the light sea quark mass. They use continuum
ChPT with generic O(a2) terms added in the chiral
fits.

The main difference between the two calculations
is the valence quark actions. The HPQCD collabo-
ration uses the HISQ action for all (charm, strange
and light) valence quarks, whereas the FNAL/MILC
collaboration uses the Fermilab action for the charm
quarks and the Asqtad action for the strange and light
valence quarks. Since the HISQ action is more im-
proved than the Fermilab action, the HPQCD result
has much smaller heavy quark discretisation errors.
This is the main reason for the difference in the total
errors between the two results.

Table II compares the error budgets for the 2005
FNAL/MILC calculation with the FNAL/MILC Lat-
tice 2007 one. The error reduction is mainly due to
including three MILC ensembles at a = 0.09 fm (and
8-12 different valence masses). This reduces the heavy
quark and light quark discretisation errors, and better
constrains the staggered ChPT.

Figures 5, 6, and 7 compare the lattice results for
fD+ , fDs

, and fDs
/fD+ , respectively, to the corre-

sponding experimental averages. The experimental
averages are from Ref. [14]. The new CLEO-c result
fDs

= 275 ± 10 ± 5 presented at this conference by
Steven Blusk [30], is very similar to Ref. [14].

The FNAL/MILC results agree with the experimen-
tal averages at the one sigma level. The HPQCD re-
sults agree very well with the FNAL/MILC results.
There is a hint of disagreement between the HPQCD
result for fDs

and the experimental average at the
two sigma level. However, the experimental determi-
nations of the decay constants must assume a value
for the CKM angle Vcs from other sources. We are
approaching a level of precision, where tests of lat-
tice QCD should be performed on CKM free quanti-
ties such as the ratio of semileptonic to leptonic decay
rates suggested in Ref. [31].

4. Conclusions and Outlook

With the generation of the MILC ensembles, the
stakes for lattice QCD calculations have risen. We are
now able to calculate the simplest quantities to a few
percent accuracy. As always, repetition is desirable

180 200 220 240 260 280 300 320
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0

HPQCD

FNAL/MILC  (Lattice 2007)

FNAL/MILC (PRL 2005)

Exp. Average (Pavlunin FPCP 2007)

D
+
 decay constant in comparison

Figure 5: Comparison of lattice QCD results for fD+ with
experiment.
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0
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FNAL/MILC (2005 PRL)

FNAL/MILC (Lattice 2007)

HPQCD

Ds decay constant

Figure 6: Comparison of lattice QCD results for fDs
with

experiment.

to test different lattice methods against each other.
To date, all lattice calculations that include realistic
sea quark effects use the MILC ensembles with rooted
Asqtad sea quarks. As mentioned in section 1.2, the
Asqtad action carries the smallest computational cost
of any light quark action. Nevertheless, recently other
collaborations have started to generate ensembles with
different sea quark actions. An overview is given in
Figure 8. It shows that the other ensembles are be-
ing generated at similar values of lattice spacing and
light quark masses as the MILC ensembles. The MILC
collaboration continues to generate new ensembles at
even smaller lattice spacings. They are also generating
additional configurations for the existing ensembles to
further reduce statistical errors. As in experiment, in
lattice QCD smaller statistical errors give better con-
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Table I Comparison of the main features of the HPQCD and Fermilab Lattice/MILC calculations.

FNAL/MILC HPQCD

Fermilab action for charm quark HISQ action for charm and light valence

Asqtad action for strange and light valence quarks

a (fm) ml/ms sea quark a (fm) ml/ms sea quark

0.09 1/10, 1/5, 2/5 0.09 1/5, 2/5

0.12 1/8, 1/4, 1/2, 3/4 0.12 1/8, 1/4, 1/2

0.15 1/10, 1/5, 2/5, 3/5 0.15 1/5, 2/5

8 − 12 light valence quark masses per ensemble 1 valence quark mass/ensemble, mvalence = msea

Partial nonperturbative renormalisation Nonperturbative renormalisation from PCAC

Staggered ChPT fits to all valence Continuum ChPT +O(a2) terms fit to all

and sea quark ensembles together ensembles together

Blind analysis for Lattice 2007

Table II Comparison of the error budget of the 2005
FNAL/MILC results with the Lattice 2007 results. Num-
bers are given in percent.

PRL 2005 [25] Lattice 2007 [28]

source fD+ fDs
/fD+ fD+ fDs

/fD+

statistics 1.5 0.5 3.8 1.0

HQ discretisation 4.2 0.5 2.7 0.3

light quark + Chiral fits 6.3 5 2.7 1.8

inputs (a, mc, ms) 2.8 0.6 3.4 0.5

higher order PT 1.3 1.3 0.3 -

+ other small sources (finite volume, . . .)

total systematic 8.5 5.4 5.3 2.0

trol over systematic errors. Hence, lattice calculations
based on the MILC ensembles will continue to become
more accurate.

Any modern lattice QCD calculation that claims
phenomenological relevance must include a serious
systematic error analysis. To be relevant, it must in-
clude the correct number of sea quarks (which all the
ensembles shown in Figure 8 do). While the masses
of the light sea quarks are still unphysically large,
it must also include a study of the light quark mass
dependence with sufficiently small sea quark masses.
Among other sources of error, discretisation effects
must be estimated and tested by repeating the cal-
culation at more than one lattice spacing.

In summary, we should expect to see lattice results
from these new ensembles in the near future. They
will provide important consistency tests of the lat-
tice methods, and in particular of the square root
trick used by the MILC collaboration to generate their
nf = 2 + 1 ensembles.

1.15 1.2 1.25 1.3 1.35 1.4 1.45 1.5
0

Exp. average (Pavlunin FPCP 2007)

FNAL/MILC (PRL 2005)

FNAL/MILC (Lattice 2007)

HPQCD

Ds/D
+
 Decay Constant Ratio

Figure 7: Comparison of lattice QCD results for fDs
/fD+

with experiment.
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Precision Lattice Calculation of D and Ds decay constants

Eduardo Follana (for the HPQCD collaboration)
University of Glasgow, Glasgow, UK

We present a determination of the decay constants of the D and Ds mesons from lattice QCD, each
with a total error of about 2%, approximately a factor of three better than previous calculations.
We have been able to achieve this through the use of a highly improved discretization of QCD for
charm quarks, coupled to gauge configurations generated by the MILC collaboration that include
the full effect of sea u, d, and s quarks. We have results for a range of u/d masses down to ms/5
and three values of the lattice spacing, which allow us to perform accurate continuum and chiral
extrapolations. We fix the charm quark mass to give the experimental value of the ηc mass, and
then a stringent test of our approach is the fact that we obtain correct (and accurate) values for
the mass of the D and Ds mesons. We compare fD and fDs

with fK and fπ, and using experiment
determine corresponding CKM elements with good precision.

I. INTRODUCTION

Precision calculations in lattice QCD play a crucial
role in testing our non-perturbative theoretical tools,
by comparing the results of the calculation with pre-
cisely measured quantities. In addition accurate cal-
culations of non-perturbative QCD quantities are very
important in the extraction of information from anal-
ysis of experimental data, for example in the deter-
mination of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements.

This is most clearly seen in the case of “gold-plated”
processes, for example the leptonic decay of Ds, Dd, π
and K mesons. In this process the corresponding me-
son, with quark content ab̄ (or āb) annihilates weakly
into a W boson, with a width given, up to calculated
electromagnetic corrections [1, 2], by:

Γ(P → lνl(γ)) =
G2

F |Vab|2
8π

f2
Pm

2
lmP (1 − m2

l

m2
P

)2. (1)

Vab is the corresponding element of the CKM matrix,
and the decay constant fP parametrizes the amplitude
for W annihilation. By combining a measurement of
Γ with an accurate calculation of fP (1) can be used
to determine Vab. If Vab is known from elsewhere we
can use (1) to get a value for fP .

The decay constant fP is conventionally defined to
be a property of the pseudoscalar meson, calculable
in QCD without QED effects, and is given by:

〈0|aγµγ5b|P (p)〉 = fP pµ. (2)

The calculation of fP is a hard non-perturbative
problem, which at present can only be done fully with
lattice QCD. There are very precise experimental mea-
surements for the leptonic decay rates in the case of
the π and K, and new results are appearing for D
and Ds, which make the calculations a highly non-
trivial test of lattice QCD, and ultimately of QCD
itself. This tests are important to give us confidence
in similar lattice QCD predictions of matrix elements
in B systems, for which experimental results are much
harder to obtain.

II. IMPROVED STAGGERED QUARKS

We use HISQ staggered quarks in the valence sector,
whereas the sea quarks are ASQTAD staggered quarks
with the fourth root trick [3, 4, 5].

Staggered quark actions suffer the doubling prob-
lem: there are four “tastes” (non-physical flavours)
of fermions in the spectrum, which couple through
taste-changing interactions. These are lattice artifacts
of order a2, involving at leading order the exchange
of a gluon of momentum q ≈ π/a. Although quite
large in the original one-link (Kogut-Susskind) stag-
gered action, such interactions are perturbative for
typical values of the lattice spacing, and can be cor-
rected systematically a la Symanzik. By judiciously
smearing the gauge field we can remove the coupling
between quarks and high momentum gluons.

The most widely used improved staggered action
is called ASQTAD, and removes all tree-level a2 dis-
cretization errors in the action [6, 7, 8].

The HISQ (highly improved staggered quarks) stag-
gered Dirac operator involves two levels of smearing
with an intermediate projection onto SU(3). It is de-
signed so that, as well as eliminating all tree-level a2

discretization errors, it further reduces the one-loop
taste-changing errors (see [9] for a more detailed dis-
cussion.) This action has been shown to substantially
reduce the errors associated with the taste-changing
interactions [9, 10, 11].

When we put massive quarks on the lattice, the dis-
cretization errors grow with the quark mass as powers
of am. Therefore to obtain small errors we would
need am ≪ 1. For heavy quarks this would require
very small lattice spacings. On the other hand, to
keep our lattice big enough to accommodate the light
degrees of freedom, we need La ≫ m−1

π . The fact
that we have two very different scales in the problem
makes difficult a direct solution. What we can do in-
stead is to take advantage of the fact that m is large,
by using an effective field theory (NRQCD, HQET).
This program has been very successful for b quarks
[12, 13, 14].

http://arxiv.org/abs/0709.4628v1
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The charm quark is in between the light and heavy
mass regime. It is quite light for an easy application
of NRQCD, but quite large for the usual relativistic

quark actions, amc
<∼ 1. However, if we use a very

accurate action (HISQ) and fine enough lattices (fine
MILC ensembles), it is possible to get results accurate
at the few percent level. A non-relativistic analysis [9]
shows that for HISQ charm quarks the largest remain-
ing source of error is due to the quark’s energy, and
can be further suppressed by powers of v/c, where v
is the typical velocity of the quark in the system of
interest, simply by retuning the overall coefficient of
a term called Naik term to impose the correct rela-
tivistic dispersion relation c2(p) = 1 for low lattice
momemtum p.

One advantage of the use of a relativistic action is
the existence of a partially conserved current, which
implies the non-renormalization of the lattice result
for fP . We can extract fP from the PCAC relation
for zero momentum meson P:

fPm
2
P = (ma +mb) 〈0|āγ5b|P 〉 (3)

III. RESULTS

Lattice/sea valence r1/a

u0aml, u0ams aml, ams, amc, 1 + ǫ

163
× 48

0.0194, 0.0484 0.0264, 0.066, 0.85, 0.66 2.129(11)

0.0097, 0.0484 0.0132, 0.066, 0.85, 0.66 2.133(11)

203
× 64

0.02, 0.05 0.0278, 0.0525, 0.648, 0.79 2.650(8)

0.01, 0.05 0.01365, 0.0546, 0.66, 0.79 2.610(12)

243
× 64

0.005, 0.05 0.0067, 0.0537, 0.65, 0.79 2.632(13)

283
× 96

0.0124, 0.031 0.01635, 0.03635, 0.427, 0.885 3.711(13)

0.0062, 0.031 0.00705, 0.0366, 0.43, 0.885 3.684(12)

TABLE I: MILC configurations and mass parameters used
for this analysis. The 163

× 48 lattices are ‘very coarse’,
the 203

× 64 and the 243
× 64, ‘coarse’ and the 283

× 96,
‘fine’. The sea asqtad quark masses (l = u/d) are given
in the MILC convention where u0 is the plaquette tad-
pole parameter. Note that the sea s quark masses on
fine and coarse lattices are above the subsequently deter-
mined physical value [17]. The lattice spacing values in
units of r1 after ‘smoothing’ are given in the rightmost
column [16, 18]. The third column gives the HISQ valence
u/d, s and ¸masses along with the coefficient of the Naik
term, 1 + ǫ, used for ¸quarks [9].

We use gluon field configurations including 2 + 1
flavours of sea quarks generated by the MILC collab-
oration [15, 16, 17]. The parameters of the ensembles
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FIG. 1: Charmonium spectrum obtained with HISQ
charm quarks on fine MILC lattices (blue crosses with er-
ror bars) against experiment (black lines).

we have used for both the sea and the valence sec-
tors are in table I. The lattice results are converted
to physical units through the heavy quark potential
parameter r1, as determined by the MILC collabora-
tion (table I, [16]). The physical value of r1 is de-
termined from the Υ spectrum calculated in NRQCD
with b quarks on the same MILC ensembles [13], with
the result r1 = 0.321(5) fm, r−1

1 = 0.615(10) GeV.

We use multiple precessing random wall sources,
which gives a 3-4-fold reduction in statistical errors
with respect to conventional local sources.

The mass of the charm quark is fixed by adjust-
ing the mass of the “goldstone “ ηc to its experimen-
tal value. The light (u/d) and strange quark masses
are fixed using the experimental values for the masses
of π and K. Our results use masses for the u and
d quarks that are substantially larger (by a factor of
around three) than the real ones. In order to get phys-
ical answers we extrapolate to the correct u/d mass
using chiral perturbation theory. Once the masses
have been thus fixed, there is no remaining freedom to
change any parameters, and in particular the results
we obtain for the masses of heavy-light mesons are
a stringent test of our method. In figure 1 we show
the spectrum of charmonium. We obtain an hyperfine
splitting of 111(5) MeV (experiment 117(1) MeV) We
have made no attemp as yet to optimize the calcula-
tion of the excited states.

In addition to the chiral extrapolation, we have sys-
tematic errors coming from a variety of sources [19],
among them from the finite lattice spacing. Because
we have three different lattice spacings and very pre-
cise data, we can extrapolate to the continuum limit.
This extrapolation is linked to the chiral extrapola-
tion through discretization errors in the light quark ac-
tion. We therefore perform a simultaneous bayesian fit
for both chiral and continuum extrapolations, allow-
ing for expected functional forms in both. We tested
the validity of the method by fitting hundreds of fake



Proceedings of the CHARM 2007 Workshop, Ithaca, NY, August 5-8, 2007 3

FIG. 2: Masses of the D+ and Ds meson as a function of
the u/d quark mass in units of the s quark mass at three
different values of the lattice spacing. The very coarse
results are above the coarse and the fine are the lowest.
The lines give the simultaneous chiral fits and the dashed
line the continuum extrapolation as described in the text.
Our final error bars, including the overall scale uncertainty,
are given by the shaded bands. These are offset from the
dashed lines by an estimate of electromagnetic, mu 6= md

and other systematic corrections to the masses. The ex-
perimental results are marked at the physical md/ms.

datasets generated using staggered chiral perturbation
theory with random couplings. We fit simultaneously
to the masses and the decay constants, that is, we fit
mπ, mK , fπ and fK simultaneously, and similarly for
mD, mDs

, fD and fDs
. We present some of the results

in figures 2 and 3.
We get an excellent agreement with experiment

for the masses: mDs
= 1.963(5) GeV (experiment

1.968 GeV), and mD = 1.869(6) GeV (experiment
1.869 GeV). Our calculation also reproduces correctly
the difference in binding energies between a heavy-
heavy (ηc) and a heavy-light (mD and mDs

) state:
(2mDs

−mηc
)/(2mD −mηc

) = 1.249(14) (experiment
1.260(2)). Our charm quark action is the first one to
be accurate enough to do this calculation (which also
cannot be done, for example, in potential models.)

We also have agreement with experiment for the
light-light decay constants [19]. The result for the
ratio is very accurate, fK/fπ = 1.189(7), and shows
tiny discretization effects (figure 4). Combining this
ratio with experimental leptonic branching fractions
[17, 20] we get Vus = 0.2262(13)(4), where the first
error is theoretical and the second experimental. This
gives the unitarity relation 1 − V 2

ud − V 2
us − V 2

ub =
0.0006(8).

Our results for the heavy-light decay constants
are 4-5 times more accurate than previous lattice
QCD results and existing experimental measurements:
fDs

= 241(3) MeV, fD = 208(4) MeV, and a ratio of
fDs

/fD = 1.162(9) (see figure 5). For the double ratio
(fDs

/fD)/(fK/fπ), which is estimated to be close to

FIG. 3: Results for the D, Ds, K and π decay constants
on very coarse, coarse and fine ensembles, as a function of
the u/d quark mass in units of the s quark mass. The chiral
fits are performed simultaneously with those of the corre-
sponding meson masses, and the resulting continuum ex-
trapolation curve is given by the dashed line. The shaded
band gives our final result. At the left are experimental
results from CLEO-c [22, 24] (on the left with the τ decay
result above the µ decay result for Ds) and BaBar [23] (Ds

only) and from the Particle Data Tables [2] for K and π.
For the K we have updated the result quoted by the PDG
to be consistent with their quoted value of Vus.
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FIG. 4: Ratio of decay constants fK/fπ on very coarse,
coarse and fine ensembles, as a function of the u, d quark
mass in units of the s quark mass.
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FIG. 5: Ratio of heavy-light decay constants fDs
/fD on

very coarse, coarse and fine ensembles, as a function of the
u, d quark mass in units of the s quark mass.

1 from low order chiral perturbation theory [21], we
get a value of 0.977(10).

The experimental leptonic branching rates, together
with CKM matrix elements determined from other
processes (assuming Vcs = Vud) give fDs

= 264(17)
MeV for µ decays and 310(26) MeV for τ decay from
CLEO-c [22] and 283(23) MeV from BaBar [23], and
for fD 223(17) MeV from CLEO-c for µ decay [24].
Using our results for fDs

and fDs
/fD and the exper-

imental values from CLEO-c [22] for µ decay (since
the electromagnetic corrections are well-known in that
case) we can directly determine the corresponding
CKM elements: Vcs = 1.07(1)(7) and Vcs/Vcd =
4.42(4)(41). The first error is theoretical and the sec-
ond experimental. The result for Vcs improves on the
direct determination of 0.96(9) given in the Particle
Data Tables [2].

Our calculation is precise enough that we can see
the difference between mBs

(ml)−mB(ml) in the bot-
tom sector and the similar quantity in the charm sec-
tor mDs

(ml)−mD(ml) (figure 6). These mass differ-
ences are small compared to the absolute masses of
the states, and should be the same in the infinitely
heavy quark limit. We can see that our calculation
correctly reproduces the small difference due to the
finite value of the mass of the charm and bottom.

IV. CONCLUSIONS AND OUTLOOK

We have shown that the use of a highly improved
relativistic action on fine enough lattices is capable of
delivering very precise results on systems with a charm
quark. The high statistical accuracy of our data com-
bined with calculations at several values of the lattice
spacing and light quark masses allows us to make a

 0
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(m
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FIG. 6: Binding energy differences of heavy-light mesons
with strange valence quarks and those with u, d va-
lence quarks, for states with a ¸quark and systems with
a b quark, mDs

− mD and mBs
− mB . Data are shown

for the coarse and fine ensembles in the case of D and Ds,
and for the coarse for the B and Bs.

controlled joint chiral and continuum extrapolation.
We can calculate accurately the mass of heavy-light

systems, which provide a stringent test of the calcu-
lation. We can calculate precise values for the decay
constants of pseudoscalar heavy-light mesons (as well
as light-light mesons), and especially for the ratio of
such decay constants.

The very precise calculation of the masses of heavy-
heavy pseudoscalar mesons should make possible a di-
rect lattice determination of the mass of the charm
quark. Because we use the same relativistic action
through the calculation for both the charm and the
light quarks, we can also obtain a very precise value
for the ratio mc/ms, and therefore if mc is deter-
mined through another method use the ratio to get
ms. We are also working (in collaboration with the
Karlsruhe group) on a new method for the determi-
nation of mc by combining continuum perturbation
results with lattice data.

Another quantity which we plan to calculate in the
near future is the leptonic decay width Γe+e−(ψ), as
well as the semileptonic form factors for D → πlν,
D → Klν.
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Update on Semileptonic Charm Decays
Richard J. Hill
Fermi National Accelerator Laboratory
P.O. Box 500, Batavia, Illinois 60510, USA

A brief update is given on recent developments in the theory of exclusive semileptonic charm decays. A check
on analyticity arguments from the kaon system is reviewed. Recent results on form factor shape measurements
are discussed.

1. Introduction

Semileptonic meson decays provide a valuable arena
to study the weak and strong interactions. On the
one hand, once the effects of the strong interaction
are under control, weak mixing parameters (Vub, Vus,
... ) can be extracted from the overall normaliza-
tion. On the other hand, if these mixing parameters
are taken from other processes, then the semileptonic
rates probe complicated underlying strong dynamics,
thus yielding an important test for lattice methods [1]
and for our understanding of nonperturbative QCD.

Apart from the overall normalization, the spectral
shapes are also interesting [2]. The energy spectra
(the “q2 dial”) are governed by quark-hadron duality,
and are constrained by dispersion relations and ana-
lyticity. Shape parameters for different quark masses
(the “m dial”) can be interpreted by means of effective
field theory descriptions in the appropriate regimes of
validity. These parameters provide inputs to other
processes governed by the same effective field theory.
For example, the form factors measured in B → πℓν
constrain B → ππ.

The charm quark holds a privileged position in
this scheme. Abundant experimental data exist for
D → K and for D → π transitions. The charm mass is
heavy enough to be treated using heavy-quark meth-
ods on the lattice, but light enough so that the full
range of physically allowed momentum transfers are
accessible in present simulations [3]. Charm decays
thus provide a powerful test of lattice QCD methods
that can be applied to other heavy-meson systems.

Charm decays are important for testing another
important, but perhaps less well-known aspect of
QCD, namely the constraints imposed by analytic-
ity [4, 5, 6, 7, 8]. These constraints imply a conver-
gent expansion in powers of a small parameter that
measures the distance between the physically allowed
kinematic region, and the region of resonances and
production thresholds. While the existence of this
small parameter is well known, the usefulness of the
expansion has been practically negated by appeals to
“unitarity bounds”. It has only recently become clear
with the advent of rigorous power-counting arguments
that we can “take seriously” the expansion provided
by analyticity [7]. Charm decays provide a valuable
illustration and crosscheck of these arguments.

Table I Maximum |z| throughout semileptonic range
(from [2]).

Process CKM element |z|max

π+
→ π0 Vud 3.5 × 10−5

B → D Vcb 0.032

K → π Vus 0.047

D → K Vcs 0.051

D → π Vcd 0.17

B → π Vub 0.28

An overview of these ideas for general semileptonic
meson transitions has been presented previously in [2];
further discussion and references may be found there.
The focus in the present report is on some recent illus-
trations from kaon physics that are relevant to charm
physics, and on an update of shape measurements in
the charm system.

The remainder of the talk is organized as follows.
Section 2 outlines the constraints of analyticity, and
describes the explicit test of power-counting afforded
by Kℓ3 decays. Section 3 tabulates recent results on
the shape parameters in D → K and D → π semilep-
tonic transitions. Section 4 concludes with a discus-
sion of the relevance of these shape parameters for
testing lattice QCD, and for applying factorization in
B decays.

2. Analyticity and simplicity

The mere existence of a field theory description of
the physical hadrons, and their weak current probes,
implies powerful constraints on form factors. In par-
ticular, singularities in hadronic transition amplitudes
are determined by kinematics. Analyticity translates
into a convergence expansion in a small variable once
the domain of analyticity is mapped onto a standard
region.

In practical terms, this mapping is simply a rear-
rangement of the series expansion of the form factor,

F (t) = F (0) + . . . . (1)

For example, a simple pole model of the form factor

http://arxiv.org/abs/0712.3817v1
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Figure 1: Sum of squares of expansion coefficients (dark)
compared to unitarity bound (light). (from [9])

would “resum” into the form

F (t)/F (0) = 1 + t/m2 + (t/m2)2 + . . . =
1

1 − q2/m2
.

(2)
Without knowing what the form factor “resums” into,
analyticity implies that the series has to rearrange it-
self into the form

F (t)/F (0) = 1 + a1z(t) + a2z
2(t) + . . . , (3)

where ai are O(1) in a rigorous sense (
∑

i a2
i is also

O(1)), and z is a variable bounded by the distance of
the physical region from singularities.

The smallness of |z| in (3) implies that terms beyond
linear order are highly suppressed. There is thus an es-
sentially unique choice of shape parameter that unites
semileptonic transitions from various decay modes—
the slope of the form factor, say at q2 = 0. It turns
out that the numerical value of this parameter is in
itself an interesting quantity. It provides a quanti-
tative test of lattice versus experimental shape; it is
an input to related hadronic processes; and it probes
an unsolved question in the QCD dynamics governing
form factors [2].

The tools of analyticity are well-known, but their
usefulness has not been appreciated, due to a reliance
on unitarity as the only means to bound the coeffi-
cients ak. In fact, rigorous power counting arguments
show that both ak and

∑

k a2
k are order unity, even

when large ratios of scales, such as mQ/ΛQCD, are
present (mQ a heavy-quark mass, and Λ a hadronic
scale). It is important to test and make full use of
this expansion when dealing with complicated QCD
systems.

Analysis of Kℓ3 decays (K → πℓν) provides a re-
vealing confirmation of these ideas. The analysis also
provides an important constraint on the determina-
tion of |Vus| [9]. Figure 1 compares the unitarity
bound to the actual value of the sum of squares of coef-
ficients, as calculated from ALEPH τ decay data [10].
The result is plotted for a range of values of the OPE
parameter Q (Q corresponds to the virtuality of the
produce meson pair in the crossed channel; large Q
implies that the OPE is increasingly reliable). It can
be seen that the unitarity bound begins to wildly over-
estimate the possible size of the coefficients for even
moderately large Q. The convergence of the series im-
proves as Q becomes larger, since the sensitivity to the
K∗ pole is lessened; reliance on the unitarity bound
would however force us to work at small Q.

3. Shape parameters

δ -β1+1/
0 0.5 1 1.5 2

CLEO

FOCUS

BELLE

BABAR

CLEOc

Figure 2: Relative slope of the vector form factor in
D → Kℓν. As tabulated in (8) and [2], from CLEO [11],
FOCUS [12], BELLE [13], BABAR [14] and CLEOc [15].

Given the rapid convergence of the series (3), it
turns out that no more than a normalization and slope
can be measured in present experiments [2]. It is con-
venient to define the slope at q2 = 0, in which case we
have:

1

β
≡ m2

H − m2
L

F+(0)

dF0

dt

∣

∣

∣

∣

t=0

,

δ ≡ 1 − m2
H − m2

L

F+(0)

(

dF+

dt

∣

∣

∣

∣

t=0

− dF0

dt

∣

∣

∣

∣

t=0

)

≡ F+(0) + F−(0)

F+(0)
. (4)

Here F+ is the vector form factor that dominates for
massless leptons in pseudoscalar-pseudoscalar transi-
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Figure 3: Relative slope of the vector form factor in
D → πℓν. As tabulated in (9) and [2], from CLEO [11],
BELLE [13], and CLEOc [15]

tions, and F0 is the scalar form factor, accessible for
massive leptons, or in lattice simulations.

In the heavy-quark limit of heavy-to-light form fac-
tors, soft-collinear effective theory [16] can be used to
extract the heavy-quark mass dependence, and orga-
nize form-factor contributions in powers of ΛQCD/E,
where E is the energy of the outgoing light hadron.
At leading power [17],

F+(E) =
√

mH

[

ζ(E) +

(

4E

mH

− 1

)

H(E)
]

,

mH

2E
F0(E) =

√
mH

[

ζ(E) + H(E)
]

. (5)

Here ζ is the so-called soft overlap contribution to the
form factor, and H is the hard-scattering component,
due to hard gluon exchange with the spectator quark.
Apart from scaling violations, the functions ζ and H
both have an energy dependence ζ ∼ H ∼ E−2. Then
independent of any model assumptions,

1

β
= − d ln(ζ + H)

d lnE

∣

∣

∣

∣

E=mH/2

−1+O(αs, Λ/mH) , (6)

and

δ(mL, mH) =
2H

ζ + H

∣

∣

∣

∣

E=mH/2

+ O(αs, Λ/mH) .(7)

Thus 1/β − 1 measures scaling violations, and δ mea-
sures the size of hard-scattering contributions.

From the recent BABAR [14] and CLEOc [15] re-
sults on D → K,

D → K :

1 + 1/β − δ = 1.01 ± 0.04 ± 0.08 [14]

0.85 ± 0.06 ± 0.10 [15] . (8)

To compare with [2], the central values and first error
correspond to keeping just the linear term (a0 and a1)
in (3), and the second error is a conservative bound
on residual shape uncertainty from allowing a2 with
|a2/a0| ≤ 10. Together with previous CLEO, FOCUS
and BELLE measurements, these values are displayed
in Figure 2. A naive average of these results yields
1 + 1/β − δ = 0.97 ± 0.05 (χ2 = 2.5 for 5-1 d.o.f.).

From the CLEOc results on D → π,

D → π :

1 + 1/β − δ = 1.27 ± 0.13 ± 0.27 [15] . (9)

Together with previous CLEO and BELLE measure-
ments, these values are displayed in Figure 3. A naive
average of these results yields 1+1/β−δ = 1.19±0.23
(χ2 = 0.4 for 3-1 d.o.f.).

4. Conclusions

Semileptonic charm decays provide an important
arena in which to test lattice QCD. Unfortunately, it is
not possible to definitively test the experimental shape
predictions against unquenched lattice simulations at
present, since the lattice results are so far reported
only in terms of model parameters, that need not
agree between theory and experiment, or between ex-
periments with different acceptance and systematics.
It is interesting to note that while some model param-
eters show poor agreement between experiments [18],
there is no obvious discrepancies among the physical
results shown in Figure 2.

The actual value of the shape parameters are also of
interest. For example, the parameter δ is an important
input to factorization analyses of B → ππ decays [19],
usually phrased in terms of an (inverse) moment of the
B meson wavefunction, λB :

δ(mπ , mB) =
6πCF

Nc

fBfπαs

mBλBF+(0)
+ . . . . (10)

A plausible conjecture of monotonicity for δ implies
that δ(mπ, mB) < 0.35±0.03. A much larger value of
δ(mπ, mB) in B → π, e.g. δ ≈ 1 [20], would require a
dramatic behavior of this physical quantity as a func-
tion of quark mass, a behavior that should already
be apparent in the charm system. For example, we
would expect δ(mπ , mD) > δ(mK , mD) (see Figure 8
of [2]). It is exciting that current lattice simulations
can probe this quantity in both the charm and bot-
tom systems, not by evaluating moments of B meson
wavefunctions, but by computing form factor slopes.
Experimental measurements are sensitive to the com-
bination 1/β − δ, so that the scalar form factor slope
(denoted 1/β) is the most urgent requirement from
the lattice. Again, definitive conclusions must await a
model-independent presentation of simulation results.
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Recent results on 4-body, charm semileptonic decays

Jim Wiss
University of Illinois, 1110 W. Green, Urbana IL , 61801

We summarize recent data on 4-body charm semileptonic decay concentrating on D+
s →

K+K−e+ν and D+
→ K−π+ℓ+ν. We begin with giving some motivation for the study of these

decays. We discuss several of the models traditionally used to describe these decays and conclude
by presenting a non-parametric analysis of D+

→ K−π+e+ν and its possible extension into non-
parametric studies of D+

→ K−π+µ+ν.

I. INTRODUCTION

Figure 1 shows a cartoon of the D0 → K−ℓ+ν de-
cay process. All of the hadronic complications for
this process is contained in q2 dependent form factors
that are computable using non-perturbative methods
such as LQCD. Although semi-leptonic process can in
principle provide a determination of charm CKM ele-
ments, one frequently uses the (unitarity constrained)
CKM measurements, lifetime, and branching fraction
to measure the scale of charm semileptonic decay con-
stants and compare them to LQCD predictions. The
q2 dependence of the semileptonic form factor can also
be directly measured and compared to theoretical pre-
dictions.

The hope is that charm semileptonic decays can
provide high statistics, precise tests of LQCD calcula-
tions and thus validate the computational techniques
for charm. Once validated, the same LQCD tech-
niques can be used in related calculations for B-decay
and thus produce CKM parameters with significantly
reduced theory systematics.

FIG. 1: Diagrams for the semileptonic decay of charmed
mesons. The hadronic,QCD complications are contained
in q2 dependent form factors.

Although recent, unquenched LQCD calculations
are unavailable for D → vector ℓ+ν processes, ow-
ing to the instability of the vector parent, I hope that
the 4-body will provide additional tests of LQCD for
a variety of spin states which will further help cali-
brate the lattice, and provide confidence in analogous
decays for the beauty sector.

I find it remarkable that 4-body semileptonic de-
cays such as D+

s → K+K−ℓ+ν and D+ → K−π+µ+ν

are so heavily dominated by the vector decays D+
s →

φ e+νe and D+ → K
∗0
µ+ν. Figure 2 illustrates this

dominance by showing data from FOCUS[1] and re-
cent data from BaBar[2]. The absence of a substantial
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FIG. 2: We show the m(K+K−) spectra obtained
in D+

s → K+K−ℓ+ν by BaBar[2] and m(K−π+) by
FOCUS[1]. The curve on the FOCUS m(K−π+) spec-

tra is a K
∗0

line shape both with (A = 0.36) and without
(A = 0) a small s-wave, non-resonant component which
was found through an interference in the decay intensity
and is described later. The m(K+K−) spectra obtained
by BaBar is very strongly dominated by the φ resonance
along with a few known backgrounds.

non-resonant, or higher spin resonance component to
these decays means the decay angular distribution can
be described in terms of three, q2-dependent helicity
basis form factors that describe the coupling of the
lepton system to the three helicity states of the vector
meson according to Eq. (1) :

http://arxiv.org/abs/0709.3247v1
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|A|2 ≈ q2

8
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The three decay angles describing the D+ →
K−π+ℓ+ν decay, referenced in Eq.(1), are illustrated
by Fig. 3.

D

W
K*

c

n
p

q
l

q
V

K

l

FIG. 3: Definition of kinematic variables.

II. ANALYTIC MODELS FOR FORM
FACTORS

We begin by describing the three form factors rel-
evant to D → vector ℓ+ν although there is strong
evidence [1][3] for a non-resonant, s-wave component
to D+ → K−π+ℓ+ν. A new, fifth form factor HT (q2)

is also required for D+ → K
∗0
µ+ν to describe the

suppressed coupling of the K
∗0

to a left-handed µ+.
The H+(q2) , H−(q2), H0(q

2) form factors are lin-
ear combinations of two axial and one vector form
factor [5] according to Eq. (2):

H±(q2) = (MD +mKπ)A1(q
2) ∓ 2

MDK

MD +mKπ

V (q2) ,

H0(q
2) =

1

2mKπ

√

q2

[

(M2
D −m2

Kπ − q2)(MD +mKπ)A1(q
2) − 4

M2
DK

2

MD +mKπ

A2(q
2)

]

(2)

where K is the momentum of the K−π+ system and
mKπ is its mass.

Eq.(3) provides considerable insight into the ex-
pected analytic form for semileptonic form factors.
It uses a dispersion relation obtained using Cauchy’s
Theorem under the assumption that a form factor is
an analytic, complex function apart from some known
singularities. Fig. 4 illustrates the Cauchy’s Theorem
contour for the case for the f+(q2) form factor describ-
ing D0 → K−ℓ+ν.

The form factor singularities will consist of a sum
of simple poles at the D meson -kaon vector bound
states (e.g. D∗+

s ) plus a cut beginning at the D−kaon
continuum in the cross process: νℓ+ → D kaon. The
dispersion relation gives the form factor (F(q2)) as a
sum over the spectroscopic poles plus an integral over
the cut.

F(q2) =
R

m2
D∗

s
− q2

+
1

π

∫

∞

(mD+K)2

Im {f+(s)}
s − q2 − iε

ds (3)

Both the cuts and poles are generally beyond the
physical q2max and thus can never be actually realized.

Spectroscopic pole dominance (SPD) was an early
parameterization for the form factors relevant to both
D → vector ℓ+ν and D → pseudoscalar ℓ+ν. SPD ig-
nores the cut integral entirely and approximates F(q2)
using just the first term of Eq.(3). The advantage of

FIG. 4: Each form factor is assumed to be an analytic
function with pole singularities at the masses of bound
states, and cuts that start at the start of the continuum.
We illustrate the case of D0

→ K−ℓ+ν. One can use
Cauchy’s theorem with the indicated contour to write an
dispersion expression for each form factor in the physical
range 0 < q2 < (mD − mK)2

SPD approach is that it requires only a single un-
known fitting parameter R to describe each F(q2)
since the positions of the bound states are well known.
SPD entirely predicts shape of D → pseudoscalar ℓ+ν
decay intensity and predicts that the shape for the
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D+ → K
∗0
ℓ+νℓ can be fit by just two parameters

which are traditionally taken to be the axial and vec-
tor form factor ratios at q2 = 0: rv = V (0)/A1(0) and
r2 = A2(0)/A1(0).

BaBar [2] has recently published an interesting
SU(3) test based on SPD applied to D+

s → φ e+νe.
Figure 5 compares the rv and r2 parameters mea-
sured for D+

s → φ ℓ+νℓ to those previously measured

for D+ → K
∗0
ℓ+νℓ. By SU(3) symmetry and ex-

plicit calculation, the rv and r2 form factor ratios for

D+ → K
∗0
ℓ+νℓ and D+

s → φ ℓ+νℓ decays are ex-
pected to be very close to each other. This is true
for rv, but previous to the recent measurement by the
FOCUS Collaboration[6], r2 for D+

s → φ ℓ+νℓ was
measured to be roughly a factor of two larger than

that for D+ → K
∗0
ℓ+νℓ. BaBar[2] has confirmed the

expected consistency between the form factor ratios

obtained for D+
s → φ ℓ+νℓ and D+ → K

∗0
ℓ+νℓ with

unparalleled statistics.
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FIG. 5: The rv and r2 form factor ratios measured for
D+

s → φ ℓ+νℓ by various experiments. The blue lines show

±1σ bands for the weighted average of the D+
→ K

∗0
ℓ+νℓ

form factor ratios compiled in Reference [4]. It is expected
from SU(3) symmetry that the D+

s → φ ℓ+νℓ form factors

should be very close to those for D+
→ K

∗0
ℓ+νℓ

Several experiments have tested SPD by measur-
ing an “effective” pole mass (mpole)in D0 → K−e+ν
decay where the pole mass is defined using f+(q2) ∝
1/(m2

pole − q2). As Fig. 6 from Reference [4] shows, as
errors have improved over the years, it becomes clear

FIG. 6: Effective pole mass measurement in D0
→

K−e+ν over the years. The green line is the mD∗

S

sec-
troscopic pole mass and is inconsistent with the average of
the displayed data by 5.1 σ.

that effective pole is significantly lower than the spec-
troscopic pole, underscoring the importance of the cut
integral contribution for this decay.

FIG. 7: Illustration of Hill transformation approach.

Several parameterizations have been proposed to
include the cut integral in Eq. (3) as well as the
spectroscopic poles. Becirevic and Kaidalov (1999)
[7] proposed a new parameterization for the D →
pseudoscalar ℓ+ν for factor f+(q2) that replaces the
cut integral by an effective pole where the heavy quark
symmetry and other theoretical ideas are used to re-
late the residue and effective pole position. These
constraints leads to a modified pole form with a sin-
gle additional parameter α that describes the degree
to which the single spectroscopic pole fails to match
f+(q2) for a given process.

f+(q2) =
f+(0)

(1 − q2/m2
D∗

) (1 − αq2/m2
D∗

)
(4)

S. Fajfer and J. Kamenik [8] have recently extended
the effective pole approach to the three helicity form
factors relevant to D → vector ℓ+ν decays.

R.J. Hill[9][10] has proposed an alternative way of
viewing form factors which is illustrated in Fig. 7.
The basic idea is to devise a transformation of a form
factor from the complex q2 plane to a complex z plane.
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This transformation is devised to (1) remove the spec-
troscopic poles and (2) put the cuts far away from the
physical z region. After the transformation, since the
singularities have been removed or diminished, each
form factor can be well represented by a low order
Taylor series in z. The transformation approach is
known[10] to work very well in B-decays where the
physical q2 region gets very close to the singularities
for pseudo-scalar B semileptonic decay. It also works
well for pseudoscalar charm pseudoscalar semileptonic
decay[9].

III. D+
→ K−π+ℓ+ν DECAYS

Although historically D+ → K
∗0
ℓ+νℓ have been

the most accessible semileptonic decays in fixed tar-
get experiments owing to their ease of isolating a sig-
nal, they are significantly more complicated to analyze
than D → pseudoscalar ℓ+ν. One problem is that a
separate helicity form factor is required for each of
the three helicity states of vector meson. The q2 de-
pendence of these form factors cannot be simply mea-
sured from the q2 dependence of the decay rate as is
the case in D → pseudoscalar ℓ+ν but rather must
be entangled from the q2 dependence of the angular
distribution such as that given by Eq. (1).

Another complication is that since D+ →
K−π+ℓ+ν states result in a multihadronic final state,

the D+ → K
∗0
ℓ+νℓ final states can potentially inter-

fere with D+ → K−π+ℓ+ν processes with the K−π+

in various angular momentum waves with each wave
requiring its own form factor. Because the mKπ dis-
tribution in D+ → K−π+ℓ+ν was an excellent fit
to the K

∗0
Breit-Wigner as shown in Fig. 2, it was

assumed for many years that any non-resonant com-
ponent to D+ → K−π+ℓ+ν must be negligible. In

2002, FOCUS observed a strong, forward-backward
asymmetry in cos θv for events with mKπbelow the

K
∗0

pole with essentially no asymmetry above the
pole as shown in Figure 8. The simplest explana-
tion for this asymmetry is the presence of a linear
cos θv term in the decay intensity due to interference

between the D+ → K
∗0
µ+ν and a non-resonant, s-

wave amplitude. This interference is the second-to-
last term in Eq. (5), which is basically an expanded
out version of Eq. (1), integrated over acoplanarity

χ. We also explicitly include the K
∗0

Breit-Wigner
amplitude (BW ). Note that all other interference
terms (such as a possible H+(q2) ×H−(q2) contribu-

tion) vanish because of the
∫ 2π

0 dχ exp(i∆χ) integra-
tion. Only “same” helicity contributions can interfer
in the acoplanarity averaged intensity. We will argue
shortly that an appropriate δ can create the asymme-
try pattern shown in Fig. 8

Finally we introduce an additional form factor
(h0(q

2)) in Eq. (5) to describe the coupling to the

FIG. 8: Evidence for s-wave interference in D+
→

K−π+ℓ+ν.

s-wave amplitude.

∫

|A|2 dχ =
1

8
q2
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∣
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A. Asymtotic Forms

Assuming that A1,2(q
2) and V (q2) approach a con-

stant in the low q2 limit, as expected in spectroscopic
pole dominance, Eq. (2) shows q2 → 0, both H+(q2)
and H−(q2) approach a constant as well. By way
of constrast, H0(q

2) will diverge in the low q2 limit

according to Eq. (2) owing to the 1/
√

q2 prefactor.

Since the helicity intensity contributions are propor-
tional to q2H2

±
(q2), according to Eq.(5), theH± inten-

sity contributions vanish in this limit, while q2H2
0 (q2)

will approach a constant.

Figure 9 expains why this is true. As q2 → 0, the
e+ and ν become collinear with the virtual W+. For
H+(q2) and H−(q2), the virtual W+ must be in the
|1,±1〉 state which means that the e+ and ν must
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both appear as either right-handed or left-handed thus
violating the charged current helicity rules. Hence
q2H±(q2) vanishes at low q2. For H0(q

2), the W+ is
in |1, 0〉 state thus allowing the e+ and ν to be in their
(opposite) natural helicity state. Hence at low q2,

q2H0(q
2) → constant which allows for D+ → K

∗0
µ+ν

decays as q2 → 0. Presumably h0(q
2) → 1/

√

q2 as
well since it also describes a process with W+ in the
|1, 0〉 state

FIG. 9: The electron helicity state in the low q2 limit.
When the virtual W + is in the zero helicity state, the
e+ and ν have the opposite helicity and can be in their
charged-current helicity states. When the virtual W + is
in the |1,±1〉 state the e+ and ν must be in the same
helicity states and violate the weak helicity rules.

Here is a final observation on the expected asym-
totic behavior of the helicity form factors. As q2 →
q2max, the momenta of the virtual W+ and K

∗0
ap-

proaches zero and θv and θℓ can no longer be de-

fined. This means the D+ → K
∗0
ℓ+νℓ decay must

be isotropic and Eq. (5) implies that |H±|2 → |H0|2
as q2 → q2max. A spectroscopic pole dominance model
for the axial and vector form factors will automatically
satisfies these asymtotic limits according to Eq.(2).

IV. PROJECTION WEIGHTING
TECHNIQUE

We next describe the projective weighting technique
that we use to extract the helicity basis form factors.

This technique was initially developed by the FOCUS
Collaboration[13] and applied to CLEO[3] data. As
shown in Eq. (5), after integrating over acoplanarity,
the decay intensity is just a sum over four terms that
consist of a form factor product times a characteristic
angular distribution in θv and θℓ. The acoplanarity
integration has significantly simplified the problem by
eliminating the five of the possible six interference
terms between the four form factor amplitudes with
different helicities. We begin by making a binned ver-
sion of Eq. (5) given by Eq. (6), where for simplicity
we only write three of the terms.

~Di = f+(q2i ) ~m+ + f−(q2i ) ~m− + f0(q
2
i ) ~m0 (6)

We use 25 joint ∆ cos θv × ∆cos θℓ angular bins: 5
evenly spaced bins in cos θv times 5 bins in cos θℓ and
6 bins in q2 (i = 0 → 6). The number of D+ →
K−π+ℓ+ν events observed in each of the 25 angular

bins is packed into a twenty-five component ~Di “data”
vector.

The f±(q2i ) and f0(q
2
i ) are proportional to H2

±
(q2),

H2
0 (q2) averaged over the q2i bin along with all phase

space and efficiency factors. The ~m± and ~m0 are the
angular distributions due to each individual form fac-
tor product packed into a 25-vector for each of the six
q2 bins. The acceptance and phase space correctedm-
vectors are obtained directly from a Monte Carlo sim-
ulation where a given form factor product is turned on
and all others are turned off. We can write Eq. (6) as
the “component equation” shown in Eq. (7) by form-
ing the dot product with each of the three m-vectors:





~m+ · ~Di

~m− · ~Di

~m0 · ~Di



 =





~m+ · ~m+ ~m+ · ~m− ~m+ · ~m0

~m− · ~m+ ~m− · ~m− ~m− · ~m0

~m0 · ~m+ ~m0 · ~m− ~m0 · ~m0









f+(q2i )
f−(q2i )
f0(q

2
i )



 (7)

The solution to Eq. (7) can be written as:

f+(q2i ) = i ~P+ · ~Di , f−(q2i ) = i ~P− · ~Di , f0(q
2
i ) = i ~P0 · ~Di (8)

where i ~Pα vectors are given by Eq. (9).
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i ~P+
i ~P−

i ~P0



 =





~m+ · ~m+ ~m+ · ~m− ~m+ · ~m0

~m− · ~m+ ~m− · ~m− ~m− · ~m0

~m0 · ~m+ ~m0 · ~m− ~m0 · ~m0





−1 



~m+

~m−

~m0



 (9)

It is useful to think of forming the dot products in Eq.
(8) by making a weighted histogram:

~P+ · ~D =
[

~P+

]

1
n1 +

[

~P+

]

2
n2 + · · ·

[

~P+

]

25
n25 (10)

Eq. (10) demonstrates the product ~P+ · ~D is equivalent

to weighting the n1 events in angular bin 1 by
[

~P+

]

1
,

weighting the n2 events in angular bin 2 by
[

~P+

]

2
, etc.

Hence each form factor product such as f+(q2i ) can

be obtained by simply weighting the data by
[

~P+

]

i
where i is the angular bin of the given datum. The
acceptance and phase space factors can be easily in-
cluded the projective weights as well in order to di-
rectly produce each form factor product. Hence the
(arbitrarily normalized) form factor products H2

+(q2),
H2

−
(q2), and H2

0 (q2) can then be obtained by making
three weighted histograms using the efficiency rescaled
i ~P+, i ~P−, and i ~P 0 weights respectively.

The same, basic projective weighting ap-
proach has been recently applied by the FOCUS
Collaboration[11] for a non-parametric analysis
of the K−π+ amplitudes in the hadronic decay
D+ → K−K+π+. To whet the appetite, Fig.10
shows the K−π+ amplitudes obtained in that analy-
sis. The s-wave amplitude shown in Fig. 10 (a) and
begs comparison with the s-wave amplitude obtained
in a K-matrix analysis[12] of D+ → K−π+π+

described by S. Malvezzi in these proceedings.

V. A NON-PARAMETRIC ANALYSIS OF
THE HELICITY FORM FACTORS IN

D+
→ K−π+ℓ+ν

Figure 11 shows the four weighted histograms from
an analysis of 281 pb−1 ψ(3770) CLEO data[3]. Figure
11 shows the expected behavior discussed in Section
III A. In particular,H±q

2 → constant as q2 → 0 while
the zero-helicity form factors, H0(q

2) and h0(q
2), di-

verge as 1/
√

q2. It is interesting to note that although
the non-resonant, s-wave amplitude is too small to see
in theK−π+ mass spectrum (Fig. 2), its form factor is
measured with roughly the same precision as H2

+(q2)
or H2

−
(q2). The curves give the helicity form factors

according to Eq. (5) , using spectrocopic pole domi-
nance and the rv, r2, and s-wave parameters measured
by FOCUS[14]. Apart from the h0(q

2)H0(q
2) inter-

ference form factor product, the spectroscopic pole

FIG. 10: Results of a non-parametric analysis[11] of
D+

→ K−K+π+ using a variant of the projective weight-
ing technique described here. The plots are: (a) S2 (mKπ)
direct term, (b) 2 S(mKπ) × P (mKπ) interference term,
(c) P 2 (mKπ) direct term, (d) 2 P (mKπ)×D(mKπ) inter-
ference term and (e) D2 (mKπ) direct term. The overlay

is a model including the K
∗0

which dominates P 2 (mKπ),

and a wider K
∗0
0 (1430) which dominates S2 (mKπ).

FIG. 11: The four helicity form factor products obtained
using the 281 pb−1 data set from CLEO[3]. The curves
represent the model of Reference [14].

dominance model is a fairly good match to the CLEO
non-parametric analysis. This suggests that the ad-
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hoc assumption, used by FOCUS, that h0(q
2)=H0(q

2)
is questionable but it will probably take more data,
and some theoretical guidance, to gain insight into
the nature of the discrepancy.

Figure 12 gives a different insight into the helic-
ity basis form factors by plotting the intensity con-
tributions of each of the form factor products. This
is the form factor product multiplied by q2. Since
q2H2

0 (q2) dominates, we normalized form factors such
that q2H2

0 (q2) = 1 at q2 = 0 but use the same
scale factor for the other three form factors. As
expected, both q2 H2

+(q2) and q2H2
−

(q2) rise from
zero with increasing q2 and they both appear to ap-
proach q2H2

0 (q2) at q2max – although q2 H2
+(q2) seems

slightly lower than q2 H2
0 (q2) at q2max.

FIG. 12: Non-parametric form factor products obtained
for the data sample (multiplied by q2) The reconstructed
form factor products are shown as the points with error
bars, where the error bars represent the statistical uncer-
tainties. The solid curves in the histograms represent a
form factor model described in Ref. [14]. The histogram
plots are: (a) q2H2

+(q2), (b) q2H2
−(q2), (c) q2H2

0 (q2), and
(d) q2h0(q

2)H0(q
2). The form factors are normalized such

that q2H2
0 (q2) → 1 as q2

→ 0.

What can we learn about the pole masses? Unfor-
tunately Fig. 13 shows that the present data is insuf-
ficient to learn anything useful about the pole masses.
On the left of Figure 13, the helicity form factors are
compared to a model generated with the FOCUS form
factor ratios[14] and the standard pole masses of 2.1
GeV for the vector pole and 2.5 GeV for the two axial
poles. On the right side of Fig. 13, the form factors
are compared to a model where the pole masses are
set to infinity meaning that the axial and vector form
factors are constant. Both models fit the data equally
well.

The data of Fig. 13 is consistent with the spec-
troscopic pole dominance albeit with essentially no
sensitivity to the pole masses. Fig. 14 shows that
it is also consistent with the expected behavior un-
der a Hill transformation, illustrated earlier in Fig. 7.

FIG. 13: Non-parametric form factor products obtained
for data (multiplied by q2) The solid curves are based on
the s-wave model and measurements described in Refer-
ence [14]. The reconstructed form factor products are the
points with error bars. The three plots on the right are the
usual model with the spectroscopic pole masses; while the
three plots on the right are run with the axial and vector
pole masses taken to infinity.

Fig. 14 shows the result of transforming from q2 to
z according to the Hill prescription[9]. Over the very
narrow −z range accessible for D+ → K−π+ℓ+ν , it
is not surprising that that the transformed form factor
is essentially constant.

It is interesting to note that the FOCUS analysis
was based on a sample of 11400 D+ → K−π+µ+ν
events, while the CLEO analysis was based on a sam-
ple of only 2470 D+ → K−π+e+ν events. The er-
ror bars in Fig. 14 for FOCUS data are much larger
than those for the much smaller CLEO data set and
only four FOCUS q2 bins are reported on. This is
because of the much poorer q2 resolution in fixed
target semileptonic decay compared to the order-of-
magnitude better q2 resolution obtainable for semilep-
tonic analyses in charm threshold data from e+e− col-
liders where the neutrino can be reconstructed using
energy-momentum balance. This is especially rele-
vant for D+ → K−π+ℓ+ν since the 1 GeV2 q2 range
for D+ → K−π+ℓ+ν is a factor of two smaller than
that in D0 → K−ℓ+ν. Error inflation due to decon-
volution grows dramatically once the bin-to-bin sepa-
ration, ∆q2, approaches the r.m.s. resolution, σ(q2),
which was typically 0.18 GeV2 in the four bins re-
ported on by FOCUS[13].

What can we learn about the phase of the s-wave
contribution? Recall in Figure 8 the asymmetry
created by the interference between the s-wave and

D+ → K
∗0
ℓ+νℓ only appeared below the K

∗0
pole in

FOCUS data and thus the s-wave phase was such that
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FIG. 14: Transformation of H0(q
2) into H0(z) by R.J.

Hill[9]. Here t ≡ q2 and P and φ are functions of q2

designed to remove the simple poles. The FOCUS data is
from Reference [13] and the CLEO data is from Reference
[3].

it was orthogonal with the mKπ > m(K
∗0

) half of the
Breit-Wigner amplitude or 〈BW+〉. Since the asym-
metry is “negative” according to the convention of
Eq. (5), in that favors the backward over the forward
cos θv direction, it must be anti-collinear to 〈BW−〉
as well. Hence it must have roughly the phase of 400

as illustrated by Fig. 15. FOCUS[14] measured the
s-wave phase to be δ = (39 ± 4 ± 3)0.

FIG. 15: Illustration of s-wave phase

As Figure 16 shows, the same thing happens in
CLEO data. The effective h0(q

2)H0(q
2) disappears

above the K
∗0

pole and is very strong below the pole.
The amplitude A of the s-wave piece is arbitrary since
using interference we can only observe the product
A H0(q

2) h0(q
2). This means any change in A scale

can be compensated by a change of scale in h0(q
2).

The fact that the h0(q
2)H0(q

2) data was a tolerable
match (at least in the low q2 region) to the FOCUS
curve in Figure 11 does imply, however, that the s-
wave amplitude observed in CLEO is consistent with
that of FOCUS. A more formal fit of the s-wave pa-
rameters in CLEO data is in progress.

FIG. 16: The s-wave interference term for events below the
K

∗0
pole (left) and above the pole (right). The interference

term depends on the s-wave phase relative to the phase
average phase of each half of the Breit-Wigner. All of the
cos θv interference observed by FOCUS was also below the

K
∗0

pole as shown in Fig. 8

Finally, is there evidence for higher K−π+ an-
gular momentum amplitudes in D+ → K−π+ℓ+ν?
We searched for possible additional interference
terms such as a (zero helicity) d-wave contribution:

4 sin2 θℓ(3 cos2 θv − 1)H0(q
2)h

(d)
0 (q2)Re{Ae−iδBW}

or an f-wave contribution: 4 sin2 θℓ cos θv(5 cos2 θv −
3)H0(q

2)h
(f)
0 (q2)Re{Ae−iδBW}. As shown in Figure

17, there is no evidence for such additional contribu-
tions which should diverge as 1/q2 at low q2.

FIG. 17: Search for (a) d-wave and (b) f -wave interference
effects as described in the text.

VI. FUTURE DIRECTIONS

It will be interesting to pursue the non-parametric
D+ → K−π+ℓ+ν analysis with more data. One mo-
tivation is will be to further study the h0(q

2) form
factor which appears to be somewhat different than
H0(q

2). It would also be interesting to pursue tighter
limits on possible d-wave and f-wave non-resonant
contributions to D+ → K−π+ℓ+ν and make more
stringent tests of SPD. CLEO is slated to increase
their luminosity at the ψ(3770) from the 280 pb−1 re-
ported here to 750 pb−1. In addition Surik Mehrabyan
and I, are studying D+ → K−π+µ+ν as well as
D+ → K−π+e+ν in CLEO data. This is a some-



Proceedings of the CHARM 2007 Workshop, Ithaca, NY, August 5-8, 2007 9

what challenging project since the CLEO muon detec-
tor was designed for higher energy B-meson running
and the muons from charm semileptonic decay tend
to range out before being identified. Hence special
care must be exercised to reduce backgrounds. Be-
sides increasing our statistics, the D+ → K−π+µ+ν
should allow us to make the first measurements of the
HT (q2) form factor which is suppressed by a factor
of m2

ℓ/q
2. Since this is a zero helicity factor, it can

interfere with H0(q
2) and hence two new projectors

will be required: one for the H2
T (q2) term and one for

H0(q
2)×HT (q2) interference. At present the progno-

sis for making these measurements looks good.

VII. SUMMARY

Progress in understanding D → vector ℓ+ν de-
cays was reviewed. These have historically been an-

alyzed under the assumption of spectroscopic pole
dominance (SPD). A recent result from BaBar was
reviewed that used SPD to show that the form fac-
tors for D+

s → φ ℓ+νℓ are consistent with those from
D+ → K−π+ℓ+ν as expected from SU(3) symmetry.
Experiments have obtained consistent results with the
SPD assumption, but as of yet there have been no
incisive tests of spectroscopic pole dominance. We
concluded by describing a first non-parametric look
at the D+ → K−π+ℓ+ν form factors. Although the
results were very consistent with the traditional pole
dominance fits, the data was not precise enough to in-
cisively measure q2 dependence of the axial and vec-
tor form factors and thus test SPD. This preliminary
analysis did confirm the existence of an s-wave effect
first observed by FOCUS [1], but was unable to obtain
evidence for d and f -waves.
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Spectroscopy and Strong Decays of Charmed Baryons
Hai-Yang Cheng
Institute of Physics, Academia Sinica, Taipei, Taiwan 115, Republic of China

Spectroscopy and strong decays of the charmed baryons are reviewed. Possible spin-parity quantum numbers
of several newly observed charmed baryon resonances are discussed. Strong decays of charmed baryons are
analyzed in the framework of heavy hadron chiral perturbation theory in which heavy quark symmetry and
chiral symmetry are synthesized.

1. Introduction

In the past years many new excited charmed baryon
states have been discovered by BaBar, Belle and
CLEO. In particular, B factories have provided a very
rich source of charmed baryons both from B decays
and from the continuum e+e− → cc̄. A new era for
the charmed baryon spectroscopy is opened by the rich
mass spectrum and the relatively narrow widths of the
excited states. Experimentally and theoretically, it is
important to identify the quantum numbers of these
new states and understand their properties. Since the
pseudoscalar mesons involved in the strong decays of
charmed baryons are soft, the charmed baryon system
offers an excellent ground for testing the ideas and pre-
dictions of heavy quark symmetry of the heavy quarks
and chiral symmetry of the light quarks.

2. Spectroscopy

Charmed baryon spectroscopy provides an ideal
place for studying the dynamics of the light quarks
in the environment of a heavy quark. The charmed
baryon of interest contains a charmed quark and two
light quarks, which we will often refer to as a diquark.
Each light quark is a triplet of the flavor SU(3). Since
3 × 3 = 3̄ + 6, there are two different SU(3) multi-
plets of charmed baryons: a symmetric sextet 6 and
an antisymmetric antitriplet 3̄.

In the quark model, the orbital angular momen-
tum of the light diquark can be decomposed into
Lℓ = Lρ + Lλ. where Lρ is the orbital angular mo-
mentum between the two light quarks and Lλ the
orbital angular momentum between the diquark and
the charmed quark. The lowest-lying orbitally excited
baryon states are the p-wave charmed baryons. De-
noting the quantum numbers Lρ and Lλ as the eigen-
values of L

2
ρ and L

2
λ, respectively, the p-wave heavy

baryon can be either in the (Lρ = 0, Lλ = 1) λ-state
or the (Lρ = 1, Lλ = 0) ρ-state. It is obvious that
the orbital λ-state (ρ-state) is symmetric (antisym-
metric) under the interchange of two light quarks q1

and q2. The total angular momentum of the diquark
is Jℓ = Sℓ + Lℓ and the total angular momentum of
the charmed baryon is J = Sc + Jℓ. In the heavy

quark limit, the spin of the charmed quark Sc and the
total angular momentum of the two light quarks Jℓ

are separately conserved.
There are seven lowest-lying p-wave Λc aris-

ing from combining the charmed quark spin Sc

with light constituents in JPℓ

ℓ = 1− state: three

JP = 1
2

−

states, three JP = 3
2

−

states and

one JP = 5
2

−

state. They form three doublets

Λc1(
1
2

−

, 3
2

−

), Λ̃c1(
1
2

−

, 3
2

−

), Λ̃c2(
3
2

−

, 5
2

−

) and one sin-

glet Λ̃c0(
1
2

−

) in the notation ΛcJℓ
(JP ), where we have

used a tilde to denote the multiplets antisymmetric in
the orbital wave functions under the exchange of two
light quarks. Quark models [1] indicate that the un-
tilde states for Λ- and Σ-type charmed baryons with
symmetric orbital wave functions lie about 150 MeV
below the tilde ones. The two states in each doublet
with J = Jℓ ± 1

2 are nearly degenerate; their masses
split only by a chromomagnetic interaction.

The next orbitally excited states are the positive
parity excitations with Lρ + Lλ = 2. There are two
multiplets for the first positive-parity excited Λc with
the symmetric orbital wave function, corresponding to
Lλ = 2, Lρ = 0, L = 2 and Lλ = 0, Lρ = 2, L = 2, see
Table I (for other charmed baryons, see [2] for details).
For the case of Lλ = Lρ = 1, the total orbital angular
momentum Lℓ of the diquark is 2, 1 or 0. Since the
orbital states are antisymmetric under the interchange
of two light quarks, we shall use a tilde to denote
the Lλ = Lρ = 1 states. The Fermi-Dirac statistics
for baryons yields seven more multiplets for positive-
parity excited Λc states.

The observed mass spectra and decay widths of
charmed baryons are summarized in Table II. For
the experimental status of charmed baryons, see [3].
In the following we discuss some of the new excited
charmed baryon states:

2.1. Λc

It is known that Λc(2595)+ and Λc(2625)+ form a

doublet Λc1(
1
2

−

, 3
2

−

) [4]. The dominant decay mode

is Σcπ in an S wave for Λc1(
1
2

−

) and Λcππ in a P

wave for Λc1(
3
2

−

). (The two-body mode Σcπ is a D-

wave in Λc(
3
2

−

) decay.) This explains why the width

http://arxiv.org/abs/0709.0958v1
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Table I The first positive-parity excitations of Λ charmed
baryons and their quantum numbers. States with anti-
symmetric orbital wave functions (i.e. Lρ = Lλ = 1) un-
der the interchange of two light quarks are denoted by a
tilde. There are two multiplets Λc2 and Λ̂c2 with symmet-
ric orbital wave functions arising from the orbital states
Lρ = 0, Lλ = 2 and Lρ = 2, Lλ = 0, respectively. We use
a hat to distinguish between them.

State SU(3)F Sℓ Lℓ J
P

ℓ

ℓ

Λc2(
3

2

+
, 5

2

+
) 3̄ 0 2 2+

Λ̂c2(
3

2

+
, 5

2

+
) 3̄ 0 2 2+

Λ̃c1(
1

2

+
, 3

2

+
) 3̄ 1 0 1+

Λ̃′
c0(

1

2

+
) 3̄ 1 1 0+

Λ̃′
c1(

1

2

+
, 3

2

+
) 3̄ 1 1 1+

Λ̃′
c2(

3

2

+
, 5

2

+
) 3̄ 1 1 2+

Λ̃′′
c1(

1

2

+
, 3

2

+
) 3̄ 1 2 1+

Λ̃′′
c2(

3

2

+
, 5

2

+
) 3̄ 1 2 2+

Λ̃′′
c3(

5

2

+
, 7

2

+
) 3̄ 1 2 3+

of Λc(2625)+ is narrower than that of Λc(2595)+.
Λc(2765)+ is a broad state (Γ ≈ 50 MeV) first

seen in Λ+
c π+π− by CLEO [5]. It appears to res-

onate through Σc and probably also Σ∗

c . However,
whether it is a Λ+

c or a Σ+
c or whether the width

might be due to overlapping states are not known.
According to PDG [6], this state has a nickname,
namely, Σc(2765)+. The Skyrme model [7] and the

quark model [1] suggest a JP = 1
2

+
Λc state with

a mass 2742 and 2775 MeV, respectively. Therefore,
Λc(2765)+ could be a first positive-parity excitation
of Λc. However, two recent studies based on the rela-
tivistic quark model advocate a different assignment:

a radial excitation 2 1
2

+
by [8] and a negative-parity

state with JP = 5
2

−

by [9].
The state Λc(2880)+ first observed by CLEO [5] in

Λ+
c π+π− was also seen by BaBar in the D0p spec-

trum [10]. It was originally conjectured that, based

on its narrow width, Λc(2880)+ might be a Λ̃+
c0(

1
2

−

)
state [5]. Recently, Belle has studied the experimental
constraint on the JP quantum numbers of Λc(2880)+

[11]. The angular analysis of Λc(2880)+ → Σ0,++
c π±

indicates that J = 5
2 is favored over J = 1

2 or 3
2 . In the

quark model, the candidates for the spin-5
2 state are

Λc2(
5
2

+
), Λ̂c2(

5
2

+
), Λ̃c2(

5
2

−

), Λ̃′

c2(
5
2

+
), Λ̃′′

c2(
5
2

+
) and

Λ̃′′

c3(
5
2

+
) (see Table I). And only one of them has odd

parity.
Belle has also studied the resonant structure of

Λc(2880)+ → Λ+
c π+π− and found the existence of the

Σ∗

cπ intermediate states [11]. The ratio of Σ∗

cπ/Σπ is
measured to be

R ≡ Γ(Λc(2880) → Σ∗

cπ
±)

Γ(Λc(2880) → Σcπ±)
= (24.1 ± 6.4+1.1

−4.5)%. (1)

For JP = 5
2

−

, Λc(2880) decays to Σ∗

cπ and Σcπ in a
D wave and we obtain

Γ
(

Λ̃c2(5/2−) → [Σ∗

cπ]D

)

Γ
(

Λ̃c2(5/2−) → [Σcπ]D

) =
7

2

p5
π(Λc(2880) → Σ∗

cπ)

p5
π(Λc(2880) → Σcπ)

= 1.45 , (2)

where the factor of 7/2 follows from heavy quark

symmetry. Hence, the assignment of JP = 5
2

−

for

Λc(2880) is disfavored. For JP = 5
2

+
, Λc2, Λ̂c2, Λ̃′

c2

and Λ̃′′

c2 with Jℓ = 2 decay to Σcπ in a F wave and
Σ∗

cπ in F and P waves. Neglecting the P -wave con-
tribution for the moment,

Γ (Λc2(5/2+) → [Σ∗

cπ]F )

Γ (Λc2(5/2+) → [Σcπ]F )
=

4

5

p7
π(Λc(2880) → Σ∗

cπ)

p7
π(Λc(2880) → Σcπ)

= 0.23 . (3)

At first glance, it appears that this is in good agree-
ment with experiment. However, the Σ∗

cπ channel is
available via a P -wave and is enhanced by a factor of
1/p4

π relative to the F -wave one. Unfortunately, we
cannot apply heavy quark symmetry to calculate the
contribution of the [Σ∗

cπ]F channel to the ratio R as
the reduced matrix elements are different for P -wave
and F -wave modes. In this case, one has to reply on a
phenomenological model to compute the ratio R. At
any event, the Σ∗

cπ mode produced in Λc(2880) is a

priori not necessarily suppressed relative to [Σcπ]F .

Therefore, if Λc(2880)+ is one of the states Λc2, Λ̂c2,

Λ̃′

c2 and Λ̃′′

c2, the prediction R = 0.23 is not robust
as it can be easily upset by the contribution from the
P -wave Σ∗

cπ.

As for Λ̃′′

c3(
5
2

+
), it decays to Σ∗

cπ, Σcπ and Λcπ all
in F waves. Since Jℓ = 3, Lℓ = 2, it turns out that

Γ (Λ′′

c3(5/2+) → [Σ∗

cπ]F )

Γ (Λ′′

c3(5/2+) → [Σcπ]F )
=

5

4

p7
π(Λc(2880) → Σ∗

cπ)

p7
π(Λc(2880) → Σcπ)

= 0.36 . (4)

Although this deviates from the experimental mea-
surement (1) by 1σ, it is a robust prediction. This
has motivated Chun-Khiang Chua and me to conjec-
ture that that the first positive-parity excited charmed

baryon Λc(2880)+ could be an admixture of Λc2(
5
2

+
),

Λ̂c2(
5
2

+
) and Λ′′

c3(
5
2

+
) [2].

It is worth mentioning that very recently the Peking
group [12] has studied the strong decays of charmed
baryons based on the so-called 3P0 recombination
model. For the Λc(2880), Peking group found that
(i) the possibility of Λc(2880) being a radial excita-
tion is ruled out as its decay into D0p is prohibited in
the 3P0 model if Λc(2880) is a first radial excitation of

Λc, and (ii) the only possible assignment is Λ′′

c3(
5
2

+
)
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Table II Mass spectra and decay widths (in units of MeV) of charmed baryons taken from [2]. Except for the parity of
the lightest Λ+

c and the spin-parity of Λc(2880)
+, none of the other JP quantum numbers given in the table has been

measured. One has to rely on the quark model to determine the spin-parity assignments.

State JP Sℓ Lℓ J
P

ℓ

ℓ
Mass Width Principal decay modes

Λ+
c

1

2

+
0 0 0+ 2286.46 ± 0.14 weak

Λc(2595)
+ 1

2

−
0 1 1− 2595.4 ± 0.6 3.6+2.0

−1.3 Σcπ, Λcππ

Λc(2625)
+ 3

2

−
0 1 1− 2628.1 ± 0.6 < 1.9 Λcππ,Σcπ

Λc(2765)
+ ?? ? ? ? 2766.6 ± 2.4 50 Σcπ, Λcππ

Λc(2880)
+ 5

2

+
? ? ? 2881.5 ± 0.3 5.5 ± 0.6 Σ

(∗)
c π, Λcππ,D0p

Λc(2940)
+ ?? ? ? ? 2938.8 ± 1.1 13.0 ± 5.0 Σ

(∗)
c π, Λcππ,D0p

Σc(2455)
++ 1

2

+
1 0 1+ 2454.02 ± 0.18 2.23 ± 0.30 Λcπ

Σc(2455)
+ 1

2

+
1 0 1+ 2452.9 ± 0.4 < 4.6 Λcπ

Σc(2455)
0 1

2

+
1 0 1+ 2453.76 ± 0.18 2.2 ± 0.4 Λcπ

Σc(2520)
++ 3

2

+
1 0 1+ 2518.4 ± 0.6 14.9 ± 1.9 Λcπ

Σc(2520)
+ 3

2

+
1 0 1+ 2517.5 ± 2.3 < 17 Λcπ

Σc(2520)
0 3

2

+
1 0 1+ 2518.0 ± 0.5 16.1 ± 2.1 Λcπ

Σc(2800)
++ 3

2

−
? 1 1 2− 2801+4

−6 75+22

−17 Λcπ,Σ
(∗)
c π, Λcππ

Σc(2800)
+ 3

2

−
? 1 1 2− 2792+14

−5 62+60

−40 Λcπ,Σ
(∗)
c π, Λcππ

Σc(2800)
0 3

2

−
? 1 1 2− 2802+4

−7 61+28

−18 Λcπ,Σ
(∗)
c π, Λcππ

Ξ+
c

1

2

+
0 0 0+ 2467.9 ± 0.4 weak

Ξ0
c

1

2

+
0 0 0+ 2471.0 ± 0.4 weak

Ξ′+
c

1

2

+
1 0 1+ 2575.7 ± 3.1 Ξcγ

Ξ′0
c

1

2

+
1 0 1+ 2578.0 ± 2.9 Ξcγ

Ξc(2645)
+ 3

2

+
1 0 1+ 2646.6 ± 1.4 < 3.1 Ξcπ

Ξc(2645)
0 3

2

+
1 0 1+ 2646.1 ± 1.2 < 5.5 Ξcπ

Ξc(2790)
+ 1

2

−
0 1 1− 2789.2 ± 3.2 < 15 Ξ′

cπ

Ξc(2790)
0 1

2

−
0 1 1− 2791.9 ± 3.3 < 12 Ξ′

cπ

Ξc(2815)
+ 3

2

−
0 1 1− 2816.5 ± 1.2 < 3.5 Ξ∗

cπ, Ξcππ,Ξ′
cπ

Ξc(2815)
0 3

2

−
0 1 1− 2818.2 ± 2.1 < 6.5 Ξ∗

cπ, Ξcππ,Ξ′
cπ

Ξc(2980)
+ ?? ? ? ? 2971.1 ± 1.7 25.2 ± 3.0 see Table 7 of [2]

Ξc(2980)
0 ?? ? ? ? 2977.1 ± 9.5 43.5 see Table 7 of [2]

Ξc(3055)
+ ?? ? ? ? 3054.2 ± 1.3 17 ± 13 Λ+

c K̄0, Λ+
c K−π+

Ξc(3080)
+ ?? ? ? ? 3076.5 ± 0.6 6.2 ± 1.1 see Table 7 of [2]

Ξc(3080)
0 ?? ? ? ? 3082.8 ± 2.3 5.2 ± 3.6 see Table 7 of [2]

Ξc(3123)
+ ?? ? ? ? 3122.9 ± 1.3 4.4 ± 3.8 Λ+

c K̄0, Λ+
c K−π+

Ω0
c

1

2

+
1 0 1+ 2697.5 ± 2.6 weak

Ωc(2770)
0 3

2

+
1 0 1+ 2768.3 ± 3.0 Ωcγ

since according to the 3P0 model [12]

Γ (Λc2(5/2+) → Σ∗

cπ)

Γ (Λc2(5/2+) → Σcπ)
= 0.06 ,

Γ
(

Λ̂c2(5/2+) → Σ∗

cπ
)

Γ
(

Λ̂c2(5/2+) → Σcπ
) = 78.3 . (5)

Both symmetric states Λc2 and Λ̂c2 are thus ruled out
as the predicted ratio R is either too small or too big
compared to experiment. However, the assignment of

Λ′′

c3(
5
2

+
) for Λc(2880) has an issue with the spectrum:

The quark model indicates a Λc2(
5
2

+
) state around

2910 MeV which is close to the mass of Λc(2880), while

the mass of Λ′′

c3(
5
2

+
) is higher [1].

It is interesting to notice that, based on the diquark

idea, the quantum numbers JP = 5
2

+
have been cor-

rectly predicted in [13] for the Λc(2880) before the
Belle experiment.

The highest Λc(2940)+ was first discovered by
BaBar in the D0p decay mode [10] and confirmed by
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Belle in the decays Σ0
cπ

+, Σ++
c π− which subsequently

decay into Λ+
c π+π− [11]. Since the mass of Λc(2940)+

is barely below the threshold of D∗0p, this observation
has motivated the authors of [14] to suggest an exotic
molecular state of D∗0 and p with a binding energy of

order 6 MeV and JP = 1
2

−

for Λc(2940)+. The quark

potential model predicts a 5
2

−

Λc state at 2900 MeV

and a 3
2

+
Λc state at 2910 MeV [1]. A similar result of

2906 MeV for 3
2

+
Λc is also obtained in the relativis-

tic quark model [15]. Given the uncertainty of order
50 MeV for the quark model calculation, this suggests
that the possible allowed JP numbers of the high-

est Λc(2940)+ are 5
2

−

and 3
2

+
. Hence, the potential

candidates are Λ̃c2(
5
2

−

), Λc2(
3
2

+
), Λ̂c2(

3
2

+
), Λ̃′

c1(
3
2

+
),

Λ̃′′

c1(
3
2

+
) and Λ̃′′

c2(
3
2

+
). Since the predicted ratios dif-

fer significantly for different JP quantum numbers,
the measurements of the ratio of Σ∗

cπ/Σcπ will enable
us to discriminate the JP assignments for Λc(2940)
[2]. Note that it has been argued in [8] that Λc(2940)
is the first radial excitation of Σc (not Λc !) with
JP = 3/2+.

2.2. Σc

The highest isotriplet charmed baryons
Σc(2800)++,+,0 decaying to Λ+

c π were first mea-
sured by Belle [16]. They are most likely to be the

JP = 3
2

−

Σc2 states because the Σc2(
3
2

−

) baryon
decays principally into the Λcπ system in a D-wave,

while Σc1(
3
2

−

) decays mainly to the two pion system

Λcππ in a P -wave. The state Σc0(
1
2

−

) can decay into
Λcπ in an S-wave, but it is very broad with width of
order 406 MeV. Therefore, Σc(2800)++,+,0 are likely

to be Σc2(
3
2

−

) with a possible small mixing with

Σc0(
1
2

−

).

2.3. Ξc

The states Ξc(2790) and Ξc(2815) form a doublet

Ξc1(
1
2

−

, 3
2

−

). Since the diquark transition 1− →
0+ + π is prohibited, Ξc1(

1
2

−

, 3
2

−

) cannot decay to

Ξcπ. The dominant decay mode is [Ξ′

cπ]S for Ξc1(
1
2

−

)

and [Ξ∗

cπ]S for Ξc1(
3
2

−

) where Ξ∗

c stands for Ξc(2645).
The new charmed strange baryons Ξc(2980)+ and

Ξc(3080)+ that decay into Λ+
c K−π+ were first ob-

served by Belle [17] and confirmed by BaBar [18].
For the charmed states Ξc(2980) and Ξc(3080), they
could be the first positive-parity excitations of Ξc in
viewing of their large masses. Since the mass differ-
ence between the antitriplets Λc and Ξc for JP =
1
2

+
, 1

2

−

, 3
2

−

is of order 180 ∼ 200 MeV, it is con-
ceivable that Ξc(2980) and Ξc(3080) are the counter-
parts of Λc(2765) and Λc(2880), respectively, in the

strange charmed baryon sector. As noted in passing,
the state Λc(2765)+ could be an even-parity orbital
excitation or a radial excitation and Λc(2880) has the

quantum numbers JP = 5
2

+
, it is thus tempting to

assign JP = 1 1
2

+
for Ξc(2980) and 5

2

+
for Ξc(3080).

The possible strong decays of the first positive-parity
excitations of the Ξc states are summarized in Ta-
ble VII of [2]. Since the two-body modes Ξcπ, ΛcK,
Ξ′

cπ and ΣcK are in P (F ) waves and the three-body
modes Ξcππ and ΛcKπ are in S (D) waves in the de-

cays of 1
2

+
(5
2

+
), this explains why Ξc(2980) is broader

than Ξc(3080). Since both Ξc(2980) and Ξc(3080) are
above the DΛ threshold, it is important to search for
them in the DΛ spectrum as well.

Two new Ξc resonances Ξc(3055) and Ξc(3123) were
recently reported by BaBar [19] with masses and
widths shown in Table II.

2.4. Ωc

At last, the JP = 3
2

+
Ωc(2770) charmed baryon

was recently observed by BaBar in the decay
Ωc(2770)0 → Ω0

cγ [20]. With this new observation,

the 3
2

+
sextet is finally completed. However, it will be

very difficult to measure the electromagnetic decay
rate because the width of Ω∗

c , which is predicted
to be of order 0.9 keV [21], is too narrow to be
experimentally resolvable.

The possible spin-parity quantum numbers of the
newly discovered charmed baryon resonances that
have been suggested in the literature are summarized
in Table III. Some of the predictions are already
ruled out by experiment. For example, Λc(2880) has

JP = 5
2

+
as seen by Belle. Certainly, more experi-

mental studies are needed in order to pin down the
quantum numbers.

3. Strong decays

Due to the rich mass spectrum and the relatively
narrow widths of the excited states, the charmed
baryon system offers an excellent ground for testing
the ideas and predictions of heavy quark symmetry
and light flavor SU(3) symmetry. The pseudoscalar
mesons involved in the strong decays of charmed
baryons such as Σc → Λcπ are soft. Therefore, heavy
quark symmetry of the heavy quark and chiral sym-
metry of the light quarks will have interesting impli-
cations for the low-energy dynamics of heavy baryons
interacting with the Goldstone bosons.

The strong decays of charmed baryons are most con-
veniently described by the heavy hadron chiral La-
grangians in which heavy quark symmetry and chiral
symmetry are incorporated [22, 23]. The Lagrangian



Proceedings of the CHARM 2007 Workshop, Ithaca, NY, August 5-8, 2007 5

Table III Possible spin-parity quantum numbers for the newly discovered charmed baryon resonances that have been
proposed in the literature. First radial excited states are denoted by 2JP .

Λc(2765) Λc(2880) Λc(2940) Σc(2800) Ξc(2980) Ξc(3080)

Ebert et al. [8] 2 1

2

+
, 3

2

−
(Σc)

5

2

+
2 3

2

+
(Σc)

1

2

−
, 3

2

−
, 5

2

−
2 1

2

+ 5

2

+

Garcilazo et al. [15] 1

2

+ 1

2

−
, 3

2

− 3

2

+ 1

2

−
, 3

2

−

Gerasyuata et al. [9] 5

2

− 1

2

− 5

2

−

Capstick et al. [1] 1

2

+ 3

2

+
, 5

2

−

Cheng et al. [2] 1

2

+ 5

2

+

Wilczek et al. [13] 5

2

+

He et al. [14] 1

2

−

involves two coupling constants g1 and g2 for P -wave
transitions between s-wave and s-wave baryons [22],
six couplings h2 − h7 for the S-wave transitions be-
tween s-wave and p-wave baryons, and eight couplings
h8 − h15 for the D-wave transitions between s-wave
and p-wave baryons [24].

3.1. Strong decays of s-wave charmed
baryons

In principle, the coupling g1 can be determined from
the decay Σ∗

c → Σcπ. Unfortunately, this strong de-
cay is kinematically prohibited since the mass differ-
ence between Σ∗

c and Σc is only of order 65 MeV.
Consequently, the coupling g1 cannot be extracted di-
rectly from the strong decays of heavy baryons. As
for the coupling g2, one can use the measured rates of
Σ++

c → Λ+
c π+, Σ∗++

c → Λ+
c π+ and Σ∗0

c → Λ+
c π− as

inputs to obtain

|g2| = 0.605+0.039
−0.043 , 0.57 ± 0.04 , 0.60 ± 0.04 , (6)

respectively, where we have neglected the tiny con-
tributions from electromagnetic decays. Hence, the
averaged g2 is

|g2| = 0.591 ± 0.023 . (7)

Using this value of g2, the predicted total width of
Ξ∗+

c is found to be in the vicinity of the current limit
Γ(Ξ∗+

c ) < 3.1 MeV [25].
It is clear from Table IV that the strong decay width

of Σc is smaller than that of Σ∗

c by a factor of ∼ 7,
although they will become the same in the limit of
heavy quark symmetry. This is ascribed to the fact
that the c.m. momentum of the pion is around 90
MeV in the decay Σc → Λcπ while it is two times
bigger in Σ∗

c → Λcπ. Since Σc states are significantly
narrower than their spin-3

2 counterparts, this explains
why the measurement of their widths came out much
later.

Table IV Decay widths (in units of MeV) of s-wave
charmed baryons.

Decay Expt. HHChPT

Σ++
c → Λ+

c π+ 2.23 ± 0.30 input

Σ+
c → Λ+

c π0 < 4.6 2.5 ± 0.2

Σ0
c → Λ+

c π− 2.2 ± 0.4 input

Σc(2520)
++

→ Λ+
c π+ 14.9 ± 1.9 input

Σc(2520)
+
→ Λ+

c π0 < 17 16.6 ± 1.3

Σc(2520)
0
→ Λ+

c π− 16.1 ± 2.1 input

Ξc(2645)
+
→ Ξ0,+

c π+,0 < 3.1 2.7 ± 0.2

Ξc(2645)
0
→ Ξ+,0

c π−,0 < 5.5 2.8 ± 0.2

3.2. Strong decays of p-wave charmed
baryons

Some of the S-wave and D-wave couplings of p-
wave baryons to s-wave baryons can be determined.
In principle, the coupling h2 is readily extracted from
Λc(2595)+ → Σ0

cπ
+ with Λc(2595) being identified as

Λc1(
1
2

−

). However, since Λc(2595)+ → Σcπ is kine-
matically barely allowed, the finite width effects of
the intermediate resonant states could become impor-
tant [26]. Before proceeding to a more precise de-
termination of h2, we make several remarks on the
partial widths of Λc(2595)+ decays. (i) PDG [6] has
assumed the isospin relation, namely, Γ(Λ+

c π+π−) =
2Γ(Λ+

c π0π0) to extract the branching ratios for Σcπ
modes. However, the decay Λc(2595) → Λcππ oc-
curs very close to the threshold as mΛc(2595) −mΛc

=
308.9±0.6 MeV. Hence, the phase space is very sensi-
tive to the small isospin-violating mass differences be-
tween members of pions and charmed Sigma baryon
multiplets. Since the neutral pion is slightly lighter
than the charged one, it turns out that both Λ+

c π+π−

and Λ+
c π0π0 have very similar rates. (ii) Taking

B(Λc(2595)+ → Λ+
c π+π−) ≈ 0.5 and using the mea-

sured ratios of Λc(2595)+ → Σ++
c π−) and Σ0

cπ
+ rela-
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Table V Same as Table IV except for p-wave charmed
baryons.

Decay Expt. HHChPT

Λc(2595)
+
→ (Λ+

c ππ)R 2.63+1.56

−1.09 input

Λc(2595)
+
→ Σ++

c π− 0.65+0.41

−0.31 0.72+0.43

−0.30

Λc(2595)
+
→ Σ0

cπ
+ 0.67+0.41

−0.31 0.77+0.46

−0.32

Λc(2595)
+
→ Σ+

c π0 1.57+0.93

−0.65

Λc(2625)
+
→ Σ++

c π− < 0.10 ≤ 0.029

Λc(2625)
+
→ Σ0

cπ
+ < 0.09 ≤ 0.029

Λc(2625)
+
→ Σ+

c π0
≤ 0.041

Λc(2625)
+
→ Λ+

c ππ < 1.9 ≤ 0.21

Σc(2800)
++

→ Λcπ,Σ
(∗)
c π 75+22

−17 input

Σc(2800)
+
→ Λcπ, Σ

(∗)
c π 62+60

−40 input

Σc(2800)
0
→ Λcπ, Σ

(∗)
c π 61+28

−18 input

Ξc(2790)
+
→ Ξ′0,+

c π+,0 < 15 8.0+4.7

−3.3

Ξc(2790)
0
→ Ξ′+,0

c π−,0 < 12 8.5+5.0

−3.5

Ξc(2815)
+
→ Ξ∗+,0

c π0,+ < 3.5 3.4+2.0

−1.4

Ξc(2815)
0
→ Ξ∗+,0

c π−,0 < 6.5 3.6+2.1

−1.5

tive to Λc(2595)+ → Λ+
c π+π−), we obtain

Γ(Λc(2595)+ → Σ++
c π−) = 0.65+0.41

−0.31 MeV,

Γ(Λc(2595)+ → Σ0
cπ

+) = 0.67+0.41
−0.31 MeV . (8)

(iii) The non-resonant or direct three-body decay
mode Λ+

c π+π− has a branching ratio of 0.14 ± 0.08
[6]. Assuming the same for Λ+

c π0π0 and using the
measured total width of Λc(2595)+, we are led to

Γ(Λc(2595)+ → Λ+
c ππ)R = (2.63+1.56

−1.09)MeV,

Γ(Λc(2595)+ → Λ+
c ππ)NR = (0.97+0.76

−0.64)MeV. (9)

Consider the pole contributions to the decays
Λc(2595)+, Λc(2625)+ → Λ+

c ππ with the finite width
effects included. The intermediate states of interest
are Σc and Σ∗

c poles. The decay rates depend on two
coupling constants h2 and h8. Identifying the calcu-
lated Γ(Λc(2595)+ → Λ+

c ππ) with the resonant one,
we find

|h2| = 0.437+0.114
−0.102 , |h8| < 3.65 × 10−3 MeV−1.(10)

Assuming that the total width of Λc(2593)+ is sat-
urated by the resonant Λ+

c ππ 3-body decays, Pir-
jol and Yan obtained |h2| = 0.572+0.322

−0.197 and |h8| ≤
(3.50 − 3.68) × 10−3 MeV−1 [24]. Our value of h2 is
slightly smaller since in our case, the Σc and Σ∗

c poles
only describe the resonant contributions to the total
width of Λc(2593).

The Ξc(2790) and Ξc(2815) baryons form a dou-

blet Ξc1(
1
2

−

, 3
2

−

). Ξc(2790) decays to Ξ′

cπ, while
Ξc(2815) decays to Ξcππ, resonating through Ξ∗

c , i.e.

Ξc(2645). Using the coupling h2 obtained from (10)
and the experimental observation that the Ξcππ mode
in Ξc(2815) decays is consistent with being entirely via
Ξ∗

cπ [27], the predicted Ξc(2790) and Ξc(2815) widths
are shown in Table V. The predictions are consistent
with the current experimental limits.

Some information on the coupling h10 can be in-
ferred from the strong decays of Σc(2800). Assuming
the widths of the states Σc(2800)++,+,0 are dominated
by the two-body D-wave modes Λcπ, Σcπ and Σ∗

cπ,
and applying the quark model relation |h8| = |h10|
[24], we then have

|h8| ≤ (0.86+0.08
−0.10) × 10−3 MeV−1 , (11)

which improves the previous limit (10) by a factor of
4.
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Hints of a New Spectroscopy

AD Polosa
INFN Roma, Piazzale A Moro 2, Roma, I-00185, Italy

There are several reasons to believe that some of the new particles observed at B-factories have
no-ordinary quark composition. We briefly illustrate the diquark-antidiquark model and the recent
experimental discoveries which confirm some of its most striking predictions.

I. INTRODUCTION

The field of hadron spectroscopy has been revital-
ized by the discovery of a number of new particles
at B-factories. The first of the series is a 1++ state,
the X(3872), decaying to J/ψππ, found by Belle and
later confirmed by CDF, D0 and BaBar [1]. The diffi-
culty at interpreting this particle as a standard char-
monium has opened the way to alternative interpre-
tations. The diquark-antidiquark, [cq][c̄q̄] picture [2],
at the moment, seems the most promising. There are
at least two reasons for this:

• The X(3872) decays with the same rate in
J/ψρ and J/ψω, therefore maximally violating
isospin. In the diquark picture, two states are
needed to explain this decay pattern, namely
an Xu and an Xd, with a difference in mass
of the order of mu − md. Recently Belle and
BaBar have shown the existence of a second X
at a mass of 3875 MeV, confirming the diquark
model prediction [3].

• The stringiest prediction of the diquark model
was the existence of charged particles decaying
to J/ψ(π±∨ρ±) [2]. Last summer a state of this
kind has been discovered by Belle: the Z(4430)
decaying to J/ψπ+ [4].

After the discovery of the X(3872), BaBar has
found a new state produced in ISR, the Y (4260) [5].
Again a charmonium interpretation was not tenable
for this particle, despite its decay to J/ψππ. The
diquark model explains the Y (4260) as a 1−− state
made up of two diquarks in P-wave which decays
to f0(980), a strong candidate for a light four-quark
state, and J/ψ. The increasing number of X,Y, Z
states being found, casts serious doubts on the fact
that all of them can be explained, separately, as effects
(threshold effects, cusp effects...) or loosely bound
molecules [6] of open charm mesons. If other ways
of aggregation of quarks in matter are indeed possi-
ble, a unified explanation of all these particles, and of
the coming ones (hopefully!), will emerge clearly from
data.

II. FROM LIGHT SCALARS TO XY Z

The strongest theoretical motivation for the
diquark-antidiquark picture lies in its consistent de-
scription of the scalar mesons below 1 GeV, namely
f0, a0, κ, σ. These are likely bound states of a spin
zero diquark qiα = ǫijkǫαβγ q̄

jβ
C γ5q

kγ , (1)

where latin indices label flavor and greek letters are
for color, and an anti-diquark q̄iα. The color is sat-
urated as in a standard qq̄ meson: qαq̄α. Therefore,
since a spin zero diquark is in a 3̄-flavor representa-
tion, nonets of qq̄ states are allowed (crypto-exotic
states). The sub-GeV scalar mesons represent most
likely in the lowest tetraquark nonet.

The qq̄ model of light-scalars is very effective at
explaining the most striking feature of these parti-
cles: the inverted pattern in the mass-versus-I3 dia-
gram [7], with respect to what observed for ordinary
qq̄ mesons.This aspect is not explicable using a qq̄
model. For example, in the qq̄ model, the f0(980)
should be an ss̄ state [8] while the I = 1, a0(980),
should be a uū + dd̄ state. If this were the case, the
degeneracy of the two particles would appear quite
mysterious.

Beyond a correct description of the mass-I3 pattern,
the tetraquark model offers the possibility to explain
the decay rates of scalars at a level never reached in
standard qq̄ descriptions. The decay Lagrangian into
two pseudoscalar mesons, e.g. σ → ππ, is:

Lexch. = cfS
i
jǫ
jtuǫirsΠ

r
tΠ

s
u, (2)

where i, j are the flavor labels of qi and q̄j , while
r, s, t, u are the flavor labels of the quarks q̄t, q̄u and
qr, qs. cf is the effective coupling weighting this in-
teraction term and S,Π are the scalar and pseu-
doscalar matrices. This Lagrangian describes the
quark exchange amplitude for the quarks to tunnel
out of their diquark shells to form ordinary mesons [9].
Such mechanism is the alternative to the color string
breaking qQPPPPPPRqq̄QPPPPPPRq̄ → BB̄, i.e., a baryon-
anti-baryon decay, phase-space forbidden to sub-GeV
scalar mesons.

The problem with (2) is that it is not able to de-
scribe the decay f0 → ππ because f0 = (q2q̄2 +q1q̄1)/

√
2, being 1, 2, 3 the u, d, s flavors so that, see

http://arxiv.org/abs/0712.1691v1
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equation (1), q1 = [ds] and q2 = [su]. An annihila-
tion diagram is needed to replace the s quarks. This
clearly induces a small rate which does not match the
observed one.

We have faced this problem recently and we are con-
fident to have found a solid solution which generally
improves the agreement with data of all light scalar
mesons decay rates [10].

III. HEAVY-LIGHT DIQUARKS

The successful theoretical interpretation of the light
scalar mesons in terms of diquarks suggest that such
structures could exist also at higher mass scales. An
heavy-light diquark is still bound in color 3̄c, but: 1.

We cannot state anymore that there is a Fermi statis-
tics that forces the diquarks to be in 3̄f or 6f depend-
ing if the diquark spin is zero or one (a charm quark
by no way can be considered identical to a light q
with respect to strong interactions); 2. The spin-spin
interaction is weakened by 1/mc. According to lat-
tice studies, light diquarks are preferably formed with
spin= 0. On the other hand, heavy-light diquarks
could appear equally well in spin 0 and 1. Therefore
our Ansatz for heavy-light diquarks is:Qi1α = ǫαβγQ̄

β
Cγ5~γq

iγ spin 1− (3)Qi0α = ǫαβγQ̄
β
Cγ5q

iγ spin 0+ (4)

The flavor i is carried by the light quark, while Q = c
for all X,Y, Z. Such spin 1 diquarks are likely the
building blocks of the new particles, and since the
flavor of Q is the flavor of the light quark, we can
still accommodate particles like the X(3872) and its
partners in SU(3) nonets [2]. In our notation:

X(3872) = Xd = Q2
1Q̄2

0 +Q2
0Q̄2

1 (5)

X(3875) = Xu = Q1
1Q̄1

0 +Q1
0Q̄1

1 (6)

Y (4260) = (Q3
0Q̄3

0)P−wave (7)

Z(4433) = (Q1
1Q̄2

0 +Q1
0Q̄2

1)2S−wave. (8)

We have shown in [12] that, assuming:

Xd → J/ψπ+π− (9)

Xu → D0D̄0π0, (10)

we obtain a simple rule for the ratios of branching
ratios of B decays. With an obvious notation:

B0

B+

∣

∣

∣

∣

KJ/ψππ

=

(

B0

B+

∣

∣

∣

∣

KDD̄π

)−1

. (11)

This is to be confronted with the most recent experi-
mental data, giving:

0.94 ± 0.24 ± 0.10 =
1

1.33 ± 0.69 ± 0.52
(12)

Such quite reasonable agreement gives credit to
our assignations for X(3872) and X(3875). Clearly
enough, the situation of the remaining 1++ charged
partners has to be clarifed. We have reasons to be-
lieve that they can be very broad and this could cast
some doubts on their actual visibility.

TABLE I: Some L = 0 neutral tetraquark wave func-
tions constructible from diquarks. Consider that C|ff̄〉 =
(−1)L+S

|ff̄〉.

JPC Wave Funct.

0++ Q0Q̄0 ∨ (Q1Q̄1)J=0

1++ Q1Q̄0+Q0Q̄1√
2

1+− Q1Q̄0−Q0Q̄1√
2

∨ (Q1Q̄1)J=1

2++ (Q1Q̄1)J=2

IV. Z(4433)

As mentioned in the introduction, the Z(4433),
most likely a 1+− state, is the first charged parti-
cle observed that plausibly fits very well a diquark-
antidiquark interpretation. Due to its decay to
ψ(2S)π+ we think that Z(4433) is itself a radial ex-
citation of one of the lowest lying 1+− states pre-
dicted by the tetraquark model to be at a mass of
∼ 3880 MeV [2]. In particular it is striking to observe
that:

M(ψ(2S))−M(J/ψ) ≃ 590 MeV ≃ 4433−3880 MeV

So the search of X(1+−; 1S) states, neutral and
charged, is particularly urgent.

Scanning higher energy regions one approaches
baryon-baryon thresholds, like 2MΛc

= 4572 MeV
and MΛc

+ MΣc
= 4379 MeV. As mentioned above,

the baryon-antibaryon decay channel is expected to
be quite natural for a diquark-antidiquark system.
This would mean that, above a certain threshold, all
charmed tetraquark states are expected to be very
broad.

V. 1/N AND TETRAQUARKS

In the large number of colors 1/N expansion, four-
quark states of the kind q̄αq

αq̄βq
β(= O(x)) are sup-

pressed, in the sense that they do not appear as lead-
ing terms in the 1/N expansion of the two-point corre-
lation function 〈O(x)O(0)〉. Indeed, the leading term
of such a correlator would represent a disconnected
graph (see the left diagram in Fig. 1).

But if we replace quarks with diquarks: qα → qα,
there are no disconnected parts and the leading color
diagram looks like the one depicted in Fig. 2. In other
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FIG. 1: Color diagrams for a tetraquark q̄αqαq̄βqβ. The
disconnected diagram is O(N2) larger than the connected
one (bounded meson) in the ‘t Hooft expansion [14].

FIG. 2: Color diagram for a tetraquark q̄αqα

words, if the diquarks are assumed to be the building
blocks, we evade the 1/N difficulty with standard ()
tetraquarks.

This reminds of the Corrigan-Ramond (CR) [13]
large N limit where quarks and ‘larks’ are introduced,
transforming as the N and N(N − 1)/2 representa-
tions of SU(N). Larks, ℓ, are therefore antisymmet-
ric objects, ℓαβ = −ℓβα, coinciding with antiquarks if
N = 3. A theory of only larks is equivalent to QCD.
In the CR expansion, it is therefore possible to con-
sider baryons at large N , if the baryon is represented
by a color saturated qqℓ̄ state (for three quarks one
can neutralize the color with an ǫαβγ if the colors are
three: there are no color singlets made up of three
quarks for N > 3). Since larks have two color indices
(like gluons in the ‘t Hooft limit [14], but with the
arrow pointing in the same directions - gluon lines Aαβ
have opposite arrows - ), the large N power counting
works differently (see Fig. 3). A diquark-antidiquark
state is then like a lark-antilark state ℓℓ̄ (see Fig. 2).

FIG. 3: In the CR expansion, the ℓℓ̄ two point correlation
function on the left and the correlator on the right (where
a four-lark structure emerge in the intermediate state), are
of the same 1/N order. In the ‘t Hooft limit, and with only
quarks, the left diagram dominates, being larger by O(N).

VI. CONCLUSIONS: BEYOND
SPECTROSCOPY

The interest for such problems has implications be-
yond spectroscopy itself. This is not merely a chem-
istry exercise, aimed at a classification of new ‘ele-
ments’ whose nature has very little impact to QCD
fundamental issues. QCD is extremely predictive only
in a narrow range of very high energy phenomena,
while the study of hadron structures and interac-
tions remains a very difficult field which is mainly ap-
proached with the use of Effective Theories and Lat-
tice studies. Being able to assess that new forms of
aggregation of quarks are possible, such as diquarks,
opens a window on a territory poorly known. More-
over, diquarks are essential to the theory of color su-
perconductivity [15], which is at the basis of the com-
prehension of an entirely new sector of the QCD phase
diagram.

The skepticism of the community about the
tetraquarks is mainly driven by the shock following
the ‘discovery’ and the disappearance of the bary-
onic pentaquarks. It is quite possible that multiquark
baryons might exist at higher masses. Anyway, there
is no clear logical connection between the four-quark
mesons we are discussing here and the pentaquark
baryons; one should also remind that the case for four-
quark mesons is based on the phenomenology of light
scalars since a very long time. Some other recent
investigations on diquark based tetraquark charmed
mesons can be found in [16].

We believe that a strong experimental effort aimed
at searching the new predicted particles and clearly
discriminate between models is of great importance
for a progress in the comprehension of key aspects of
non-perturbative QCD.
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Charm Meson Spectroscopy at BABAR and CLEO-c
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Laboratoire de Physique des Particules,CNRS-IN2P3, F-74941 Annecy-le-Vieux - France

In this mini-review we report on the most recent progress in charm meson spectroscopy. We discuss the precision
measurements performed by the BABAR and CLEO-c experiments in the non strange charm meson part and we
present the newly discovered strange charmed meson excited states.

1. Introduction

During the last few years many newD, Ds, charmo-
nium, and charmed baryon excited states have been
discovered. Some of these states were not expected
theoretically; their masses, widths, quantum numbers,
and decay modes did not fit the existing spectroscopic
classification, which was based mostly on potential
model calculations. The theoretical models had to be
improved and new approaches have been developed
to explain the data; the possibility of a non-quark-
antiquark interpretation of these states has also been
widely discussed. Charmonium, and charmed baryon
excited states results are discussed elsewhere in these
proceedings. In this report an overview of recent re-
sults on non strange charm mesons production is pre-
sented. Then, recent results on excited DsJ meson
production will be presented and their behavior will
be discussed.

2. Non Strange Charm Mesons

2.1. Measurement of the Absolute
Branching Fractions B → Dπ, D

∗
π, D

∗∗
π

with a Missing Mass Method

Our understanding of hadronic B-meson decays
has improved considerably during the past few years
with the development of models based on the Heavy
Quark Effective Theory (HQET), where collinear [1,
2] or kT [3, 4] factorization theorems are consid-
ered. Models such as the QCD-improved Factoriza-
tion (QCDF) [5, 6] and the Soft Collinear Effective
Theory (SCET) [1, 7] use the collinear factorization,
while the perturbative QCD (pQCD) approach [8, 9]
uses the kT factorization. In these models the am-
plitude of the B → D(∗)π two-body decay carries in-
formation about the difference δ between the strong-
interaction phases of the two isospin amplitudes A1/2

and A3/2 that contribute [10, 11]. A non-zero value
of δ provides a measure of the departure from the
heavy-quark limit and the importance of the final-
state interactions in the D(∗)π system. With the mea-
surements by the BABAR [12] and BELLE [13] experi-
ments of the color-suppressed B decay B0 → D(∗)0π0

providing evidence for a sizeable value of δ, an im-
proved measurement of the color-favored decay am-
plitudes (B− → D(∗)0π− and B0 → D(∗)+π−) is of
renewed interest. In addition, the study of B de-
cays into D, D∗, and D∗∗ mesons will allow tests of
the spin symmetry [14–17] imbedded in HQET and
of non-factorizable corrections [18] that have been as-
sumed to be negligible in the case of the excited states
D∗∗ [19].

A measurement of the branching fractions is pre-
sented for the decays B− → D0 π−, D∗0 π−, D∗∗0π−

and B0 → D+ π−, D∗+ π−, D∗∗+π− [20] with a miss-
ing mass method, based on a sample of 231 million
Υ (4S) → BB pairs collected by the BABAR detector
at the PEP-II e+e− collider. One of the B mesons is
fully reconstructed and the other one decays to a re-
constructed π and a companion charmed meson iden-
tified by its recoil mass, inferred by the kinematics of
the two body B decay. This method, compared to the
previous exclusive measurements [21], does not imply
that the Υ (4S) decays into B+ and B0 with equal
rates, nor rely on the D, D∗, or D∗∗ decay branch-
ing fractions. The number of fully reconstructed B
mesons Brec′d is extracted from a fit to its mass dis-
tribution. In the decay Υ (4S) → Brec′dBXπ where
BXπ is the recoiling B which decays into π−X , the in-
variant mass of the X system is derived from the miss-
ing 4-momentum pX applying the energy-momentum
conservation:

pX = pΥ (4S) − pBrec′d
− pπ− .

The 4-momentum of the Υ (4S), pΥ (4S), is computed
from the beam energies and pπ and pBrec′d

are the
measured 4-momenta of the pion and of the recon-
structed Brec′d, respectively. The Brec′d energy is
constrained by the beam energies. The B → Dπ−,
B → D∗π−, or B → D∗∗π− signal yields peak at the
D, D∗, and D∗∗ masses in the missing mass spectrum,
respectively. The signal yield of the different modes,
is extracted from the missing mass spectra. The Dπ
and D∗π signal yields are extracted by a χ2 fit to
the background subtracted missing mass distribution
in the range 1.65 − 2.20 GeV/c2. The D∗∗ yield is
obtained by counting the candidates in excess in the
missing mass range 2.2 − 2.8 GeV/c2. This range is
chosen in order to keep most of the excess and no

http://arxiv.org/abs/0710.0314v2
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further assumption on D∗∗ resonance composition is
made. The following branching fractions [22] are mea-
sured:

B(B− → D0π−) = (4.49 ± 0.21 ± 0.23) × 10−3

B(B− → D∗0π−) = (5.13 ± 0.22 ± 0.28) × 10−3

B(B− → D∗∗0π−) = (5.50 ± 0.52 ± 1.04) × 10−3

B(B0 → D+π−) = (3.03 ± 0.23 ± 0.23) × 10−3

B(B0 → D∗+π−) = (2.99 ± 0.23 ± 0.24) × 10−3

B(B0 → D∗∗+π−) = (2.34 ± 0.65 ± 0.88) × 10−3

and the branching ratios:

B(B− → D∗0π−)/B(B− → D0π−) = 1.14 ± 0.07 ± 0.04

B(B− → D∗∗0π−)/B(B− → D0π−) = 1.22 ± 0.13 ± 0.23

B(B0 → D∗+π−)/B(B0 → D+π−) = 0.99 ± 0.11 ± 0.08

B(B0 → D∗∗+π−)/B(B0 → D+π−) = 0.77 ± 0.22 ± 0.29

The first uncertainty is statistical and the second is
systematic. This result is published [23].

2.2. Precision Measurement of D
0 mass

by CLEO-c

The D0 (cu) and D± (dc,cd) mesons form the
ground states of the open charm system. The knowl-
edge of their masses is important for its own sake, but
a precision determination of the D0 mass has become
more important because of the recent discovery of a
narrow state known as X(3872) [24–27]. Many differ-
ent theoretical models have been proposed [28–31] to
explain the nature of this state, whose present average
of measured masses is M(X) = 3871.2±0.5 MeV [32].
A provocative and challenging theoretical suggestion
is that X(3872) is a loosely bound molecule of D0 and
D∗0 mesons [31]. This suggestion arises mainly from
the closeness of M [X(3872)] to M(D0) + M(D∗0) =
2M(D0) + [M(D∗0) − M(D0)] = 2(1864.1 ± 1.0) +
(142.12 ± 0.07)MeV = 3870.32 ± 2.0 MeV based on
the PDG [32] average value of the measured D0 mass,
M(D0) = 1864.1 ± 1.0 MeV. This gives the bind-
ing energy of the proposed molecule, Eb[X(3872)]=
M(D0)+M(D∗0)- M[X(3872)]= −0.9 ± 2.1 MeV. Al-
though the negative value of the binding energy would
indicate that X(3872) is not a bound state of D0 and
D∗0, its ±2.1 MeV error does not preclude this pos-
sibility. It is necessary to measure the masses of both
D0 and X(3872) with much improved precision to
reach a firm conclusion. Recently, CLEO-c reported
a precision measurement of the D0 mass, and pro-
vided a more constrained value of the binding energy
of X(3872) as a molecule. Several earlier measure-
ments of the D0 mass exist. The PDG [32] result-
ing average D0 mass is based on the measured D0

masses as M(D0)AV G = 1864.1± 1.0 MeV. They also
list a fitted mass, M(D0)FIT = 1864.5 ± 0.4 MeV,

based on the updated results of measurements of D±,
D0, D±

s , D∗±, D∗0, and D∗±

s masses and mass dif-
ferences. In its recent measurement, CLEO-c ana-
lyzes 281 pb−1 of e+e− annihilation data taken at
the Ψ(3770) resonance at the Cornell Electron Storage
Ring (CESR) with the CLEO-c detector to measure
the D0 mass using the reaction Ψ(3770) → D0D0,
with D0 → K0

S
Φ, K0

S
→ π+π− and Φ → K+K−. The

choice of the D0 → K0
S
Φ mode is motivated by the de-

termination of the D0 mass not depending on the pre-
cision of the determination of the beam energy. Since
M(Φ)+M(K0

S
)=1517 MeV is a substantial fraction of

M(D0), the final state particles have small momenta
and the uncertainty in their measurement makes a
small contribution to the total uncertainty in M(D0).
This consideration favors D0 → K0

S
Φ over the more

prolific decays D0 → K−π+ and D0 → K−π+π−π+

in which the decay particles have considerably larger
momenta and therefore greater sensitivity to the mea-
surement uncertainties. An additional advantage of
the D0 → K0

S
Φ reaction is that in fitting for M(D0)

the mass of K0
S

can be constrained to its value which
is known with precision [32]. The final result of this
measurement is M(D0) = 1864.847 ± 0.150 (stat) ±
0.095 (syst) MeV. Adding the errors in quadrature,
M(D0)=1864.847 ± 0.178 MeV is obtained. This is
significantly more precise than the current PDG aver-
age [32]. This result for M(D0) leads to M(D0 D∗0)=
3871.81 ± 0.36 MeV. Thus, the binding energy of
X(3872) as a D0 D∗0 molecule is Eb = (3871.81 ±
0.36) - (3871.2 ± 0.5) = +0.6 ± 0.6 MeV. This re-
sult provides a strong constraint for the theoretical
predictions for the decays of X(3872) if it is a D0

D∗0 molecule [31]. The error in the binding energy
is now dominated by the error in the X(3872) mass
measurement, which will hopefully improve as the re-
sults from the analysis of larger luminosity data from
various experiments become available. This analysis
is published [33].

3. Strange charm mesons

Much of the theoretical work on the cs̄ system has
been performed in the limit of heavy c quark mass us-
ing potential models [34–37] that treat the cs̄ system
much like a hydrogen atom. Prior to the discovery of
theD∗

sJ (2317)+ meson, such models were successful at
explaining the masses of all known D and Ds states
and even predicting, to good accuracy, the masses
of many D mesons (including the Ds1(2536)+ and
Ds2(2573)+) before they were observed (see Fig. 1).
Several of the predicted Ds states were not confirmed
experimentally, notably the lowest mass JP = 0+

state (at around 2.48 GeV/c2) and the second lowest
mass JP = 1+ state (at around 2.58 GeV/c2). Since
the predicted widths of these two states were large,
they would be hard to observe, and thus the lack of
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Figure 1: The cs̄ meson spectrum, as predicted by Godfrey
and Isgur [34] (solid lines) and Di Pierro and Eichten [37]
(dashed lines) and as observed by experiment (points).
The DK and D∗K mass thresholds are indicated by the
horizontal lines spanning the width of the plot.

experimental evidence was not a concern.

3.1. D
∗

sJ
(2317)+ and DsJ(2460)+

The D∗

sJ (2317)+ meson has been observed in the
decay D∗

sJ(2317)+ → D+
s π

0 [38–42]. The mass is
measured to be around 2.32 GeV/c2, which is be-
low the DK threshold. Thus, this particle is forced
to decay either electromagnetically, of which there is
no experimental evidence, or through the observed
isospin-violating D+

s π
0 strong decay. The intrinsic

width is small enough that only upper limits have
been measured (the best limit previous to this analy-
sis being Γ < 4.6 MeV at 95% CL as established by
BELLE [40]). If the D∗

sJ (2317)+ is the missing 0+ cs̄
meson state, the narrow width could be explained by
the lack of an isospin-conserving strong decay chan-
nel. The low mass (160 MeV/c2 below expectations)
is more surprising and has led to the speculation that
the D∗

sJ (2317)+ does not belong to the D+
s meson

family at all but is instead some type of exotic parti-
cle, such as a four-quark state [43].

The DsJ(2460)+ meson has been observed decaying
to D+

s π
0γ [38–42], D+

s π
+π− [40], and D+

s γ [40–42].
The intrinsic width is small enough that only upper
limits have been measured (the best limit previous
to this analysis being Γ < 5.5 MeV at 95% CL as
established by BELLE [40]). The D+

s γ decay implies
a spin of at least one, and so it is natural to assume
that the DsJ (2460)+ is the missing 1+ cs̄ meson state.
Like the D∗

sJ (2317)+, the DsJ (2460)+ is substantially
lower in mass than predicted for the normal cs̄ meson.
This suggests that a similar mechanism is deflating the
masses of both mesons, or that both the states belong

to the same family of exotic particles.
The spin-parity of the D∗

sJ(2317)+ and DsJ(2460)+

mesons has not been firmly established. The
decay mode of the D∗

sJ (2317)+ alone implies a
spin-parity assignment from the natural JP series
{0+, 1−, 2+, . . .}, assuming parity conservation. Be-
cause of the low mass, the assignment JP = 0+ seems
most reasonable, although experimental data have not
ruled out higher spin. It is not clear whether elec-
tromagnetic decays such as D∗

s(2112)+γ can compete
with the strong decay to D+

s π
0, even with isospin vio-

lation. Thus, the absence of experimental evidence for
radiative decays such as D∗

sJ(2317)+ → D∗

s(2112)+γ
is not conclusive.

Experimental evidence for the spin-parity of the
DsJ(2460)+ meson is somewhat stronger. The obser-
vation of the decay to D+

s γ alone rules out J = 0. De-

cay distribution studies inB → DsJ(2460)+D
(∗)−
s [41,

42] favor the assignment J = 1. Decays to either
D+

s π
0, D0K+, orD+K0 would be favored if they were

allowed. Since these decay channels are not observed,
this suggests, when combined with the other obser-
vations, the assignment JP = 1+. In this case, the
decay to D∗

sJ(2317)+γ is allowed, but it may be small
in comparison to the D+

s γ decay mode.
An updated analysis of the D∗

sJ (2317)+ and

DsJ(2460)+ mesons using 232 fb−1 of e+e− → cc̄ data
is presented here. Established signals from the de-
cayD∗

sJ(2317)+ → D+
s π

0 andDsJ(2460)+ → D+
s π

0γ,
D+

s γ, and D+
s π

+π− are confirmed. A detailed analy-
sis of invariant mass distributions of these final states
including consideration of the background introduced
by reflections of other cs̄ decays produces the following
mass values:

m(D∗

sJ (2317)+) = (2319.6 ± 0.2 ± 1.4)MeV/c2

m(DsJ (2460)+) = (2460.1 ± 0.2 ± 0.8)MeV/c2,

where the first error is statistical and the second sys-
tematic. Upper 95% CL limits of Γ < 3.8 MeV
and Γ < 3.5 MeV are calculated for the intrinsic
D∗

sJ(2317)+ and DsJ(2460)+ widths. All results are
consistent with previous measurements.

The following final states are investigated:
D+

s π
0, D+

s γ, D∗

s(2112)+π0, D∗

sJ(2317)+γ, D+
s π

0π0,
D∗

s(2112)+γ, D+
s γγ, D+

s π
±, and D+

s π
+π−. No

statistically significant evidence of new decay modes
is observed. The following branching ratios are
measured:

B(DsJ(2460)+ → D+
s γ)

B(DsJ(2460)+ → D+
s π0γ)

= 0.337 ± 0.036± 0.038

B(DsJ(2460)+ → D+
s π

+π−)

B(DsJ(2460)+ → D+
s π0γ)

= 0.077 ± 0.013± 0.008,

where the first error is statistical and the second sys-
tematic. The data are consistent with the decay
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DsJ(2460)+ → D+
s π

0γ proceeding entirely through
D∗

s(2112)+π0.
Since the results presented here are consistent with

JP = 0+ and JP = 1+ spin-parity assignments for the
D∗

sJ(2317)+ and DsJ(2460)+ mesons, these two states
remain viable candidates for the lowest lying p-wave
cs̄ mesons. The lack of evidence for some radiative
decays, in particular D∗

sJ (2317)+ → D∗

s(2112)+γ and
DsJ(2460)+ → D∗

s(2112)+γ, are in contradiction with
this hypothesis according to some calculations, but
large theoretical uncertainties remain. No state near
the D∗

sJ (2317)+ mass is observed decaying to D+
s π

±.
If charged or neutral partners to the D∗

sJ (2317)+ exist
(as would be expected if the D∗

sJ (2317)+ is a four-
quark state), some mechanism is required to suppress
their production in e+e− collisions. This analysis is
realized in inclusive cc̄ production using 232 fb−1 of
data collected by the BABAR experiment near

√
s =

10.6 GeV and is published in [45].

3.2. The Ds1(2536)+ Case

For a complete understanding of the charmed
strange meson spectrum, a comprehensive knowledge
of the parameters of all known D+

s mesons is manda-
tory. In this part of the presentation, a precision mea-
surement of the mass and the decay width of the me-
son Ds1(2536)+ is presented. The mass is currently
reported by the PDG with a precision of 0.6 MeV/c2,
while only an upper limit of 2.3 MeV/c2 is given for
the decay width [32]. These values are based on mea-
surements with 20 times fewer reconstructed D+

s1 can-
didates compared to this one. The BABAR experiment,
in addition to its excellent tracking and vertexing ca-
pabilities, provides a rich source of charmed hadrons,
enabling an analysis of the D+

s1 with high statistics
and small errors.

Since the uncertainty of the D∗+ mass is large
(0.4 MeV/c2 [32]), a measurement of the mass differ-
ence defined by

∆m(D+
s1) = m(D+

s1) −m(D∗+) −m(K0
S
),

is performed. Additionally, due to the correlation
between the masses, the D+

s1 signal in the mass dif-
ference spectrum is much more narrow than the one
from the D+

s1 mass spectrum alone leading to a high
precision measurement of the mass and the decay
width of the meson Ds1(2536)+ using the decay mode
D+

s1 → D∗+K0
S
. The mass difference between D+

s1

and D∗+K0
S

for the two reconstructed decay modes is
measured to be

∆µ(D+
s1)K4π = 27.209± 0.028± 0.031 MeV/c2,

∆µ(D+
s1)K6π = 27.180± 0.023± 0.043 MeV/c2,

with the first error denoting the statistical uncertainty
and the second one the systematic uncertainty. These
results correspond to a relative error of 0.15% for the

mass difference. This lies within the range of precision
achievable with the BABAR detector: the J/ψ mass has
been reconstructed with a relative error of 0.05% [46].

Combining the results, while taking the systematic
errors including the uncertainties of the D∗+ mass
(±0.4 MeV/c2) and of the K0

S
mass (±0.022 MeV/c2)

into account, yields a final value for the D+
s1 mass of

m(D+
s1) = 2534.85± 0.02 ± 0.40 MeV/c2,

while the PDG value for the mass is given as 2535.35±
0.34 ± 0.50 MeV/c2. The error on the measured D+

s1

mass is dominated by the uncertainty of the D∗+

mass. The mass difference between the D+
s1 and the

D∗+ follows from these results as

∆m = m(D+
s1) −m(D∗+) =

524.85± 0.02 ± 0.04 MeV/c2.

The decay width is measured to be

Γ(D+
s1)K4π = 1.112 ± 0.068± 0.131 MeV/c2,

Γ(D+
s1)K6π = 0.990 ± 0.059± 0.119 MeV/c2.

The final combined value for decay width is

Γ(D+
s1) = 1.03 ± 0.05 ± 0.12 MeV/c2.

The result for the mass difference ∆m = m(D+
s1) −

m(D∗+) represents an improvement in precision by a
factor of 14 compared with the current PDG value
of 525.3 ± 0.6 ± 0.1 MeV/c2. It deviates by 1σ from
the larger PDG value. The precision achieved is
comparable with other recent high precision analyses
performed at BABAR like the Λc mass measurement
(m(Λc) = 2286.46± 0.04 ± 0.14 MeV/c2) [47]. Fur-
thermore, this analysis presents for the first time a
direct measurement of the D+

s1 decay width with small
errors rather than just an upper limit, which is cur-
rently stated by the PDG as 2.3 MeV/c2. This anal-
ysis is also realized in inclusive cc̄ production using
232 fb−1 of data collected by the BABAR experiment
near

√
s = 10.6 GeV and is detailed in [48].

3.3. Ds2(2573)+ and New Strange
Charmed Mesons

Here, a new cs state and a broad structure ob-
served in the decay channelsD0K+ and D+K0

S are re-

ported. This analysis is based on a 240 fb−1 inclusive
cc̄ data sample recorded near the Υ (4S) resonance by
the BABAR detector at the PEP-II asymmetric-energy
e+e− storage rings.

Three inclusive processes [20] are reconstructed:

e+e− → D0K+X,D0 → K−π+ (1)

e+e− → D0K+X,D0 → K−π+π0 (2)

e+e− → D+K0
SX,D

+ → K−π+π+,K0
S → π+π−(3)
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Figure 2: The DK invariant mass distributions for (a) D0

K−π+K+, (b) D0

K−π+π0K+ and (c) D+

K−π+π+K0
s . The shaded

histograms are for the D-mass sideband regions. The dotted histogram in (a) is from e+e− → cc̄ Monte Carlo simulations
incorporating previously known Ds states with an arbitrary normalization. The insets show an expanded view of the
2.86 GeV/c2 region. The solid curves are the fitted background threshold functions from the three separate fits.

Selecting events in theD signal regions, Fig. 2 shows
the D0K+ invariant mass distributions for channels
(1) and (2), and the D+K0

S invariant mass distribu-
tion for channel (3). To improve mass resolution, the
nominal D mass and the reconstructed 3-momentum
are used to calculate theD energy for channels (1) and
(3). Since channel (2) has a poorerD0 resolution, each
K−π+π0 candidate is kinematically fit with aD0 mass
constraint and a χ2 probability greater than 0.1% is
required.

The fraction of events having more than one DK
combination per event is 0.9% for channels (1) and
(3) and 3.4% for channel (2). In the following, the
term reflection will be used to describe enhancements
produced by two or three body decays of narrow res-
onances where one of the decay products is missed.

The three mass spectra in Fig. 2 present similar
features:

• A single bin peak at 2.4 GeV/c2 due to a re-
flection from the decays of the Ds1(2536)+ to
D∗0K+ or D∗+K0

S in which the π0 or γ from
the D∗ decay is missed. This state, if JP = 1+,
cannot decay to DK.

• A prominent narrow signal due to the
Ds2(2573)+.

• A broad structure peaking at a mass of approx-
imately 2.7 GeV/c2.

• An enhancement around 2.86 GeV/c2. This can
be seen better in the expanded views shown in
the insets of Fig. 2.

Different background sources are examined: com-
binatorial, possible reflections from D∗ decays, and
particle misidentification.

Backgrounds come both from events in which the
candidate D meson is correctly identified and from
events in which it is not. The first case can be studied
combining a reconstructed D meson with a kaon from
another D̄ meson in the same event, using data with
fully reconstructed DD̄ pairs or Monte Carlo simu-
lations. No signal near 2.7 or 2.86 GeV/c2 is seen
in the DK mass plots for these events. The second
case can be studied using the D mass sidebands. The
shaded regions in Fig. 2 show the DK mass spectra
for events in the D sideband regions normalized to the
estimated background in the signal region. No promi-
nent structure is visible in the sideband mass spectra.
The dotted histogram in (a) is from e+e− → cc̄ Monte
Carlo simulations incorporating previously known Ds

states with an arbitrary normalization.

The possibility that the features at 2.7 and
2.86 GeV/c2 could be a reflection from D∗ or other
higher mass resonances is considered. Candidate DK
pairs where the D is a D∗-decay product are iden-
tified by forming Dπ and Dγ combinations and re-
quiring the invariant-mass difference between one of
those combinations and the D to be within ±2σ of
the known D∗−D mass difference. No signal near 2.7
or 2.86 GeV/c2 is seen in the DK mass plots for these
events. Events belonging to these possible reflections
(except for the D∗0 → D0γ events, which could not
be isolated cleanly) have been removed from the mass
distributions shown in Fig. 2 (corresponding to ≈8%
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of the final sample).
The presence of resonant structures can be visu-

ally enhanced by subtracting the fitted background
threshold function from the data. Fig. 3 shows
the background-subtractedD0

K−π+K+, D0
K−π+π0K+,

and D+
K−π+π+K

0
s invariant mass distributions in the

2.86 GeV/c2 mass region. Fig. 3(d) shows the sum of
the three mass spectra.

In the following, the structure in the 2.86 GeV/c2

mass region is labelled DsJ(2860)+ and the one in the
2.7 GeV/c2 mass region is labelled X(2690)+. The
three DK mass spectra shown in Fig. 2 from 2.42
GeV/c2 to 3.1 GeV/c2 (excluding the Ds1(2536)+ re-
flection) are first fitted separately using a binned χ2

minimization. The background for the threeDK mass
distributions is described by a threshold function:

(m−mth)
α e−βm−γm2

−δm3

wheremth = mD+mK . A
fit to the Monte Carlo distribution shown in Fig. 2(a)
using this background expression and one spin-2 rela-
tivistic Breit-Wigner for the Ds2(2573)+ gives a good
32 % χ2 probability. In the fit to the data, the
Ds2(2573)+ and DsJ(2860)+ peaks are described with
relativistic Breit-Wigner lineshapes where spin-2 is as-
sumed for the Ds2(2573)+ and spin 0 is used for the
DsJ(2860)+. The DsJ(2860)+ parameters are found
insensitive to the choice of the spin. The best descrip-
tion of the X(2690)+ structure is obtained using a
Gaussian distribution. The fits give consistent values
for the parameters of the three structures.

When the three mass distributions of Fig. 2 are fit-
ted simultaneously, the resulting resonance parame-
ters are also found consistent with those obtained with
previous separate fits. For Ds2(2573)+ resonance,
mass and width are:

m(Ds2(2573)+) = (2572.2± 0.3 ± 1.0) MeV/c2

Γ(Ds2(2573)+) = (27.1 ± 0.6 ± 5.6) MeV/c2,

where the first errors are statistical and the second
systematic. For the new states, the following values
are obtained:

m(DsJ (2860)+) = (2856.6 ± 1.5 ± 5.0) MeV/c2

Γ(DsJ (2860)+) = (47 ± 7 ± 10) MeV/c2.

m(X(2690)+) = (2688 ± 4 ± 3) MeV/c2

Γ(X(2690)+) = (112 ± 7 ± 36) MeV/c2.

In summary, in 240 fb−1 of data collected by the
BABAR experiment, a new D+

s state is observed in
the inclusive DK mass distribution near 2.86 GeV/c2

in three independent channels. The decay to two
pseudoscalar mesons implies a natural spin-parity for
this state: JP = 0+, 1−, . . .. It has been suggested
that this new state could be a radial excitation of
D∗

sJ(2317) [49] although other possibilities cannot be

ruled out. In the same mass distributions a broad
enhancement around 2.69 GeV/c2 is also observed, it
is not possible to associate it to any known reflection
or background. This analysis is published [50]. An-
other BABAR analysis[51], has searched for resonances
in B → D (∗)D (∗)K decays in 22 decay modes us-
ing 347 fb−1 data sample recorded at the Υ (4S) res-
onance. The D K and D ∗K invariant mass distri-
butions are built with 8 decay modes each. Both dis-
tributions show a resonant enhancement around 2700
MeV/c2. However, due to an unknown structure at
low mass in the D K invariant mass distribution and
to the possible additional resonances in the signal re-
gion in the D ∗K invariant mass distribution, a full
Dalitz analysis in necessary and is ongoing in order to
extract the DsJ (2700)+ parameters.

4. Conclusion

Although the nature of the newly discovered charm
resonances is not yet fully understood, the resonances
are interpreted as molecular or hybrid states in most
theoretical papers. It will be interesting to see if these
interpretations are confirmed by future measurements
and analyses.
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The BES-III experiment at the high luminosity Tau-Charm factory

Yi-Fang Wang
Institute of High Energy Physics, Beijing, 100049, P.R. China

Interesting results from BES-II and other experiments raised actually many new questions which
shall be answered by its upgrade program, BEPCII and BES-III. The design and current status of
BEPCII and BES-III are reported.

I. PHYSICS MOTIVATION

In early 80’s, Chinese government decided to build
an e+e− collider running at the tau-charm energy re-
gion, called BEPC, which is completed in 1989. The
only detector at the machine is called Beijing spec-
trometer(BES). In mid 90’s, there has been a minor
upgrade of the detector, which is then called BES-
II. Since then, hundreds of papers have been pub-
lished on the international journals, some with sig-
nificant impacts to the community. The upgrade of
BEPC was decided at the beginning of this century,
called BEPCII, which has a designed luminosity of
1033 cm−2s−1, an increase of a factor of 100. The
corresponding detector, called BES-III, adopted lat-
est detector technology to minimize systematic errors
in order to match the unprecedented statistics.

The physics program of the BES-III experiment in-
cludes light hadron spectroscopy, charmonium, elec-
troweak physics from charmed mesons, QCD and
hadron physics, tau physics and search for new
physics. Due to its huge luminosity and small energy
spread, the expected event rate per year is historical,
as listed in table I.

TABLE I: τ -Charm productions at BEPCII in one year’s
running(107s).

CoM energy Luminosity #Events

Data Sample (MeV) (1033cm−2s−1) per year

J/ψ 3097 0.6 10 × 109

τ+τ− 3670 1.0 12 × 106

ψ(2S) 3686 1.0 3.0 × 109

D0D
0

3770 1.0 18 × 106

D+D− 3770 1.0 14 × 106

D+

S
D−

S
4030 0.6 1.0 × 106

D+

S
D−

S
4170 0.6 2.0 × 106

It is well known that J/ψ and ψ’ decays is an
ideal laboratory for light hadron studies since it has
a huge production cross section with a very clean and
gluon reach environment. We plan to study the me-
son and baryon spectroscopy, search for glueballs and
other exotics such as hybrids and multi-quark states.
Recently, BES-II found several new structures and
threshold enhancements in various decays channels [1],
which leads to a number of speculations. It is clear
that more data is needed to understand these results,

FIG. 1: A comparison of the X(1835) signal at BES-II and
the corresponding expectation at BES-III. (a) 2.5 days of
BES-III, (b) two years of BES-II

study their decay properties and establish a theoreti-
cal framework to accommodate them. Fig. 1 shows a
comparison of the X(1835) signal at BES-II and the
corresponding expectation at BES-III. The improve-
ment comes mainly from the increase of luminosity by
a factor of 100, and the decrease of the energy resolu-
tion of the electromagnetic calorimeter by a factor of
10. Similar results are expected for other new struc-
tures and threshold enhancements.

Recently, a lot of new XY Z resonance have been
found above or below the open charm threshold from
B decays. BES-III should be able to study the direct
production of 1− states and some of the low mass
states, such as Y(2175). We will systematically study
charmonium transitions and their decays, search for
rare decays and new phenomena, and calibrate lattice
QCD calculations.

For Charm physics, the precision of CKM matrix
elements can be significantly improved by measur-
ing the leptonic and semi-leptonic decays of charmed
mesons, and test the unitarity of CKM matrix. The
DD̄-mixing can be measured at the level of 10−4 and
the CP violation will be searched for at the level of
10−3. Rare and forbidden decays can be searched for
at a typical level of 10−8.

The tau mass measurement can be improved by a
factor of two over the BES-II results with a new beam

http://arxiv.org/abs/0711.4199v1
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energy calibration based on the Compton scattering
technique.

A summary of BES-III physics program, called yel-
low book, is under preparation. It will be published
at the beginning of next year.

II. STATUS OF THE COLLIDER

The new BEPCII has two storage rings with a cir-
cumstance of 224 m, one for electron and one for
positron, each with 93 bunches spaced by 8 ns [4]. The
total current of the beam is designed to be 0.93 A, and
the crossing angle of two beams 22 mrad. The peak
luminosity is expected to be 1033cm−2s−1 at the beam
energy of 1.89 GeV, the bunch length is estimated to
be 1.5 cm and the energy spread 5.16 × 10−4.

At this moment, all the LINAC equipments have
been installed and successfully tested. Parameters
such as the beam current, emittance and energy
spread etc. for both electron and positron beams,
have been measured. All the design specifications
have been satisfied.

The storage rings have been installed in two phases.
In the first phase, conventional magnets at the inter-
action region were installed and tested. Both elec-
tron and positron beams have been stored up to 500
mA with a reasonable life time. Synchrotron radi-
ation beams have been delivered to user for about
three months in total. Tests of e+e− collision have
been performed with an estimated peak luminosity
of about 1031 cm−2s−1. In the second phase, super-
conducting quadrapoles for the final beam focusing at
the interaction region have been installed and beams
have successfully stored. Collision of e+e− beams have
been observed and synchrotron radiation run will start
soon.

We plan to move the BES-III detector into the in-
teraction region early next year after the luminosity
is more than 3 × 1031 cm−2s−1 and the beam back-
ground is under control.

III. STATUS OF THE BES-III
CONSTRUCTION

The BES-III detector [2, 3], as shown in Fig. 2,
consists of a drift chamber in a small cell struc-
ture filled with a helium-based gas, an electromag-
netic calorimeter made of CsI(Tl) crystals, Time-of-
Flight(TOF) counters for particle identification made
of plastic scintillators, a muon system made of Resis-
tive Plate Chambers(RPC), and a super-conducting
magnet providing a field of 1T. Current status of the
construction is summarized in the following.

The drift chamber has a cylindrical shape with two
chambers jointed at the end flange: an inner chamber

FIG. 2: Schematics of the BES-III detector.

without outer wall and an outer chamber without in-
ner wall. There are a total of 6 stepped end flanges
made of 18 mm Al plates in order to give space for the
focusing magnets. The inner radius of the chamber is
63 mm and the outer radius is 810 mm, with a length
of 2400 mm. Both the inner and outer cylinder of the
chamber are made of carbon fiber with a thickness of
1 mm and 10 mm respectively. A total of 6300 gold-
plated tungsten wires(3% Rhenium) with a diameter
of 25 um are arranged in 43 layers, together with a
total of 22000 gold-plated Al wires for field shaping.
The small drift cell structure of the inner chamber
has a dimension of 6 × 6mm2 and the outer chamber
of 8× 8mm2, filled with a gas mixture of 60% helium
and 40% propane. The designed single wire spatial
resolution and dE/dx resolution are 130 µm and 6%,
respectively.

All the wiring have been completed with a very high
quality, the wire tension and the leakage current are
well under control. The assembly of the chamber has
been completed together with all preamplifiers and re-
lated electronics. The whole chamber has been tested
using cosmic-rays for three months. The obtained sin-
gle wire resolution is about 120 µm, as shown in Fig. 3,
well satisfying our design goal. The chamber has now
been installed successfully into the BES-III detector.

The CsI(Tl) crystal electromagnetic calorimeter
consists of 6240 crystals, 5280 in the barrel, and 960
in two endcaps. Each crystal is 28 cm long, with a
front face of about 5.2 × 5.2cm2, and a rear face of
about 6.4 × 6.4cm2. All crystals are tiled by 1.5o in
the azimuth angle and 1-3o in the polar angle, respec-
tively, and point to a position off from the interaction
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FIG. 3: Single wire resolution of the MDC from a cosmic-
ray test

point by a few centimeters. The designed energy and
position resolution are 2.5% and 6 mm at 1 GeV, re-
spectively.

All the crystals have been produced and shipped,
been tested, and assembled. Fig. 4 shows the test re-
sults of the light yield, uniformity and radiation hard-
ness. All the barrel crystals have been installed into
the mechanical structure, which has been installed
into the BES-III detector as well.

The readout electronics of crystals, including
preamplifiers, main amplifiers and charge measure-
ment modules are tested at the IHEP E3 beam line
together with a crystal array and photodiodes. Re-
sults from the beam test shows that the energy reso-
lution of the crystal array reached the design goal of
2.5% at 1 GeV and the total noise achieved the level
of less than 1000 equivalent electrons, corresponding
to an energy of 220 KeV.

The particle identification at BES-III is based on
the momentum and dE/dx measurements by the drift
chamber, and the TOF measurement by plastic scin-
tillators. The barrel scintillator bar is 2.4 m long, 5
cm thick and 6 cm wide. A total of 176 such scin-
tillator bars constitute two cylinders, to have a good
efficiency and time resolution. For the endcap, a total
of 48 fan-shaped scintillators form a single layer. A 2-
inch fine-mesh phototube is directly attached to each
end of the scintillator to collect the light. The intrinsic
time resolution is designed to be 90 ps including con-
tributions from electronics and the common start/stop
time. Such a time resolution, together with contri-
butions from the beam size, momentum uncertainty,
etc. can distinguish charged π from K mesons for a
momentum up to 0.9 GeV at the 2σ level.

Beam tests show that the intrinsic time resolution
can be better than 90 ps and 75 ps for the barrel and
the endcap TOF counters, respectively. Currently, all
the PMTs and scintillators have been delivered and
tested. The average attenuation length of all bar-
rel scintillators is 4.8 m and the relative light yield
exceeds our specification. All barrel scintillator have
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FIG. 4: Test results of all CsI(Tl) crystals. Top: relative
light yield with respect to the reference crystal; middle:
Uniformity along the long axis of the crystal; bottom: ra-
diation hardness

been assembled outside of the MDC and installed into
the BES-III detector successfully.

The BES-III muon chamber is made of Resis-
tive Plate Chambers(RPC) interleaved in the magnet
yoke. There are a total of 9 layers in the barrel and 8
layers in the endcap, with a total area of about 2000
m2. The readout strip is 4 cm wide, alternated be-
tween layers in x and y directions. The RPC is made
of bakelite with a special surface treatment without
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FIG. 5: Field map inside the super-conducting magnet

linseed oil [5]. Such a simple technique for the RPC
production shows a good quality and stability at a
low cost. All RPCs have been manufactured, tested,
assembled and installed with satisfaction.

The BES-III super-conducting magnet has a radius
of 1.48 m and a length of 3.52 m. It use the Al sta-
bilized NbTi/Cu conductor with a total of 920 turns,
making a 1.0T magnetic field at a current of 3400 amp.
The total cold mass is 3.6 t with a material thickness
of about 1.92 X0. In collaboration with WANG NMR

of California, the magnet is designed and manufac-
tured at IHEP.

The magnet was successfully installed into the iron
yoke of the BES-III, together with the valve box. A
stable magnetic field of 1.0T at a current of 3368 A
was achieved. The field mapping together with super-
conducting quadrapole magnets for final focusing of
the beam has been completed, and results are shown
in Fig. 5. The uniformity of the magnetic field is sat-
isfactory.

The BES-III offline software consists of a framework
based on GAUDI, a Monte Carlo simulation based on
GEANT4, an event reconstruction package, a calibra-
tion package and a database package using MySQL.
Currently all codes are working as a complete system,
and tests using cosmic-ray data and beam test data
are underway. Analysis tools such as the particle iden-
tification, secondary vertex finding, kinematic fitting,
event generator and partial wave analysis are still un-
der development. Data challenge of the whole system
is planed.

In summary, the BEPCII and BES-III construction
went on smoothly. Currently all the mass production
of detector components have completed, most of the
assembly and installation of the detector are finished.
We plan to take data in 2008.
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[2] BESIII design report, http://bes.ihep.ac.cn.

[3] Y.F. Wang, Int. J. Mod. Phys. A 21(2006)5371
[4] BEPCII design report(in Chinese).
[5] J. W. Zhang, et al., Nucl. Instrum. Meth. A540
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The PANDA Experiment at FAIR
Diego Bettoni
Istituto Nazionale di Fisica Nucleare, 44100 Ferrara, Italy

The physics program of the future FAIR facility covers a wide range of topics that address central issues of strong
interactions and QCD. The antiproton beam of unprecedented quality in the momentum range from 1 GeV/c
to 15 GeV/c will allow the PANDA experiment to make high precision, high statistics measurements, which
include charmonium and open charm spectroscopy, the search for exotic hadrons and the study of in-medium
modifications of hadron masses.

1. Introduction

One of the most challenging and fascinating goals of
modern physics is the achievement of a fully quanti-
tative understanding of the strong interaction, which
is the subject of hadron physics. Significant progress
has been achieved over the past few years thanks to
considerable advances in experiment and theory. New
experimental results have stimulated a very intense
theoretical activity and a refinement of the theoreti-
cal tools.

Still there are many fundamental questions which
remain basically unanswered. Phenomena such as the
confinement of quarks, the existence of glueballs and
hybrids, the origin of the masses of hadrons in the
context of the breaking of chiral symmetry are long-
standing puzzles and represent the intellectual chal-
lenge in our attempt to understand the nature of the
strong interaction and of hadronic matter.

Experimentally, studies of hadron structure can be
performed with different probes such electrons, pions,
kaons, protons or antiprotons. In antiproton-proton
annihilation particles with gluonic degrees of freedom
as well as particle-antiparticle pairs are copiously pro-
duced, allowing spectroscopic studies with very high
statistics and precision. Therefore, antiprotons are an
excellent tool to address the open problems.

The recently approved FAIR facility (Facility for
Antiproton and Ion Research), which will be built as a
major upgrade of the existing GSI laboratory in Ger-
many, will provide antiproton beams of the highest
quality in terms of intensity and resolution, which will
provide an excellent tool to answer these fundamental
questions.

The PANDA experiment (Pbar ANnihilations at
DArmstadt) will use the antiproton beam from the
High-Energy Storage Ring (HESR) colliding with
an internal proton target and a general purpose
spectrometer to carry out a rich and diversified
hadron physics program, which includes charmonium
and open charm spectroscopy, the search for exotic
hadrons and the study of in-medium modifications of
hadron masses.

This paper is organized as follows: in section 2
we will give an overview of the FAIR facility and
the HESR; in section 3 we will discuss some of the

Figure 1: The FAIR complex.

most significant items of the PANDA experimental
program; in section 4 we will give a brief description
of the PANDA detector. Finally in section 5 we will
present our conclusions.

2. The FAIR facility

The planned FAIR complex is shown in Fig. 1.
The heart of the system consists of two synchrotron
rings, called SIS100 and SIS300, housed in the same
tunnel, which will provide proton and ion beams of
unprecedented quality. The SIS100, a 100 t·m pro-
ton ring, will feed the radioactive ion and antiproton
beam lines for experiments to be carried out in the
High-Energy Storage Ring (HESR), the Collector and
Cooler rings (CR) and the New Experimental Storage
Ring (NESR). The SIS300 will deliver high energy ion
beams for the study of ultra relativistic heavy ion col-
lisions.

The accelerators of FAIR will feature significant im-
provements in system parameters over existing facili-
ties:

• beam intensity: increased by a factor of 100
to 1000 for primary and 10000 for secondary
beams;

• beam energy will increase by a factor 30 for

http://arxiv.org/abs/0710.5664v1
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Figure 2: Layout of the HESR.

heavy ions;

• beam variety: FAIR will offer a variety of
beam lines, from antiprotons to protons, to ura-
nium and radioactive ions;

• beam precision: availability of cooled antipro-
ton and ion beams (stochastic and electron cool-
ing);

• parallel operation: full accelerator perfor-
mance for up to four different, independent ex-
periments and experimental programs.

These features will make FAIR a first rate facility
for experiments in particle, nuclear, atomic, plasma
and applied physics.

2.1. The High-Energy Storage Ring

The antiproton beam will be produced by a primary
proton beam from the SIS100. The p production rate
will be of approximately 2×107/s. After 5×105 p have
been produced they will be transferred to the HESR,
where internal experiments in the p momentum range
from 1 GeV/c to 15 GeV/c can be performed.

The layout of the HESR is shown in Fig. 2. It is a
racetrack ring, 574 meters in length, with two straight
sections which will host the electron cooling and,
respectively, the PANDA experiment. Two modes
of operation are foreseen: in the high-luminosity

mode peak luminosities of 2 × 1032cm−2s−1 will be
reached with a beam momentum spread δp/p = 10−4,
achieved by means of stochastic cooling; in the high-
resolution mode for beam momenta below 8 GeV/c
electron cooling will yield a smaller beam momen-
tum spread δp/p = 10−5 at a reduced luminosity of
1031cm−2s−1. The high-resolution mode will allow to
measure directly the total width of very narrow (below
1 MeV) resonances.

3. The PANDA Physics Program

The PANDA experiment has a rich experimental
program whose ultimate aim is to improve our knowl-
edge of the strong interaction and of hadron struc-
ture. The experiment is being designed to fully exploit
the extraordinary physics potential arising from the
availability of high-intensity, cooled antiproton beams.
Significant progress beyond the present understand-
ing of the field is expected thanks to improvements in
statistics and precision of the data.

Many experiments are foreseen in PANDA. In this
paper we will discuss the following:

• charmonium spectroscopy;

• search for gluonic excitations (hybrids and glue-
balls);

• study of hadrons in nuclear matter;

• open charm spectroscopy.

3.1. Charmonium Spectroscopy

Ever since its discovery in 1974 [1] charmonium
has been a powerful tool for the understanding of the
strong interaction. The high mass of the c quark (mc

≈ 1.5 GeV/c2) makes it plausible to attempt a de-
scription of the dynamical properties of the (cc) sys-
tem in terms of non-relativistic potential models, in
which the functional form of the potential is chosen
to reproduce the asymptotic properties of the strong
interaction. The free parameters in these models are
to be determined from a comparison with the experi-
mental data.

Now, more than thirty years after the J/ψ discov-
ery, charmonium physics continues to be an exciting
and interesting field of research. The recent discov-
eries of new states (η′c, X(3872)), and the exploita-
tion of the B factories as rich sources of charmonium
states have given rise to renewed interest in heavy
quarkonia, and stimulated a lot of experimental and
theoretical activities. Over the past few years a sig-
nificant progress has been achieved by Lattice Gauge
Theory calculations, which have become increasingly
more capable of dealing quantitatively with non per-
turbative dynamics in all its aspects, starting from the
first principles of QCD.
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3.1.1. Experimental Study of Charmonium

Experimentally charmonium has been studied
mainly in e+e− and pp experiments.

In e+e− annihilations direct charmonium formation
is possible only for states with the quantum num-
bers of the photon JPC = 1−−, namely the J/ψ, ψ′

and ψ(3770) resonances. Precise measurements of the
masses and widths of these states can be obtained
from the energy of the electron and positron beams,
which are known with good accuracy. All other states
can be reached by means of other production mecha-
nisms, such as photon-photon fusion, initial state ra-
diation, B-meson decay and double charmonium.

On the other hand all cc states can be directly
formed in pp annihilations, through the coherent an-
nihilation of the three quarks in the proton with the
three antiquarks in the antiproton. This technique,
originally proposed by P. Dalpiaz in 1979 [2], could
be successfully employed a few years later at CERN
and Fermilab thanks to the development of stochastic
cooling. With this method the masses and widths of
all charmonium states can be measured with excellent
accuracy, determined by the very precise knowledge of
the initial pp state and not limited by the resolution
of the detector.

The cross section for the process:

pp→ (cc) → final state (1)

is given (in units h̄ = c = 1) by the well known Breit-
Wigner formula:

σBW (E) =
2J + 1

4

π

k2

BinBoutΓ
2
R

(E −MR)2 + Γ2
R/4

(2)

where E and k are the center-of-mass (c.m.) en-
ergy and momentum; J , MR and ΓR are the reso-
nance spin, mass and total width and Bin and Bout

are the branching ratios into the initial (pp) and fi-
nal states. Due to the finite energy spread of the
beam, the measured cross section is a convolution of
the Breit-Wigner cross section, eq. (2), and the beam
energy distribution function f(E,∆EB); the effective
production rate ν is given by:

ν = L0

{

ǫ

∫

dEf(E,∆EB)σBW (E) + σb

}

(3)

where L0 is the instanteneous luminosity, ǫ an overall
efficiency × acceptance factor and σb a background
term.

The parameters of a given resonance can be ex-
tracted by measuring the formation rate for that res-
onance as a function of the c.m. energy Ecm. The
accurate determination of masses and widths depends
crucially on the precise knowledge of the absolute en-
ergy scale and on the beam energy spectrum.

The technique is illustrated in Fig. 3 which shows a
scan of the χc1 resonance carried out at the Fermilab

Figure 3: Resonance scan at the χc1 carried out at Fermi-
lab (a) and beam energy distribution in each data point
(b).

antiproton accumulator by the E835 experiment [3]
using the process pp→ χc1 → J/ψγ. For each point of
the scan the horizontal error bar in (a) corresponds to
the width of the beam energy distribution. The actual
beam energy distribution is shown in (b). This scan
allowed the E835 experiment to carry out the most
precise measurement of the mass (3510.719± 0.051±
0.019 Mev/c2) and total width (0.876± 0.045± 0.026
MeV) of this resonance.

3.1.2. The charmonium spectrum

The spectrum of charmonium states is shown in
Fig. 4. It consists of eight narrow states below the
open charm threshold (3.73 GeV) and several tens of
states above the threshold.

All eight states below DD threshold are well es-
tablished, but whereas the triplet states are measured
with very good accuracy, the same cannot be said for
the singlet states.

The ηc was discovered almost thirty years ago and
many measurements of its mass and total width ex-
ist, with six new measurements in the last four years.
Still the situation is far from satisfactory. The Particle
Data Group (PDG) [4] value of the mass is 2980.4±1.2
MeV/c2, an average of eight measurements with an
internal confidence level of 0.026: the error on the ηc

mass is still as large as 1.2 MeV/c2, to be compared
with few tens of KeV/c2 for the J/ψ and ψ′ and few
hundreds of KeV/c2 for the χcJ states. The situation
is even worse for the total width: the PDG average
is 25.5 ± 3.4 MeV, with an overall confidence level of
only 0.001 and individual measurements ranging from
7 MeV to 34.3 MeV. The most recent measurements
have shown that the ηc width is larger than was pre-
viously believed, with values which are difficult to ac-
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Figure 4: The charmonium spectrum.

comodate in quark models. This situation points to
the need for new high-precision measurements of the
ηc parameters.

The first experimental evidence of the ηc(2S) was
reported by the Crystal Ball collaboration [5], but this
finding was not confirmed in subsequent searches in pp
or e+e− experiments. The ηc(2S) was finally discov-
ered by the Belle collaboration [6] in the hadronic de-
cay of the B mesonB → K+ηc(2S) → K+(KsK

−π+)
with a mass which was incompatible with the Crystal
Ball candidate. The Belle finding was then confirmed
by CLEO [7] and BaBar [8] which observed this state
in two-photon fusion. The PDG value of the mass
is 3638 ± 4 MeV/c2, corresponding to a surprisingly
small hyperfine splitting of 48 ± 4 MeV/c2, whereas
the total width is only measured with an accuracy of
50%. The study of this state has just started and all
its properties need to be measured with good accu-
racy.

The 1P1 state of charmonium (hc) is of partic-
ular importance in the determination of the spin-
dependent component of the qq confinement potential.
The Fermilab experiment E760 reported an hc candi-
date in the decay channel J/ψπ0 [9], with a mass of
3526.2 ± 0.15 ± 0.2 MeV/c2. This finding was not
confirmed by the successor experiment E835, which
however observed an enhancement in the ηcγ [10] final
state at a mass of 3525.8± 0.2± 0.2 MeV/c2. The hc

was finally observed by the CLEO collaboration [11]
in the process e+e− → ψ′ → hc +π0 with hc → ηc +γ,
in which the ηc was identified via its hadronic decays.
They found a value for the mass of 3524.4± 0.6 ± 0.4
MeV/c2. It is clear that the study of this state has

just started and that many more measurements will
be needed to determine its properties, in particular
the width.

The region above DD threshold is rich in inter-
esting new physics. In this region, close to the DD
threshold, one expects to find the four 1D states. Of
these only the 13D1, identified with the ψ(3770) res-
onance, has been found. The J = 2 states (11D2 and
13D2) are predicted to be narrow, because parity con-
servation forbids their decay to DD. In addition to
the D states, the radial excitations of the S and P
states are predicted to occur above the open charm
threshold. None of these states have been positively
identified.

The experimental knowledge of this energy region
comes from data taken at the early e+e− experiments
at SLAC and DESY and, more recently, at the B-
factories, CLEO-c and BES. The structures and the
higher vector states observed by the early e+e− ex-
periments have not all been confirmed by the latest
much more accurate measurements by BES [12]. A
lot of new states have recently been discovered at the
B-factories, mainly in the hadronic decays of the me-
son: these new states (X, Y, Z ...) are associated with
charmonium because they decay predominantly into
charmonium states such as the J/ψ or the ψ′, but
their interpretation is far from obvious. The situation
can be roughly summarized as follows:

• the Z(3931) [13], observed in two-photon fusion
and decaying predominantly into DD, is tenta-
tively identified with the 2̧(2S);

• the X(3940) [14], observed in double charmo-
nium events, is tentatively identified with the
ηc(3S);

• for all other new states (X(3872), Y(3940),
Y(4260), Y(4320) and so on) the interpretation
is not at all clear, with speculations ranging from
the missing cc states, to molecules, tetraquark
states, and hybrids. It is obvious that further
measurements are needed to determine the na-
ture of these new resonances.

The main challenge of the next years will be thus to
understand what these new states are and to match
these experimental findings to the theoretical expec-
tations for charmonium above threshold.

3.1.3. Charmonium in PANDA

Charmonium spectroscopy is one of the main items
in the experimental program of PANDA, and the de-
sign of the detector and of the accelerator are op-
timized to be well suited for this kind of physics.
PANDA will represent a substantial improvement over
the Fermilab experiments E760 and E835:
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• up to ten times higher instantaneous luminosity
(L = 2×1032cm−2s−1 in high-luminosity mode,
compared to 2 × 1031cm−2s−1 at Fermilab);

• better beam momentum resolution (∆p/p =
10−5 in high-resolution mode, compared with
10−4 at Fermilab);

• a better detector (higher angular coverage, mag-
netic field, ability to detect the hadronic decay
modes).

At full luminosity PANDA will be able to collect
several thousand cc states per day. By means of fine
scans it will be possible to measure masses with ac-
curacies of the order of 100 KeV and widths to 10%
or better. The entire energy region below and above
open charm threshold will be explored.

3.2. Gluonic Excitations

One of the main challenges of hadron physics, and
an important item in the PANDA physics program,
is the search for gluonic excitations, i.e. hadrons in
which the gluons can act as principal components.
These gluonic hadrons fall into two main categories:
glueballs, i.e. states of pure glue, and hybrids, which
consist of a qq pair and excited glue. The additional
degrees of freedom carried by gluons allow these hy-
brids and glueballs to have JPC exotic quantum num-
bers: in this case mixing effects with nearby qq states
are excluded and this makes their experimental identi-
fication easier. The properties of glueballs and hybrids
are determined by the long-distance features of QCD
and their study will yield fundamental insight into the
structure of the QCD vacuum.

Antiproton-proton annihilations provide a very
favourable environment in which to look for gluonic
hadrons. Two particles, first seen in πN scatter-
ing [15] with exotic quantum numbers JPC = 1−+,
π1(1400) [16] and π1(1600) [17], are clearly seen in pp
annihilation at rest. On the other hand a narrow state
at 1500 MeV/c2 discovered in pp annihilations by the
Crystal Barrel experiment [18], is considered the best
candidate for the glueball ground state (JPC = 0++),
even though the mixing with nearby qq states makes
this interpretation difficult.

So far the experimental search for glueballs and hy-
brids has been mainly carried out in the mass region
below 2.2 MeV/c2. PANDA will extend the search to
higher masses and in particular to the charmonium
mass region, were light quark states form a structure-
less continuum and heavy quark states are far fewer in
number. Therefore exotic hadrons in this mass region
could be resolved and identified unambiguously.

3.2.1. Charmonium Hybrids

The spectrum of charmonium hybrid mesons can be
calculated within the framework of various theoretical

models, such as the bag model, the flux tube model,
the constituent quark model and recently, with in-
creasing precision, from Lattice QCD (LQCD). For
these calculations the parameters are fixed accord-
ing to the properties of the known qq states. All
model predictions and LQCD calculations agree that
the masses of the lowest lying charmonium hybrids
are between 4.2 GeV/c2 and 4.5 GeV/c2. Three of
these states are expected to have JPC exotic quan-
tum numbers (0+−, 1−+, 2+−), making their exper-
imental identification easier since they will not mix
with nearby cc states. These states are expected to
be narrower than conventional charmonium, because
their decay to open charm will be suppressed or for-
bidden below the DD∗

J threshold. The cross sections
for the formation and production of charmonium hy-
brids are estimated to be similar to those of normal
charmonium states, which are within experimental
reach. Formation experiments will generate only non-
exotic charmonium hybrids, whereas production ex-
periments will yield both exotic and non-exotic states.
This feature can be exploited experimentally: the ob-
servation of a state in production but not in formation
will be, in itself, a strong hint of exotic behavior.

3.2.2. Glueballs

The glueball spectrum can be calculated within
the framework of LQCD in the quenched approxima-
tion [19]. In the mass range accessible to PANDA
as many as 15 glueball states are predicted, some
with exotic quantum numbers (oddballs). As with hy-
brids, exotic glueballs are easier to identify experimen-
tally since they do not mix with conventional mesons.
The complications arising from mixing with normal qq
states is well illustrated by the case of the f0(1500).
As mentioned above, this narrow state, observed at
LEAR by the Crystal Barrel [18] and Obelix [20] ex-
periments, is considered the best candidate for the
ground state glueball. However this interpretation is
not unique, and relies on the combined analysis of the
complete set of two-body decays of the f0(1500) and
two other scalar states, the f0(1370) and the f0(1710).
This analysis yields the following mixing picture [21]:

|f0(1710) >= 0.39|gg > +0.91|ss > +0.14|NN > (4)

|f0(1500) >= −0.69|gg > +0.37|ss > −0.62|NN > (5)

|f0(1370) >= 0.60|gg > −0.13|ss > −0.79|NN >(6)

where |NN >= (|uu > +|dd >)/
√

2. Other scenar-
ios for the scalar meson nonet not involving a glueball
have been proposed and this makes the interpretation
of the f0(1500) as the ground state glueball ambigu-
ous. This example highlights the need to extend the
glueball search to higher mass regions, which are free
of the problem of mixing with conventional qq states.
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3.3. Hadrons in Nuclear Matter

The study of medium modifications of hadrons em-
bedded in hadronic matter is aimed at understanding
the origin of hadron masses in the context of spon-
taneous chiral symmetry breaking in QCD and its
partial restoration in a hadronic environment. So far
experiments have been focussed on the light quark
sector: evidence of mass changes for pions and kaons
have been deduced by the study of deeply bound pio-
nic atoms [22] and of K meson production in proton-
nucleus and heavy-ion collisions [23].

The high-intensity p beam of up to 15 GeV/c will
allow an extension of this program to the charm sector
both for hadrons with hidden and open charm. The
in-medium masses of these states are expected to be
affected primarily by the gluon condensate. Recent
theoretical calculations predict small mass shifts (5-
10 MeV/c2) for the low-lying charmonium states [24]
and more consistent effects for the χcJ (40 MeV/c2),
ψ′ (100 MeV/c2) and ψ(3770) (140 MeV/c2) [25].

D mesons, on the other hand, offer the unique op-
portunity to study the in-medium dynamics of a sys-
tem with a single light quark. Recent theoretical cal-
culations agree in the prediction of a mass splitting for
D mesons in nuclear matter but, unfortunately, they
disagree in sign and size of the effect.

Experimentally the in-medium masses of charmo-
nium states can be reconstructed from their decay into
di-leptons and photons, which are not affected by fi-
nal state interaction. D meson masses, on the other
hand, need to be reconstructed by their weak decays
into pions and kaons which makes the direct measure-
ment of mass modifications difficult. Therefore other
signals have been proposed for the detection of in-
medium mass shifts of D mesons: in particular it has
been speculated that a lowering of the DD threshold
would result in an increased D and D production in
p-nucleus annihilations [26] or in an increase in width
of the charmonium states lying close to the thresh-
old [27].

Another study which can be carried out in PANDA
is the measurement of J/ψ and D meson production
cross sections in p annihilation on a series of nuclear
targets. The comparison of the resonant J/ψ yield
obtained from p annihilation on protons and differ-
ent nuclear targets allows to deduce the J/ψ-nucleus
dissociation cross section, a fundamental parameter
to understand J/ψ suppression in relativistic heavy
ion collisions interpreted as a signal for quark-gluon
plasma formation.

4. Open Charm Physics

The HESR running at full luminosity and at p mo-
menta larger than 6.4 GeV/c would produce a large
number of D meson pairs. The high yield (e.g. 100

Figure 5: The Ds spectrum.

charm pairs per second around the ψ(4040)) and the
well defined production kinematics of D meson pairs
would allow to carry out a significant charmed meson
spectroscopy program which would include, for exam-
ple, the rich D and Ds meson spectra.

The B-factory experiments have discovered several
new resonances in the D and Ds sectors, where two
are extremely narrow: the D∗

sJ(2317) [28] and the
D∗

sJ(2317) [29]. These new states appear at unex-
pected locations, since their masses are more than 140
MeV/c2 lower than expected from potential models,
as shown in Fig. 5. This has given rise to speculations
about their nature. It is important to verify these
findings by means of new measurements. Threshold
pair production can be employed for precision mea-
surements of the mass and the width of the narrow
excited D states.

5. The PANDA Detector

In order to carry out the physics program discussed
above the PANDA detector must fulfil a number of
requirements: it must provide (nearly) full solid an-
gle coverage, it must be able to handle high rates
(2 × 107 annihilations/s) with good particle identi-
fication and momentum resolution for γ, e, µ, π, K
and p. Additional requirements include vertex recon-
struction capability and, for charmonium, a pointlike
interaction region, efficient lepton identification and
excellent calorimetry (both in terms of resolution and
of sensitivity to low-energy showers).

A schematic view of the PANDA detector is shown
in Fig. 6. The antiprotons circulating in the HESR
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Figure 6: Schematic view of the PANDA detector.

hit an internal hydrogen target (either pellet or clus-
ter jet), while for the nuclear part of the experimen-
tal program wire or fiber targets will be used. The
apparatus consists of a central detector, called Target
Spectrometer (TS) and a Forward Spectrometer (FS).

The TS, for the measurement of particles emitted
at laboratory angles larger than 5◦, will be located in-
side a solenoidal magnet which provides a field of 2 T.
Its main components will be a microvertex silicon de-
tector, a central tracker (either a straw tube detector
or a time projection chamber), an inner time-of-flight
telescope, a cylindrical DIRC (Detector of Internally
Reflected Light) for particle identification, an electro-
magnetic calorimeter consisting of PbWO4 crystals, a
set of muon counters and of multiwire drift chambers.

The FS will detect particles emitted at polar angles
below 10◦ in the horizontal and 5◦ in the vertical di-
rection. It will consist of a 2 T·m dipole magnet, with
tracking detectors (straw tubes or multiwire cham-
bers) before and after for charged particle tracking.
Particle identification will be achieved by means of
Čerenkov and time-of-flight detectors. Other compo-
nents of the FS are and electromagnetic and a hadron
calorimeter.

All detector components are currently being devel-
oped within a very active R&D program. This contin-
ued development implies that the choice has not yet
been finalized for all detector elements.

6. Conclusions

The availability of high-intensity, cooled antiproton
beams at FAIR will make it possible to perform a very
rich experimental program.

The PANDA experiment will perform high-
precision hadron spectroscopy from

√
s = 2.25 GeV

to
√
s = 5.5 GeV and produce a wealth of new re-

sults:

• precision measurement of the parameters of all
charmonium states, both below and above open
charm threshold, with the possible discovery of
the missing states (e.g. the D-wave states),
which will lead to a full understanding of the
charmonium spectrum;

• the observation/discovery of glueballs and hy-
brids, particularly in the mass range between
3 and 5 GeV/c2, yielding new insights into the
structure of the QCD vacuum;

• the measurement of mass shifts of charmonium
and open charm mesons in nuclear matter, re-
lated to the partial restoration of QCD chiral
symmetry in a dense nuclear medium;

• open charm spectroscopy (D and Ds spectra).

All these new measurements will make it possible to
achieve a very significant progress in our understand-
ing of QCD and the strong interaction. We are looking
forward to many years of exciting hadron physics at
FAIR.
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LHCb status and charm physics program
Patrick Spradlin (on behalf of the LHCb collaboration)
Oxford University, Oxford, United Kingdom

LHCb is a dedicated flavor physics experiment that will observe the 14TeV proton–proton collisions at CERN’s
Large Hadron Collider (LHC). Construction of the LHCb detector is near completion, commissioning of the
detector is well underway, and LHCb will be fully operational and ready to take data in advance of the pro-
jected May 2008 turn-on date for the LHC. The LHCb software trigger will feature a dedicated channel for
events containing D

∗ mesons that will dramatically enhance the statistical reach of LHCb in many charm
physics measurements. The LHCb charm physics program is initially focused on mixing and CP violation
measurements in two body decay modes of D

0. A much broader program is possible and will be explored
as manpower allows. We intend to use both promptly produced charm and secondary charm from B meson
decays in measurements. Initial studies have focused on using secondary D∗+ mesons for mixing measurements
in two body decays. Preliminary Monte Carlo studies indicate that LHCb may obtain a statistical precision
of σstat(x′2) = ±0.064 × 10−3 and σstat(y′) = ±0.87 × 10−3 from a time dependent mixing analysis of wrong
sign two body D0 → π−K+ decays and a statistical precision of σstat(yCP) = ±0.5 × 10−3 from a ratio of the
lifetimes of D

0 decays to the final states K
−

K
+ and K

−
π

+ in 10 fb−1 of data.

1. LHCb status

As the dedicated flavor experiment at CERN’s
Large Hadron Collider (LHC), LHCb is designed to
optimally exploit the large bb production cross–section
in the LHC 14 TeV proton–proton collisions for pre-
cision measurements of b hadron properties. Figure 1
shows the layout of the LHCb detector. In high en-
ergy hadronic collisions that produce bb pairs, the b–
and b–hadrons are predominantly produced into the
same forward cone—a fact that led to LHCb’s single–
arm spectrometer design [2]. The angular acceptance
of the detector extends from approximately 10 mrad
around the beam axis to 300 mrad in the magnetic
bending plane and to 250 mrad in the non–bending
plane.

Many of the features that make LHCb an excel-
lent B physics laboratory also make LHCb well–suited
for many charm physics studies at unprecedented lev-
els of precision. The silicon Vertex Locator (VELO)
will provide the excellent vertex resolutions necessary
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RICH2
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Magnet

T1T2
T3
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TTVertex
Locator

RICH1

Figure 1:: LHCb detector layout, showing all of the
detector components. Also shown are the direction
of the y and z coordinate axes; the x axis completes

the right handed coordinate system [1].

for time dependent measurements—an estimated 45 fs
proper time resolution for D0 → K−π+ decays where
the D0 mesons are produced in b-hadron decays. The
LHCb tracking system will supply precise momen-
tum measurements—an estimated 6 MeV mass reso-
lution for two body decays of D0 mesons. The LHCb
Ring Imaging Cherenkov (RICH) detectors will pro-
vide excellent K–π discrimination over a wide momen-
tum range from 2 GeV/c to 100 GeV/c. Finally, the
LHCb trigger system will have a high statistics charm
stream, described in Section 2, so that the large charm
production in LHC collisions can be exploited for pre-
cision measurements.

As of September 2007, construction of the LHCb de-
tector is well advanced with commissioning activities
underway for all sub–detectors. LHCb is on–schedule
to be complete and ready for data taking by the pro-
jected LHC turn-on date in May 2008.

2. LHCb trigger and D
∗ stream

LHCb will have a two stage trigger: a fast hard-
ware trigger called the Level 0 Trigger (L0) followed
by a software High Level Trigger (HLT). Although
the triggers are designed to favor bb events, the HLT
will feature a dedicated D∗ stream for selecting charm
events at a high rate.

At design operation, LCHb will observe
bunch crossings at 40 MHz with a luminosity of
2 × 1032 cm−2 s−1. The L0 trigger is designed to
reduce the 40 MHz input rate to approximately
1 MHz while efficiently favoring bb events. Using the
fact that the decay products of b-hadrons typically
have significant transverse momentum, the L0 trigger
reads data from the calorimeters and the muon
detectors to identify quickly individual candidate
hadrons, electrons, photons, and muons that have a
few GeV of transverse energy or momentum. The

http://arxiv.org/abs/0711.1661v2
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Table I: Estimated yield of reconstructed secondary
D∗+ → π+

s D0(h−h′+) candidates in 2 fb−1 of LHCb
data passing the LHCb trigger sequence.

Two body D0 mode HLT Yield in 2 fb−1

D0
→ K−π+ 50 × 106

D0
→ K−K+ 5 × 106

D0
→ π−π+ 2 × 106

D0
→ π−K+ 0.2 × 106

L0 ET thresholds must be tuned on real data, but,
to illustrate the expected scale, current detector
studies indicate a trigger threshold for hadrons of
ET > 3.5 GeV.

The HLT software trigger performs an event recon-
struction to identify events of specific physics interest,
reducing the 1 MHz L0 output/HLT input rate to ap-
proximately 2 kHz. The HLT has access to all of the
detector information and uses it to reconstruct final
state particle candidates and the locations of the pri-
mary proton-proton interactions. These objects are
then used in several parallel channels to identify events
of specific physical interest. Although the configu-
ration of the HLT channels has yet to be finalized,
the HLT will contain a high yield stream for charm
events. In the current configuration, 300 Hz, 15% of
the recorded 2 kHz of LHCb events, are allocated to
an inclusive D∗ stream. Table I shows potential yields
of some key charm decays in a preliminary configura-
tion the D∗ stream. These estimates are based on
the performance of the HLT on fully simulated LHCb
events. LHCb will record at least 50 × 106 fully re-
constructed D∗+ → π+

s D0(h−h′+) [3] candidates per
2 fb−1 (a nominal year of LHCb data at design lumi-
nosity), where the D∗+ originates in a b-hadron decay
and h, h′ ∈ {K, π}. The subscript on the π+

s labels it
as the tagging ‘slow’ pion. Studies indicate that this
HLT configuration also yields a similar number of re-
constructed prompt D∗+ candidates in each mode.

3. D
∗+ event selection

The charm physics program at LHCb is initially fo-
cused on mixing and CP violation measurements in
two body decays of D0. LHCb note [4] details a pre-
liminary selection of wrong sign (WS) D0 → π−K+

decays from D∗+ → D0π+
s , where the D∗+ originates

from a B meson decay. The intent of the selection is to
provide a sample of candidates suitable for a time de-
pendent mixing analysis (see Section 4.1). The perfor-
mance of the selection on fully simulated LHCb data
predicts a yield of approximately 230, 000 true WS
decays in 10 fb−1 of LHCb data (5 years of nominal
LHCb data taking) with a background-to-signal ratio
of 1.07 < B/S < 5.28 at the 90% confidence level.

3.1. Selection backgrounds

The primary backgrounds accepted by this selection
result from combinatoric coincidences and can be di-
vided into two classes: random slow pion backgrounds
where properly reconstructed right sign D0 → K−π+

decays are combined with random pions produced
somewhere else in the event to mimic a D∗± decay,
and pure combinatoric coincidences where the candi-
date D0 decay products come from different decays in
the event. These backgrounds will be separated from
the signal with the typical method of fitting the recon-
structed D0 mass (mD0) and D∗+-D0 mass difference
(∆m) distributions.

3.2. D
∗+ decay vertex

In order to perform a time dependent mixing mea-
surement, both the creation and decay vertices of the
D0 must be precisely determined. The D0 decay ver-
tex can be measured from its decay products very
precisely in the VELO. Table II shows the results
of vertex resolution studies in fully simulated LHCb
events. The coordinate system in the table is that
defined in Figure 1, with the primary proton-proton
collisions along the z axis. The D0 decay vertex can
be determined with a resolution of 257 µm along the
beam axis. To provide some context for this value,
the mean laboratory flight distance for a 60 GeV/c
D0 (the mean momentum of D0 from D∗+ from B
mesons) is approximately 4 mm.

In contrast, the D∗+ decay vertex (D0 creation ver-
tex) is poorly determined from its decay products.
The small mass difference between the D∗+ and its
decay products leads to a narrow laboratory frame
angle between the D0 and π0

s momenta. The D∗+

column in Table II shows that the resolution of the
D∗+ decay vertex estimated only from its decay prod-
ucts is 4232 µm, the same size as the mean laboratory
flight distance of D0 mesons. The precision of the
D∗+ vertex must be improved by including additional
tracks from particles created with the D∗+. For D∗+

from B decays, this means finding additional charged
particles created at the B decay vertex.

In studies of fully simulated events, 63% of
B → D∗+X decays in triggered events produce an ad-
ditional reconstructed charged particle at the B meson
decay vertex that can be used to improve the preci-
sion of the estimated D0 birth vertex. As shown in
the Bpart column of Table II, using such additional
tracks dramatically improves the precision of the es-
timated D0 production vertex, and, consequently, the
measured D0 proper time. The subscript on Bpart

signifies that the parent B is partially reconstructed.
Figure 2 shows the dramatic improvement in mea-
sured proper time obtained by using the Bpart decay
vertex as the D0 production vertex. In these plots,
the reconstructed proper time is signed to represent
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Table II: Estimated resolutions of D0, D∗+, and
Bpart vertices, and of D0 proper time in simulated

LHCb data.

D0 D∗+ Bpart

x 21.6 µm 187. µm 18.1 µm

y 16.9 µm 144. µm 18.4 µm

z 257. µm 4232. µm 237. µm

τ 0.465 ps 0.045 ps

whether the D0 momentum and flight direction are
aligned (positive proper time) or anti-aligned (nega-
tive proper time). When the D∗+ decay vertex is used
in calculating the D0 proper time, its resolution dom-
inates the exponential decay distribution as shown in
Figure 2a. When the Bpart decay vertex is used, as
in Figure 2b, the proper time resolution is relatively
narrow and the reconstructed proper time distribution
closely reproduces the generated proper time. Prelim-
inary work in [4] has demonstrated that this partial
B reconstruction can be done with an 80% efficiency,
and that LHCb can use D∗+ mesons from B decays
for time dependent analyses.

4. Charm mixing measurements at
LHCb

Mixing observables are commonly expressed in
terms of two dimensionless parameters: the mass dif-
ference parameter, x, and the full width difference pa-
rameter, y, defined by

x =
2(m1 − m2)

Γ1 + Γ2
, y =

Γ1 − Γ2

Γ1 + Γ2
,

where the subscripts denote the mass eigenstates of
the D0-D0 system. Various measurements are sen-
sitive to different combinations of these variables,
and each of these should be explored with the high-
est possible precision to gain a full understanding of
the charm mixing phenomenon. Preliminary work at
LHCb has focused on the measurement of mixing pa-
rameters in a time dependent analysis of two body
WS decays (Section 4.1 below) and in an analysis of
the ratios of two body lifetimes (Section 4.2 below).
However, future plans include multi-body mixing mea-
surements (Section 6).

4.1. Time dependent WS D
0 → π

−
K

+

The time dependent analysis of WS D0 → π−K+

decays is one of the long established methods of
searching for D0-D0 mixing [5, 6, 7, 8, 9]. If D0 and

D0 mix, a meson created as a D0 may decay to the WS
final state π−K+ either directly, by a doubly Cabibbo
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Figure 2:: Distributions of the proper times for
simulated D0 mesons from B → D∗+X decays. In
each plot, the solid lines are the generated proper
times and the points are the estimated D0 proper
times using (a) the poorly estimated D∗+ decay

vertex, or (b) the precisely estimated parent B decay
vertex as the D0 production vertex.

suppressed (DCS) decay, or indirectly, by mixing into

a D0 meson that undergoes a Cabibbo favored (CF)
decay. Interference between the two processes leads
to a decay time dependence that can be expanded to
leading order in the small parameters x and y (in the
absence of CP violation) as

rWS(t) ∝ e−Γt

(

RD +
√

RDy′(Γt) +
1

2
RM (Γt)2

)

,

where RD is the ratio of the DCS decay rate to the CF
decay rate, RM = (x2 + y2)/2 = (x′2 + y′2)/2 is the
mixing rate, and x′ and y′ are rotated with respect to
the parameters x and y by the relative strong phase
between the CF and DCS decays, δ:

x′ ≡ x cos δ + y sin δ,

y′ ≡ y cos δ − x sin δ.
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Figure 3:: An example of a Toy Monte Carlo sample
from the time dependent WS analysis study.

Hence, a detailed analysis of the WS D0 proper time

distribution is sensitive to x′2 and y′. The strong
phase δ that relates these quantities to the mixing
parameters x and y must be measured independently.
Since x′2 enters the decay time distribution only in

RM = (x′2 + y′2)/2, the values of x′2 measured by
this method are highly anti-correlated to the values
of y′.

Because of the small values of x and y, it is only re-
cently that this method has yielded values over 3σ

from x′2 = 0, y′ = 0 [5]. The large charm statis-
tics at LHCb should be able to improve significantly
this picture. The selection described in Section 3 es-
timates that a time dependent WS mixing analysis
on 10 fb−1 of LHCb data would incorporate approx-
imately 230, 000 D∗+ tagged WS decays from B de-
cays. The 10 fb−1 signal and background yields, the
proper time resolution, and the proper time accep-
tance of this selection were used in a toy Monte Carlo
study to estimate the LHCb statistical sensitivity to

x′2 and y′:

σstat(x
′2) = ±0.064× 10−3,

σstat(y
′) = ±0.87 × 10−3.

The toy study verifies the expected large negative
correlation between x′2 and y′: Corr(x′2, y′) = −0.95.
Figure 3 shows a toy sample from this study [4].

4.2. Lifetime ratio

Just as it does in the K0 and B0 systems, the pres-
ence of mixing in the D0 system can lead to different
lifetimes for states of different CP content. These dif-
ferences are related to the mixing parameters x and
y. In two body D0 decays, the ratio of the lifetime of
decays to the CP-even eigenstate K−K+, τ(K−K+),

and the lifetime of decays to the non-CP CF eigen-
state K−π+, τ(K−π+), form the observable

yCP ≡ τ(K−π+)

τ(K−K+)
− 1,

which is related to the mixing parameters by

yCP = y cosφ − 1

2
AMx sin φ,

where φ is a weak phase and AM parameterizes CP
violation in D0 mixing. Decays to the CP-even eigen-
state π−π+ may also be used in place of K−K+ for
an independent measurement of yCP. The CP violat-
ing parameters AM and φ must be measured indepen-
dently, but in the no CP violation limit, AM = 0 and
φ = 0, and the lifetime ratio is a direct measurement
of yCP = y.

This two body lifetime ratio measurement has been
carried out at several previous experiments [10, 11, 12,
13] culminating in Belle’s recent 3.2σ measurement
of yCP in [14]. LHCb expects to use its statistical
advantage over current experiments to improve the
precision of the lifetime ratio measurement of yCP.

The LHCb statistical sensitivity to yCP has been es-
timated with a toy Monte Carlo study similar to the
the WS mixing toy study described in Section 4.1.
The selection described in Section 3, with appropri-
ate modifications of the final state particle identi-
fication criteria, yields approximately 8 × 106 D∗+

tagged D0 → K−K+ decays and 3 × 106 D∗+ tagged
D0 → π−π+ decays originating from b-hadron decays
in 10 fb−1 of LHCb data. The signal to background
ratios of the selection are S/B = 4.8 for the K−K+

mode and S/B = 2.6 for the π−π+ mode. Using
the estimated D0 → K−K+ yield and signal to back-
ground ratio with proper time resolution and ac-
ceptance functions determined from fully simulated
LHCb events, the estimated statistical precision of
yCP is σstat(yCP) = ±0.5−3.

5. Searches for CP violation at LHCb

The Standard Model (SM) predicts any CP viola-
tion in charm interactions to be very small. Observ-
able CP violation at the level of 1% would be an unam-
biguous sign of new physics [15]. Each of the mixing
measurements performed at LHCb will be analyzed in
charge conjugate subsets to measure possible CP vi-
olating effects. In addition, LHCb will perform time
integrated CP violation searches in as many charm
decays as are possible. Initial studies have focused
on searching for CP violation in two body decays of
D∗+ tagged D0 mesons, in particular the CP eigen-
state decays D0 → K−K+ and D0 → π−π+. These
singly Cabibbo suppressed decays, in which a small
CP violation is predicted by the SM, are particularly



Proceedings of the CHARM 2007 Workshop, Ithaca, NY, August 5-8, 2007 5

sensitive to CP violation enhanced by well-motivated
new physics scenarios [15]. Experimental measure-
ments in this channel have steadily reduced the upper
limit of CP violation with increasing data set sizes
and improved treatments of systematic uncertainties
[12, 16, 17, 18, 19]. However, CP violation at the
order of 1% has not been ruled out.

With 8 × 106 tagged D0 → K−K+ decays and
3 × 106 tagged D0 → π−π+ decays (Section 4.2),
LHCb will have the statistical power to search for CP
asymmetries to order O(0.0004) or below, provided
the systematic uncertainties can be controlled to this
level.

Charm meson production asymmetries and final
state particle detector asymmetries, particularly the
detector asymmetries associated with the tagging slow
pion, are expected to be the primary sources of
systematic uncertainties in CP asymmetry measure-
ments. Methods of measuring the production and
detections asymmetries precisely from data are un-
der development. Also, advantage may be gained by
comparing the asymmetries of related decays. For ex-
ample, the decays D0 → K−K+ and D0 → π−π+ are
subject to the same production and slow pion detec-
tion asymmetries, so the difference of their measured
asymmetries will have a much smaller systematic un-
certainty than either asymmetry measured separately.
Although this difference will be small, it is an observ-
able that can be measured very precisely, and, if found
to be significantly different from zero, can provide ev-
idence of direct CP violation in at least one of the two
decay channels.

6. Multi-body channels

LHCb will also investigate the use of D meson de-
cays to three or more final state hadrons in mixing
and CP violation measurements. However, develop-
ment of multi-hadron charm analyses is less advanced
than the two body D0 program. For example, a time
dependent amplitude analysis of the three body de-
cay D0 → K0

Sπ+π− is directly sensitive to the mixing
parameters x and y. This decay mode should be effi-
ciently reconstructible at LHCb. Preliminary work is
also under way to develop selections for D0 decays to
four hadrons, both for HLT triggering and for analy-
sis. Further development in four body decays will in-
vestigate the feasibility of time dependent amplitude
analyses for mixing measurements. The technology
of four body amplitude analyses is already quite ad-
vanced [20].

In four body decays, CP violation searches will in-
clude analyses of quantities that are odd under the
time reversal operation in addition to complete am-
plitude analyses of the decays. Although studies are
still in their earliest stages, LHCb should be able to re-
construct with acceptable signal-to-background ratios
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Figure 4:: Contours representing the 1σ, 2σ, and 3σ
regions for the toy WS mixing study (ellipses) and
for the toy lifetime ratio study (bands). The central

values are
√

x2 = 8.4 × 10−3 and y = 6.4 × 10−3, the
very preliminary averages of [21]. For purposes of

this plot, it is assumed that x′2 = x2 and
y′ = yCP = y.

the decays D0 → K0
Sh+h′− and three body decays of

charged D+ containing at least one kaon. Amplitude
analyses of these modes will expand the scope for CP
violation searches in charm decays.

7. Conclusions

The LHCb trigger will provide LHCb with charm
physics data sets of unprecedented statistics. Cur-
rent analysis in charm physics has focused on mix-
ing measurements and CP violation searches in two
body decays D0 → h−h′+, but a broader charm
physics program is envisaged. Toy Monte Carlo
studies indicate that with 10 fb−1 LHCb can achieve
a statistical precision of σstat(x

′2) = ±0.064 × 10−3

and σstat(y
′) = ±0.87 × 10−3 with a two body wrong

sign mixing analysis, and a statistical precision of
σstat(yCP) = ±0.5 × 10−3 with a two body lifetime ra-
tio measurement. Figure 4 summarizes these preci-
sions by showing the intersection of the 1σ ellipse in

(x′2, y′), also scaled to 2σ and 3σ, and the toy lifetime
ratio 1σ band in yCP, also scaled to 2σ and 3σ.
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Charm Physics Opportunities at a Super Flavor Factory
D. Asner
Carleton University, Ottawa, Canada

The primary physics goals of a high luminosity e+e− flavor factory are discussed, including the possibilities
to perform detailed studies of the CKM mechanism of quark mixing, and constrain virtual Higgs and non-
standard model particle contributions to the dynamics of rare Bu,d,s decays. The large samples of D mesons
and tau leptons produced at a flavor factory will result in improved sensitivities to rare D processes - mixing, CP
violation and rare decays - and lepton flavor violation searches, respectively. Recent developments in accelerator
physics have demonstrated the feasibility to build an accelerator that can achieve luminosities of O(1036) cm−2

s
−1 at

√
s = 10 GeV. The capablity to run at

√
s = 3.770 GeV with luminosity of 1035 cm−2s−1 is included in

the initial design. This report emphasizes the charm physics that can be probed at a Super Flavor Factory.

These proceedings aim to present a brief overview

of the SuperB effort with a special emphasis on the
charm physics program of such a facility. In the in-

terest of completeness (and time) some passages from
the SuperB Conceptual Design Report[1] are repro-

duced here.

1. Introduction

Elementary particle physics in the next decade will
be focused on the investigation of the origin of elec-
troweak symmetry breaking and the search for exten-
sions of the Standard Model (SM) at the TeV scale.
The discovery of New Physics will likely produce a
period of excitement and progress recalling the years
following the discovery of the J/ψ . In this new world,
attention will be riveted on the detailed elucidation of
new phenomena uncovered at the LHC; these discov-
eries will also provide strong motivation for the con-
struction of the ILC. High statistics studies of heavy
quarks and leptons will have a crucial role to play in
this new world.

The two asymmetric B Factories, PEP-II [2] and
KEKB[3], and their companion detectors, BABAR [4]
and Belle[5], have over the last seven years produced a
wealth of flavour physics results, subjecting the quark
and lepton sectors of the Standard Model to a series
of stringent tests, all of which have been passed. With
the much larger data sample made possible by a Su-
per B Factory, qualitatively new studies will be possi-
ble. These studies will provide a uniquely important
source of information about the details of the New
Physics uncovered at hadron colliders in the coming
decade.

The continued detailed studies of heavy quark and
heavy lepton (henceforth heavy flavour) physics will
not only be pertinent in the next decade; they will
be central to understanding the flavour sector of New
Physics phenomena. A Super Flavour Factory such
as SuperB will be a partner with LHC, and eventu-
ally, ILC, experiments, in ascertaining exactly what

kind of New Physics has been found. The capabilities

of SuperB in measuring CP -violating asymmetries in
very rare b and c quark decays, accessing branching
fractions of heavy quark and heavy lepton decays in
processes that are either extremely rare or forbidden
in the Standard Model, and making detailed investiga-
tions of complex kinematic distributions will provide
unique and important constraints in, for example, as-
certaining the type of supersymmetry breaking or the
kind of extra dimension model behind the new phe-
nomena that many expect to be manifest at the LHC.

The SuperB Conceptual Design Report[1] is the
founding document of a nascent international enter-
prise aimed at the construction of a very high lumi-
nosity asymmetric e+e− Flavour Factory. A possible
location for SuperB is the campus of the University of
Rome “Tor Vergata”, near the INFN National Labo-
ratory of Frascati.

The exciting physics program that can be accom-
plished with a very large sample of heavy quark and
heavy lepton decays produced in the very clean envi-
ronment of an e+e− collider; with a peak luminosity
in excess of 1036 cm−2 s−1 at the Υ (4S) resonance
is described in Ref.[1] and summarized below. This
is program complementary to that of an experiment
such as LHCb at a hadronic machine. The physics
reach of LHCb and SuperB in the b-sector are com-
pared in Figure 1. Luminosities of 1035 cm−2s−1 at
the ψ(3770) are expected. This report focuses on the
charm physics that can be probed both near the Υ (4S)
resonance and near charm production threshold.

The conceptual design of a new type of e+e− col-
lider that produces a nearly two-order-of-magnitude
increase in luminosity over the current generation of
asymmetric B Factories is described in Ref.[1]. The
key idea is the use of low emittance beams produced
in an accelerator lattice derived from the ILC Damp-
ing Ring Design, together with a new collision region,
again with roots in the ILC final focus design, but
with important new concepts developed in this design
effort. Remarkably, SuperB produces this very large
improvement in luminosity with circulating currents
and wallplug power similar to those of the current
B Factories. The design of an appropriate detector,

http://arxiv.org/abs/0711.3044v1
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Figure 1: Comparison of SuperB with 50 ab−1 and and
upgraded LHCb 100 fb−1. Design luminosity for SuperB is
15 ab−1/year. Design luminosity for LHCb is 2 fb−1/year.
This comparison assumes that SuperB does not integrate
luminosity at the Υ (5S). An upgraded LHCb could inte-
grate luminosity at a 10 times greater rate than LHCb.

based on an upgrade of BABAR as an example, is also
discussed in some detail in Ref. [1].

1.1. The Physics Case for SuperB

By measuring mixing-dependent CP -violating
asymmetries in the B meson system for the first time,
PEP-II/BABAR and KEKB/Belle have shown that the
CKM phase accounts for all observed CP -violating
phenomena in b decays. The Unitarity Triangle
construction provides a set of unique overconstrained
precision tests of the self-consistency of the three
generation Standard Model. Figure 2 shows the
current status of the Unitarity Triangle construc-
tion, incorporating measurements from BABAR and
Belle, as well as the Bs mixing measurement of
CDF; the addition of CP asymmetry measurements,
together with the improvement in the precision of
CP -conserving measurements, has made this uniquely
precise set of Standard Model tests possible.

The fact that the CKM phase has now been
shown to be consistent with all observed CP -violating
phenomena is both a triumph and an opportunity.
In completing the experimentally-verified Standard
Model ansatz (except, of course, for the Higgs), it
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Figure 2: Global fit of the Unitarity Triangle construction
as of LeptonPhoton 2007 conference.

intensifies the mystery of the creation of the baryon-
antibaryon asymmetry of the universe: the observed
CP -violation is too small for the Standard Model to
account for electroweak baryogenesis. This intriguing
result opens the door to two possibilities: the matter
antimatter asymmetry is produced by another mech-
anism, such as leptogenesis, or baryogenesis proceeds
through the additional CP -violating phases that natu-
rally arise in many extensions of the Standard Model.
These extra phases produce measurable effects in the
weak decays of heavy flavour particles. The detailed
pattern of these effects, as well as of rare decay branch-
ing fractions and kinematic distributions, is, in fact,
diagnostic of the characteristics of New Physics at or
below the TeV scale,

By the end of this decade, the two B Factories will
have accumulated a total of ∼ 2 ab−1. Even at this
level, most important measurements pertinent to the
Unitarity Triangle construction will still be statistics
limited: an even larger data sample would provide
increasingly stringent tests of three-generation CKM
unitarity. There are two main thrusts here. The
first is the substantial remaining improvement that
can still be made in the Unitarity Triangle construc-
tion. Here measurements in B, D and τ decay play
an important role, as do improvements in lattice QCD
calculations of hadronic matrix elements. This impor-
tant physics goal is NOT, however, the sole, or even
the primary, motivation for a Super B Factory. The
precision of our knowledge of the Unitarity Triangle
will perforce improve to the limit allowed by theo-
retical uncertainties as we pursue the primary goal:
improving the precision of the measurement of CP
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asymmetries, rare decay branching fractions, and rare
decay kinematic distributions in penguin-dominated
b → s transitions, to a level where there is substan-
tial sensitivity to New Physics effects. This requires
data samples substantially larger than the current B
Factories will provide. Some of these measurements
are accessible at the LHC [6], but the most promising
approach to this physics is SuperB, a very high lumi-
nosity asymmetric B Factory, which is also, of course,
a Super Flavour Factory, providing large samples of b
and c quark and τ lepton decays.

SuperB, having an initial luminosity of 1036

cm−2s−1, will collect 15 ab−1 in a New Snowmass
Year [7], or 75 ab−1 in five years. A data sample
this large will make the Unitarity Triangle tests, in
their manifold versions, the ultimate precision test of
the flavour sector of the Standard Model, and open
up the world of New Physics effects in very rare B,
D, and τ decays

A primary tool for isolating new physics is the time-
dependent CP asymmetry in decay channels that pro-
ceed through penguin diagrams, such as the b → ss̄s
processes B0

d → φK0 and B0
d → (KK̄)CPK

0 or sim-
ilar transitions such as B0

d → η′K0, B0
d → f0K

0,
B0

d → π0K0, B0
d → ρ0K0, B0

d → ωK0, and B0
d →

π0π0K0. The dominant contribution to these decays
is the combination of CKM elements VtbV

∗

ts; these am-
plitudes have the same phase as the charmonium chan-
nels b → cc̄s, up to a small phase shift of Vts with
respect to Vcb. New heavy particles contribute new
loop amplitudes, with new phases that can contribute
to the CP asymmetry and the S coefficient of the time-
dependent analysis, so that the measuredCP violation
parameter could be substantially different from sin 2β.

Physics beyond the Standard Model can affect rare
B decay modes, through observables such as branch-
ing fractions, CP -violating asymmetries and kine-
matic distributions. These decays do not typically
occur at tree level, and thus their rates are strongly
suppressed in the Standard Model. Substantial en-
hancements in the rates and/or variations in angu-
lar distributions of final state particles could result
from the presence of new heavy particles in loop di-
agrams, resulting in clear evidence of New Physics.
Moreover, because the pattern of observable effects
is highly model-dependent, measurements of several
rare decay modes can provide information regarding
the source of the New Physics. An extended run at the
Υ (5S) is also contemplated; such a run would yield a
wealth of interesting new B0

s decay results.
The SuperB data sample will also contain unprece-

dented numbers of charm quark and τ lepton decays.
This data is also of great interest, both for its capac-
ity to improve the precision of existing measurements
and for its sensitivity to New Physics. This interest
extends beyond weak decays; the detailed exploration
of new charmonium states is also an important ob-
jective. Limits on rare τ decays, particularly lepton-

flavour-violating decays, already provide important
constraints on New Physics models. SuperB may have
the sensitivity to actually observe such decays. The
accelerator design will allow for longitudinal polariza-
tion of the e− beam, making possible uniquely sensi-
tive searches for a τ electric dipole moment, as well as
for CP -violating τ decays.

Some measurements in charm and τ physics are best
done near threshold. SuperB also has the capability
of running in the 4 GeV region. Short runs at spe-
cific center-of-mass energies in this region, represent-
ing perhaps 10% of data taking time, would produce
data samples substantially larger than those currently
envisioned to exist in the next decade. The many ad-
vantages of analysis at threshold are enumerated in
Section 2.1

1.2. The SuperB Design

Given the strong physics motivation, there has been
a great deal of activity over the past few years aimed
at designing an e+e− B Factory that can produce sam-
ples of B mesons 50 to 100 times larger than will exist
when the current B Factory programs end. Several
approaches were tried before the design[1] described
briefly here was developed.

Upgrades of PEP-II [8] and KEKB [9] to Super B
Factories that accomplish this goal have been pro-
posed at SLAC and at KEK. These machines are ex-
trapolations of the existing B Factories, with higher
currents, more bunches, and smaller β functions (1.5
to 3 mm). They also use a great deal of power (≥ 100
MW), and the high currents (as much as 10A) pose
significant challenges for detectors. To minimize the
substantial wallplug power, the SuperPEP-II design
doubled the current RF frequency, to 958 MHz. In
the case of SuperKEKB, a factor of two increase in
luminosity is assumed for the use of crab crossing,
which will soon be tested at KEKB.

SLAC has no current plans for an on-site
accelerator-based high energy physics program, so the
SuperPEP-II proposal is moribund. As of this writing,
no decision has been made on SuperKEKB. In the in-
terim, the problematic power consumption and back-
ground issues associated with the SLAC and KEK-
based Super B Factory designs stimulated a new ap-
proach, using low emittance beams, to constructing a
Super B Factory with a luminosity of 1036, but with
reduced power consumption [10].

The current machine concept, which has roots in
ILC R&D: a very low emittance storage ring, based
on the ILC damping ring minimum emittance growth
lattice and final focus, that incorporates several novel
accelerator concepts and appears capable of meeting
all design criteria, while reducing the power consump-
tion, which dominates the operating costs of the facil-
ity, to a level similar to that of the currentB Factories.
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Due to similarities in the design of the low emittance
rings and the final focus, operation of SuperB can
serve as a system test for these linear collider compo-
nents

By utilizing concepts developed for the ILC damp-
ing rings and final focus in the design of the SuperB
collider, it is possible to produce a two-order-of-
magnitude increase in luminosity with beam currents
that are comparable to those in the existing asym-
metric B Factories. Background rates and radiation
levels associated with the circulating currents are com-
parable to current values; luminosity-related back-
grounds such as those due to radiative Bhabhas, in-
crease substantially. With careful design of the in-
teraction region, including appropriate local shield-
ing, and straightforward revisions of detector compo-
nents, upgraded detectors based on BABAR or Belle are
a good match to the machine environment: in this dis-
cussion, we use BABAR as a specific example. Required
detector upgrades include: reduction of the radius of
the beam pipe, allowing a first measurement of track
position closer to the vertex and improving the ver-
tex resolution (this allows the energy asymmetry of
the collider to be reduced to 7 on 4 GeV); replace-
ment of the drift chamber, as the current chamber
will have exceeded its design lifetime; replacement of
the endcap calorimeter, with faster crystals having a
smaller Molière radius, since there is a large increase
in Bhabha electrons in this region.

The SuperB design has been undertaken subject
to two important constraints: 1) the lattice is closely
related to the ILC Damping Ring lattice, and 2) as
many PEP-II components as possible have been in-
corporated into the design. A large number of PEP-II
components can, in fact, be reused: The majority of
the HER and LER magnets, the magnet power sup-
plies, the RF system, the digital feedback system, and
many vacuum components. This will reduce the cost
and engineering effort needed to bring the project to
fruition.

The SuperB concept is a breakthrough in collider
design. The invention of the “crabbed waist” final
focus can, in fact, have impact even on the current
generation of colliders. A test of the crabbed waist
concept is planned to take place at Frascati in 2007; a
positive result of this test would be an important mile-
stone as the SuperB design progresses. The low emit-
tance lattice, fundamental as well to the ILC damping
ring design, allow high luminosity with modest power
consumption and demands on the detector.

SuperB appears to be the most promising approach
to producing the very high luminosity asymmetric B
Factory that is required to observe and explore the
contributions of physics beyond the Standard Model
to heavy quark and τ decays.

2. Charm Physics at SuperB

It is a truth universally accepted that charm studies
played a seminal role in the evolution and acceptance
of the Standard Model. Yet the continuing impor-
tance of this sector is not widely appreciated, since
the Standard Model electroweak phenomenology for
charm decays is on the dull side: the CKM parame-
ters are known, D0D0 oscillations are slow, CP asym-
metries are small or absent and loop-driven decays are
extremely rare.

Yet on closer examination, a strong case emerges in
two respects, both of which derive from this apparent
dullness:

• Detailed and comprehensive analyses of charm
transitions will continue to provide us with new
insights into QCD’s nonperturbative dynamics,
and advance us significantly towards establish-
ing theoretical control over them. Beyond the
intrinsic value of such lessons, they will also cal-
ibrate our theoretical tools for B studies; this
will be essential to saturate the discovery po-
tential for New Physics in B transitions.

• Charm decays constitute a novel window into
New Physics.

Lessons from the first item will have an obvious im-
pact on the tasks listed under the second. They might
actually be of great value even beyond QCD, if the
New Physics anticipated for the TeV scale is of the
strongly interacting variety.

The capabilities of a Super Flavour Factory are well
matched to these goals. It allows uniquely clean de-
terminations of CKM parameters, with six of the nine
matrix elements impacted by charm measurements.
New Physics signals can easily exceed Standard Model
predictions by considerable factors such that there will
be no ambiguity in interpreting them, yet they are un-
likely to be large; this again requires the clean environ-
ment and huge statistics that a Super Flavour Factory
can provide.

A number of other facilities either currently running
or soon to commence operation provide competition
in the area of charm physics. The current B Factory
program is expected to produce a sample of about 1010

charm hadrons from operation at or near the Υ (4S)
resonance. The CLEO-c experiment at CESR is op-
erating in the charm threshold region, and anticipates
collecting a total of 5 × 106 D0D0 pairs and about
7 × 105 D∗+

s D−

s +D+
s D

∗−

s through coherent produc-
tion. The BESIII experiment at BEPCII expects first
e+e− collisions in 2008, and will collect large charmo-
nium samples, in addition to exceeding the CLEO-c
data set in open charm production. Although there
will be no successors to the Fermilab fixed target
charm production experiments, the LHC will produce
copious quantities of charm (notably, charm physics
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forms a part of the LHCb physics program); these are
expected to result in very large samples of charmed
hadrons in final states with reconstructible topologies.

Most of the benchmark charm measurements will
still be statistics-limited after the CLEO-c, BESIII
and B Factory projects, and many will not be achiev-
able in a hadronic environment. SuperB is the ideal
machine with which to pursue these measurements to
their ultimate precision. Operation near the Υ (4S)
will provide enormous samples of charm hadrons,
in a clean environment and with a detector well-
suited for charm studies. The charm physics program
would benefit further from the ability to operate in
the threshold region, in order to exploit the quan-
tum correlations associated with coherent production.
The expected lower luminosity at threshold would be
partly compensated by the higher production cross-
section, resulting in a comparable charm production
rate. To estimate the reach of SuperB from operation
at the charm threshold, we have assumed a simple
dependence of the luminosity on the center-of-mass
energy: Lpeak ∝ s. Thus, we expect that SuperB

(which will integrate ∼ 15 ab−1 per year operating
at the Υ (4S)) can accumulate ∼ 150 fb−1 per month
when operated at the ψ(3770).

2.1. Advantages of Threshold Production

The production rate of charm during threshold run-
ning at a SuperB and Υ (4S) running is comparable.
Although the luminosity for charm threshold running
is expected to be an order of magnitude lower, the
production cross section is 3 times higher than at√
s = 10.58 GeV. Charm threshold data has distinct

and powerful advantages over continuum and b → c
charm production data accumulated above B produc-
tion threshold.
Charm Events at Threshold are Extremely

Clean: The charged and neutral multiplicites in
ψ(3770) events are only 5.0 and 2.4 - approximately
1/2 the multiplicity of continuum charm production
at

√
s = 10.58 GeV.

Charm Events at Threshold are pure DD: No
additional fragmentation particles are produced. The
same is true for

√
s = 4170 MeV production of

DD
∗

, D+
s D

−

s , D+
s D

∗−

s , and for threshold production
of ΛcΛ̄c. This allows use of kinematic constraints,
such as total candidate energy and beam constrained
mass, and permits effective use of missing mass meth-
ods and neutrino reconstruction. The crisp definition
of the initial state is a uniquely powerful advantage
of threshold production that is absent in continuum
charm prodution.
Double Tag Studies are Pristine: The pure pro-
duction of DD states, together with low multiplic-
ity and large branching ratios characteristic of many
D decays permits effective use of double-tag studies

in which one D meson is fully reconstructed and the
rest of the event is examined without bias but with
substantial kinematic knowledge. The techniques pi-
oneered by Mark III and extended by CLEO-c[13, 14]
allow precise absolute branching fraction determina-
tion. Backgrounds under these conditions are heavily
suppressed which minimizes both statistical errors and
systematic uncertainties.
Signal/Background is Optimum at Threshold:

The cross section for the signal ψ(3770) → DD is
about 1/2 the cross section for the underlying contin-
uum e+e− → hadrons background. By contrast, for
cc̄ production at

√
s = 10.58 GeV the signal is only

1/4 of the total hadronic cross section.
Neutrino Reconstruction: The undetected energy
and momentum is interpreted as the neutrino four-
vector. For leptonic and semileptonic charm decays
the signal is observed in missing mass squared dis-
tributions and for double-tagged events these mea-
surements have low backgrounds. The missing mass
resolution is about one pion mass. For semileptonic
decays the q2 resolution is excellent, about 3 times
better than in continuum charm reconstruction at√
s = 10.58 GeV. Neutrino reconstruction at thresh-

old is clean.
Quantum Coherence: The production of D and
D in a coherent C = −1 state from ψ(3770) de-
cay is of central importance for the subsequent evo-
lution and decay of these particles. The same is true
for DD(n)π0(m)γ produced at

√
s ∼ 4 GeV where

C = −1 for evenm andC = +1 for oddm. The coher-
ence of the two initial stateD mesons allows both sim-
ple and sophisticated methods to measure DD mixing
parameters, strong phases, CP eigenstate branching
fractions, and CP violation[15–19].

2.2. Lessons on Strong Dynamics

Detailed analyses of (semi)leptonic decays of charm
hadrons provide a challenging test bed for validating
lattice QCD (LQCD), which is the only known frame-
work with realistic promise for a truly quantitative
treatment of charm hadrons that can be systemati-
cally improved . Such studies form the core of the
ongoing CLEO-c and the nascent BESIII programs;
they are also pursued very profitably at the B Fac-
tories. Central goals are measuring the decay con-
stants fD+ and fDs

and going beyond total rates for
semileptonic D+, D0 and D+

s decays. on the Cabibbo
allowed and forbidden level by extracting the form fac-
tors etc.It is essential to analyze lepton spectra and
perform “meaningful” Dalitz plot studies. To quan-
tify “meaningful” we can compare to analyses on Ke4

decays. With a sample size of 30,000 events as it be-
came available in 1977 one was able to begin extract-
ing dynamical information. Precise measurements are
possible now with NA48/2 and E685 each having ac-
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cumulated 400,000 events. For charm we are nowhere
near that level yet: CLEO-c will have about 10,000
semileptonic charm decays – comparable to kaon stud-
ies in the late 1970s. Since for charm the phase space is
larger (actually a good thing, since it opens up more
domains of interest) it seems reasonable to aim for
sample sizes of 106 events. Again, this is well beyond
the reach of CLEO-c and most probably of BESIII as
well. Such high quality studies will greatly improve
our understanding of hadronization and provide an
even richer test bed for LQCD with the lessons to
be learned of crucial importance for extracting Vub

from semileptonic B decays. Our knowledge of charm
baryon decays is also rather limited; e.g., no precision
data on absolute branching ratios or semileptonic de-
cay distributions exist. CLEO-c will not run above
the charm baryon threshold, and BESIII cannot.

2.2.1. Leptonic Charm Studies

In the Standard Model the leptonic decay width is
given by [20]:

Γ(D+→ℓ+ν) =
G2

F

8π
f2

D+m2
ℓMD+

(

1− m2
ℓ

M2
D+

)2

|Vcd|2

Γ(D+
s →ℓ+ν) =

G2
F

8π
f2

D
+
s

m2
ℓMD

+
s

(

1− m2
ℓ

M2
D

+
s

)2

|Vcs|2 .(1)

Taking |Vcd| and |Vcs| from elsewhere, one uses Eq.(1)
to extract fD+ and fD

+
s

. The ratio Rℓ of the lep-

tonic decay rates of the D+
s and the D+ is propor-

tional to (fD
+
s

/fD+)2, for which the lattice calculation
is substantially more precise. A significant deviation
from its predicted value would be a clear sign of New
Physics, probably in the form of a charged Higgs ex-
change [21]. On the other hand, the ratio of the rates
of tauonic and muonic decays for either D+ or D+

s is
independent of both form factors and CKM elements,
and serves as a useful cross-check in this context.

CLEO-c has published a measurement of fD+ [22–
24], and several measurements of fD

+
s

[25–27]. These
measurements have benefitted from a “double-tag”
method uniquely possible at threshold, where a
D+

(s)D
−

(s) pair is produced with no extra particles. The

latest results are

fD+ = (222.6 ± 16.7 +2.8
−3.4) MeV . (2)

fDs
= (275 ± 10 ± 5) MeV (3)

fD
+
s

/fD+ = 1.24 ± 0.10 ± 0.03 . (4)

BABAR has also measured fDs
= (283 ± 17 ±

7 ± 14) MeV[28]. The central values for fD
+
s

and

fD
+
s

/fD+ are slightly above, but consistent with, the
present LQCD calculations. It is important to note

that the desired 1–3% accuracy level has not yet been
reached on either the experimental or theoretical side.
While LQCD practitioners expect to reach this level
over the next decade, the experimental precision is
likely to fall significantly short of this goal, even after
BESIII. Since larger statistics will certainly allow re-
duction of the systematic errors in the current results,
it is clear that data accumulated by SuperB from a
relatively short run (∼ 1 month) at charm threshold
would allow the desired improvement of the experi-
mental precision (see discussion below, and Table I).
Validating LQCD on the O(1%) level will have impor-
tant consequences for Bd and Bs oscillations, since it
would give us demonstrated confidence in the theoret-
ical extrapolation to fBd

and fBs
/fBd

.

2.2.2. Semileptonic Charm Studies

In the area of semileptonic decays, CLEO-c has
made the most accurate measurements for the inclu-
sive D0 and D+ semileptonic branching fractions –
B(D0 → Xℓνℓ) = (6.46± 0.17± 0.13)% and B(D+ →
Xℓνℓ) = (16.13 ± 0.20 ± 0.33)% [29] – and expects
to do the same for D+

s . Such data provide important
“engineering input” for other D and B decay studies.
However, a central goal must be to go beyond the total
rates for these decays and to extract the form factors
etc. In order to do so, it is essential to analyze lepton
spectra and perform “meaningful” Dalitz plot studies.
To quantify “meaningful”, it is instructive to com-
pare to analyses on Ke4 decays. With a sample size of
30,000 events which became available in 1977, one was
able to begin extracting dynamical information. Pre-
cise measurements are now possible, with NA48/2 and
E685 each having accumulated 400,000 events [30, 31].
For charm we are nowhere near that level: CLEO-c
will have about 10,000 semileptonic charm decays –
comparable to kaon studies in the late 1970s. Since
for charm the phase space is larger, thereby opening
more domains of interest, a reasonable target sample
size is 106 events, which is far beyond the reach of
CLEO-c, and most probably, of BESIII.

Three-family unitarity constraints on the CKM ma-
trix yield rather precise values for |Vcs| and |Vcd|. Us-
ing these, one can extract the form factors from anal-
yses of exclusive semileptonic charm decays. Both the
normalization and q2 dependence must be measured.
Existing LQCD studies do not allow us to determine
the latter from first principles; instead a parametriza-
tion originally proposed by Becirevic and Kaidalov
(BK) is used [32]. Recent and forthcoming results
from CLEO-c, BABAR and Belle [33, 34] are expected
to be statistics limited, and will not reach the desired
1–3% level.

The current status can be characterized by com-
paring the measured value of the ratio Rsl, which is
independent of |Vcd|, to that inferred from a recent
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LQCD calculation [35]:

Rsl =

√

Γ(D+ → µ+νµ)

Γ(D → πeνe)
=

{

0.237± 0.019 (exp)
0.212± 0.028 (theo) .

(5)
The values are nicely consistent, yet both are still far
from the required level of precision.

While operation in the Υ region will produce large
quantities of charm hadrons, there are significant
backgrounds and one pays a price in statistics when
using kinematic constraints to infer neutrino mo-
menta, etc.. On the other hand, even a limited run at
charm threshold will generate the statistics required
to study (semi)leptonic decays with the desired accu-
racy. Assuming that systematic uncertainties in track-
ing and muon identification will provide a limit to the
precision at the 0.5% level, we estimate the integrated
luminosity from threshold running required to achieve
a similar statistical uncertainty. As shown in Table I
we expect to be able to measure fD+ , fDs

and their ra-
tio with better than 0.5% statistical uncertainty with
integrated luminosities of at least 100 fb−1.

Table I Statistics required to obtain 0.5% statistical un-
certainties on corresponding branching fractions using
double-tagged events, when running at threshold.

Channel Integrated luminosity

(fb−1)

D+
→ µ+νµ 500

D+
s → µ+νµ 100

For semileptonic decays, a case-by-case study is nec-
essary. One also has to distinguish between merely
determining the branching ratio and performing a
“meaningful” Dalitz plot analysis, as discussed above.
The required integrated luminosities are given in Ta-
ble II. It is clear that the ∼ 150 fb−1 anticipated from
one month of running in the threshold region would
provide the desired statistics for most measurements.
Note that while Ds mesons are not produced at the
ψ(3770), short runs at other energies are possible.

2.3. Precision CKM Measurements

Studies of leptonic decay constants and semilep-
tonic form factors will yield a set of measurements,
including |Vcd| and |Vcs|, at the few percent level.
These measurements will constrain theoretical calcu-
lations, and those that survive will be validated for
use in a variety of areas in which interesting physics
cannot be extracted without theoretical input. This

broader impact of charm measurements extends be-
yond those measurements that can be performed di-
rectly at charm threshold, and has a large impact on
the precision determination of CKM matrix elements.

The determination of |Vtd| and |Vts| is limited by

ignorance of fB

√

BBd
and fBs

√

BBs
; improved de-

terminations of fB and fBs
are required. Precision

measurements of fD and fDs
can validate the the-

oretical treatment of the analogous quantities for B
mesons. Similarly, improved form factor calculations
in the decays D → πℓν and D → ρℓν and inclusive
semileptonic charm decays will enable improved pre-
cision in |Vub| and |Vcb|.

The precision measurement of the UT angle γ de-
pends on decays of B mesons to final states con-
taining neutral D mesons. A variety of charm mea-
surements impact these analyses, including: improved
constraints on charm mixing amplitudes, – impor-
tant for the GLW method [36, 37], measurements of
relative rates and strong phases between Cabibbo-
favoured and -suppressed decays measurement of the
relative rate and relative strong phase δ between

D0 and D
0

decay to K+π− – important for ADS
method[38, 39], and studies of charm Dalitz plots
tagged by hadronic flavor or CP content [40–42]. Note
that the latter two measurements can only be per-
formed with data from charm threshold.

2.3.1. Overconstraining the Unitarity Triangle

At present three-family unitarity constraints yield
more precise values for |Vcs| and |Vcd| than direct mea-

Table II Statistics required to obtain 0.5% statistical un-
certainties on corresponding branching fractions (column
2) or one million signal events (column 3) using double
tagged events, when running at threshold.

Channel Integrated luminosity Integrated luminosity

(fb−1) (fb−1)

D0
→ K−e+νe 1.3 33

D0
→ K∗−e+νe 17 425

D0
→ π−e+νe 20 500

D0
→ ρ−e+νe 45 1125

D+
→ K0

S
e+νe 9 225

D+
→ K̄∗0e+νe 9 225

D+
→ π0e+νe 75 1900

D+
→ ρ0e+νe 110 2750

D+
s → φe+νe 85 2200

D+
s → K0

S
e+νe 1300 33000

D+
s → K∗0e+νe 1300 33000
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surements. Since it is conceivable that a fourth family
exists (with neutrinos so heavy that the Z0 could not
decay into them), one would like to obtain more accu-
rate direct determinations. This should be possible if
LQCD is indeed validated at the O(1%) level through
its predictions on form factors and their ratios.

From four-family unitarity, and using current ex-
perimental constraints [43] we can infer for a fourth
quark doublet (t′, b′):

|Vcb′ | =
√

1 − |Vcd|2 − |Vcs|2 − |Vcb|2 <∼ 0.5 , (6)

|Vt′s| =
√

1 − |Vus|2 − |Vcs|2 − |Vts|2 <∼ 0.5 . (7)

These loose bounds are largely due to the 10% error
on |Vcs|.

2.4. Charm as a Window to New Physics

While significant progress can be guaranteed for the
Standard Model studies outlined above, the situation
is much less certain concerning the search for New
Physics. No sign of it has yet been seen, but we have
only begun to approach the regime of experimental
sensitivity in which a signal for New Physics could re-
alistically emerge in the data. The interesting region
of sensitivity extends several orders of magnitude be-
yond the current status.

New Physics scenarios in general induce flavor-
changing neutral currents that a priori have no reason
to be as strongly suppressed as in the Standard Model.
More specifically, they could be substantially stronger
for up-type than for down-type quarks; this can oc-
cur in particular in models that reduce strangeness-
changing neutral currents below phenomenologically
acceptable levels through an alignment mechanism.

In such scenarios, charm plays a unique role among
the up-type quarks u, c and t; for only charm allows
the full range of probes for New Physics. Since top
quarks do not hadronize [44], there can be no T 0T̄ 0

oscillations (recall that hadronization, while hard to
bring under theoretical control, enhances the observ-
ability of CP violation). As far as u quarks are con-
cerned, π0, η and η′ do not oscillate, and decay electro-
magnetically, not weakly. CP asymmetries are mostly
ruled out by CPT invariance. Our basic contention
can then be formulated as follows: charm transitions
provide a unique portal for a novel access to flavor dy-
namics with the experimental situation being a priori

quite favourable. The aim is to go beyond “merely”
establishing the existence of New Physics around the
TeV scale – we want to identify the salient features of
this New Physics as well. This requires a comprehen-
sive study, i.e., that we also search in unconventional
areas such as charm decays.

2.4.1. On New Physics scenarios

In a scenario in which the LHC discovers direct
evidence of SUSY via observation of sleptons or

squarks, the Super Flavour Factory program becomes
even more important. The sfermion mass matrices
are a new potential source of flavor mixing and CP
violation and contain information about the SUSY-
breaking mechanism. Direct measurements of the
masses can only constrain the diagonal elements of
this matrix. However, off-diagonal elements can be
measured through the study of loop-mediated heavy
flavor processes. As a specific example, a minimal fla-
vor violation scenario such as mSUGRA with mod-
erate tanβ, could result in a SUSY partner mass
spectrum that is essentially indistinguishable from an
SU(5) GUT model with right-handed neutrinos. How-
ever the mSUGRA scenario would be expected to
yield no observable effects in the heavy flavor sec-
tor, whereas the SU(5) model is expected to produce
measurable effects in time-dependent CP violation in
penguin-mediated hadronic and radiative decays.

While there is no compelling scenario that would
generate observable effects in charm, but not in beauty
and strange decays, it is nevertheless reassuring that
such scenarios do exist. One should keep in mind
that New Physics signals in charm CP asymmetries
are particularly clean, since the Standard Model back-
ground (which often exists in B decays) is largely ab-
sent. The consequence is that New Physics could pro-
duce signals that exceed Standard Model predictions
by an order of magnitude or more – something that
is of great help in interpreting the signals. We will
focus on the most promising areas; more details can
be found in several recent reviews [17, 45, 46].

2.4.2. D
0
D

0 oscillations

Oscillations of neutral D mesons driven by the two
quantities xD = ∆MD/ΓD and yD = ∆ΓD/2ΓD

lead to an effective violation of the Standard Model
∆C = ∆Q and ∆C = ∆S rules in semileptonic and
nonleptonic channels. The status of the Standard
Model prediction can be summarized as [17]: while
one predicts xD ∼ O(10−3) ∼ yD, at present one can-
not rule out xD, yD ∼ 0.01.

Many different charm decay modes can be used to
search for charm mixing. The appearance of “wrong-
sign” kaons in semileptonic decays would provide di-
rect evidence forD0D0 oscillations (or another process
with origin beyond the Standard Model). The wrong-
sign hadronic decay D0 → K+π− is sensitive to linear
combinations of the mass and lifetime differences, de-
noted x′2D and y′D. The relation of these parameters
to xD and yD is controlled by a strong phase differ-
ence. Direct measurements of xD and yD indepen-
dent of unknown strong interaction phases, can also
be made using time-independent studies of amplitudes
present in multi-body decays of the D0, for example,
D0 → K0

S
π+π−. Direct evidence for yD 6= 0 can also

appear through lifetime differences between decays to
CP eigenstates. The measured quantity in this case,
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Figure 3: Likelihood contours in the (xD, yD) plane from
HFAG [54]. These preliminary world averages use all avail-
able charm mixing results.

yCP , is equivalent to yD in the absence of CP viola-
tion. Another approach is to study quantum corre-
lations near threshold [17–19] in e+e− → D0D0(π0)
and in e+e− → D0D0γ, which yield C-odd and C-
even D0D0 pairs, respectively.

Very recently, several new results have suggested
that charm mixing may be at the upper end of the
range of Standard Model predictions. BABAR finds
evidence for oscillations in D0 → K+π− with 3.9σ
significance [47], while Belle sees a 3.2σ effect in
D0 → K+K−, with results using D0 → K0

S
π+π−

supporting the claim [48]. These results are consis-
tent with previous measurements, some of which had
hinted at a mixing effect [49–53]. The results are not
systematics limited, and further improvements are an-
ticipated.

The charm decays subgroup of the Heavy Flavor
Averaging Group [54] is preparing world averages of
all the charm mixing measurements, taking into ac-
count correlations between the measured quantities.
A preliminary average is available, giving:

xD =
(

8.7+3.0
−3.4

)

× 10−3 and yD =
(

6.6+2.1
−2.0

)

× 10−3 .

Contours in the (xD, yD) plane are shown in Fig. 3.
The significance of the oscillation effect in the prelim-
inary world averages exceeds 5σ.

At present no clear signal has emerged. Since no
single measurement exceeds 5σ significance, it is too
early to consider charm oscillations as definitively es-
tablished. Nonetheless, even if one accepts the cen-
tral The interpretation of these new results in terms
of New Physics is inconclusive. For one thing, it is

not yet clear whether the effect is caused by xD 6= 0
or yD 6= 0 or both, though the latter is favored and
this point may be clarified soon. As shown in Ta-
ble III, SuperB will be able to observe both lifetime
and mass differences in the D0 system, if they lie in
the range of Standard Model predictions. It should
be noted that the full benefit of measurements in the
D0 → K+π− system (and indeed for other hadronic
decays) can only be obtained if the strong phases are
measured. This can be achieved with a short (∼ 1
month) period of data taking at charm threshold.

A serious limitation in the interpretation of charm
oscillations in terms of New Physics is the theoret-
ical uncertainty on the Standard Model prediction.
Nonetheless, if oscillations indeed occur at the level
suggested by the latest results, this will open the win-
dow to searches for CP asymmetries that do provide
unequivocal New Physics signals.

Table III Summary of the expected precision on charm
mixing parameters. For comparison we put the reach of
the B Factories at 2 ab−1. The estimates for SuperB
assume that systematic uncertainties can be kept under
control.

Mode B Factories SuperB

(2 ab−1 (75 ab−1

D0
→ K+K− yCP 2–3 × 10−3 5 × 10−4

D0
→ K+π− y′D 2–3 × 10−3 7 × 10−4

x′2
D 1–2 × 10−4 3 × 10−5

D0
→ K0

S
π+π− yD 2–3 × 10−3 5 × 10−4

xD 2–3 × 10−3 5 × 10−4

Average yD 1–2 × 10−3 3 × 10−4

xD 2–3 × 10−3 5 × 10−4

2.4.3. CP Violation With and Without Oscillations

Several factors favor dedicated searches for CP vio-
lation in charm transitions:
• Within the Standard Model, the effective weak

phase is highly diluted, namely ∼ O(λ4), and can arise
only in singly-Cabibbo-suppressed transitions, where
one expects asymmetries to reach the O(0.1%) level;
significantly larger values would signal New Physics.
Any asymmetry in Cabibbo-allowed or -doubly sup-
pressed channels requires the intervention of New
Physics – except for D± → K0

S
π± [17] where the CP

impurity in K0
S

induces an asymmetry of 3.3 × 10−3.
CLEO-c measures ACP = (−0.6 ± 1.0 ± 0.3)%[14].
One should keep in mind that in going from Cabibbo-
allowed to Cabibbo-singly and -doubly suppressed
channels, the Standard Model rate is suppressed by
factors of about twenty and four hundred, respec-
tively. One would expect that this suppression will
enhance the visibility of New Physics.
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• Strong phase shifts required for direct CP viola-
tion to emerge are, in general, large, as are the branch-
ing ratios into relevant modes. Although large final
state interactions complicate the interpretation of an
observed signal in terms of the microscopic parameters
of the underlying dynamics, they enhance its observ-
ability.

• With the Standard Model providing one ampli-
tude, observable CP asymmetries can be linear in New
Physics amplitudes – unlike the case for rare decays –
thus increasing the sensitivity.

• Decays to multibody final states contain more dy-
namical information than given by their widths; their
decay distributions as described by Dalitz plots or T -
odd moments can exhibit CP asymmetries that might
be considerably larger than those for the width. Final
state interactions, while not necessary for the emer-
gence of such effects, can produce a signal that can be
disentangled from New Physics effects by comparing
T -odd moments for CP conjugate modes [55].

• The distinctive channel D∗± → Dπ± provides a
powerful tag on the flavor identity of the neutral D
meson.

The notable “fly in the ointment” in searching for
CP violation in the charm sector is that D0D0 os-
cillations are slow. Nevertheless one should accept
this challenge: CP violation involving D0D0 oscilla-
tions is a reliable probe of New Physics: the asym-
metry is controlled by sin(∆mDt) × Im (q/p)ρ̄(D →
f). In the Standard Model both factors are small,
namely ∼ O(10−3), making such an asymmetry un-
observably tiny – unless there is New Physics (see,
e.g., [56, 57]). D0D0 oscillations, CP violation and
New Physics might thus be discovered simultaneously
in a transition. Such effects can be searched for in
final states common to D0 and D0 such as CP eigen-
states (e.g., D0 → K+K−) doubly Cabibbo sup-
pressed modes (e.g., D0 → K+π−) or three-body fi-
nal states (e.g. D0 → K0

S
π+π−). Undertaking time-

dependent Dalitz plot studies[48, 53] requires a high
initial overhead, yet in the long run this should pay
handsome dividends, since Dalitz plot analyses can in-
voke many internal correlations that, in turn, serve to
control systematic uncertainties. Such analyses may
allow the best sensitivity to New Physics.

Direct CP violation

CP violation in ∆C = 1 dynamics can be searched
for by comparing partial widths for CP conjugate
channels. For an observable effect two conditions have
to be satisfied simultaneously: a transition must re-
ceive contributions from two coherent amplitudes with
(a) different weak and (b) different strong phases.
While condition (a) is just the requirement of CP vi-
olation in the underlying dynamics, condition (b) is
needed to make the relative weak phase observable.
Since the decays of charm hadrons proceed in the

nearby presence of many hadronic resonances induc-
ing virulent final state interactions (FSI), requirement
(b) is in general easily met; thus it provides no draw-
back for the observability of a CP asymmetry – albeit
it does for its microscopic interpretation.

As already mentioned CKM dynamics does not sup-
port any CP violation in Cabibbo allowed and doubly
suppressed channels due to the absence of a second
weak amplitude. In singly Cabibbo suppressed tran-
sitions one expects CP asymmetries, albeit highly di-
luted ones of order λ4 ∼ 10−3 or less [56].

CP asymmetries involving oscillations

For final states that are common to D0 and D̄0

decays one can search for CP violation manifesting
itself with the help of D0–D̄0 oscillations in quali-
tative – though certainly not quantitative – analogy
to Bd → J/ψK0

S
. Such common states can be CP

eigenstates – like D0 → K+K−/π+π−/K0
S
η(′) –, but

do not have to be: two very promising candidates
are D0 → K0

S
π+π−, where one can bring the full

Dalitz plot machinery to bear, and D0 → K+π−

vs. D̄0 → K−π+, since its Standard Model am-
plitude is doubly Cabibbo suppressed. Undertaking
time-dependent Dalitz plot studies requires a higher
initial overhead, yet in the long run this should pay
handsome dividends exactly since Dalitz analyses can
invoke many internal correlations that in turn serve
to control systematic uncertainties.

2.4.4. Experimental Status and Future Benchmarks

Time-integrated CP asymmetries have been
searched for and sensitivities of order 1% [several
%] have been achieved for Cabibbo-allowed and
-singly suppressed modes with two [three] body final
states [58]. A Dalitz-plot analysis of time-integrated
CP asymmetries provides constraints O(10−3)[59].
Time-dependent CP asymmetries (i.e., those in-
volving D0D0 oscillations) are still largely terra
incognita.

Since the primary goal is to establish the interven-
tion of New Physics, one “merely” needs a sensitivity
level above the reach of the Standard Model; “merely”
does not mean this can easily be achieved. As far as
direct CP violation is concerned, this means asym-
metries down to the 10−3 or 10−4 level in Cabibbo-
allowed channels and down to the 1% level or better
in doubly Cabibbo-suppressed modes. In Cabibbo-
singly-suppressed decays one wants to reach the 10−3

range (although CKM dynamics can produce effects of
that order, future advances might sharpen the Stan-
dard Model predictions). For time-dependent asym-
metries in D0 → K0

S
π+π−, K+K−, π+π− etc., and in

D0 → K+π−, one should strive for the O(10−4) and
O(10−3) levels, respectively.

When striving to measure asymmetries below the
1% level, one has to minimize systematic uncertain-
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ties. There are at least three powerful weapons in this
struggle: i) resolving the time evolution of asymme-
tries that are controlled by xD and yD, which requires
excellent vertex detectors; ii) Dalitz plot consistency
checks; iii) quantum statistics constraints on distribu-
tions, T -odd moments, etc. [18].

2.4.5. Experimental reach of New Physics searches

In this section we briefly summarize the experimen-
tal reach of SuperB for New Physics sensitive channels
in the charm sector. Table IV shows the expected
90% confidence level upper limits that may be ob-
tained on various important rare D decays, includ-
ing suppressed flavor-changing neutral currents, lep-
ton flavor-violating and lepton number-violating chan-
nels, from one month of running at the ψ(3770). It is
expected that the results from running at the Υ (4S)
will be systematics limited before reaching this preci-
sion.

For studies of D0D0 mixing, running in the Υ re-
gion appears preferable, and, if the true values of the
mixing parameters are unobservably small, the upper
limits on both xD and yD can be driven to below 0.1%
in several channels (D0 → K+π−, K+K−, K0

S
π+π−,

etc.) Therefore, SuperB can study charm mixing if xD

and yD lie within the ranges predicted by the Stan-
dard Model, and recently observed. The sensitivity
to mixing-induced CP violation effects obviously de-
pends strongly on the size of the mixing parameters. If
one or both of xD and yD are O(1%), as indicated by
the most recent results, SuperB will be able to make
stringent tests of New Physics effects in this sector.

The situation for searches of direct CP violation
is clearer: the SuperB statistics will be sufficient to
observe the Standard Model effect of ∼ 3 × 10−3 in
D+ → K0

S
π+ [17], and other channels can be pursued

to a similar level. Within three body modes, uncer-
tainties in the Dalitz model are likely to become the
limiting factor. However, model-independent T -odd
moments can be constructed in multibody channels,
and limits in the 10−4 region appear obtainable.

2.5. Summary: Charm Physics at SuperB

One does not have to be an incorrigible optimist to
argue that the best might still be ahead of us in the
exploration of the weak decays of charm hadrons. De-
tailed studies of leptonic and semileptonic charm de-
cays will allow experimental verification of improve-
ments in lattice QCD calculations, down to the re-
quired O(1%) level of precision. This will result in
significant improvements in the precision of CKM ma-
trix elements. The possibility to operate with e+e−

collision energies in the charm threshold region further
extends the physics reach and the charm program of
the Super Flavour Factory.

Table IV Expected 90% confidence level upper limits that
may be obtained on various important rare D decays, from
1 month of SuperB running at the ψ(3770).

Channel Sensitivity

D0
→ e+e−, D0

→ µ+µ− 1 × 10−8

D0
→ π0e+e−, D0

→ π0µ+µ− 2 × 10−8

D0
→ ηe+e−, D0

→ ηµ+µ− 3 × 10−8

D0
→ K0

S
e+e−, D0

→ K0
S
µ+µ− 3 × 10−8

D+
→ π+e+e−, D+

→ π+µ+µ− 1 × 10−8

D0
→ e±µ∓ 1 × 10−8

D+
→ π+e±µ∓ 1 × 10−8

D0
→ π0e±µ∓ 2 × 10−8

D0
→ ηe±µ∓ 3 × 10−8

D0
→ K0

S
e±µ∓ 3 × 10−8

D+
→ π−e+e+, D+

→ K−e+e+ 1 × 10−8

D+
→ π−µ+µ+, D+

→ K−µ+µ+ 1 × 10−8

D+
→ π−e±µ∓, D+

→ K−e±µ∓ 1 × 10−8

While no evidence for New Physics has yet been
found in charm decays, the searches have only recently
entered a domain where one could realistically hope
for an effect. New Physics typically induces flavor-
changing neutral currents. Those could be consider-
ably less suppressed for up-type than for down-type
quarks. Charm quarks are unique among up-type
quarks in the sense that only they allow to probe the
full range of phenomena induced by flavor changing
neutral currents, including CP asymmetries involving
oscillations.

There is little Standard Model background to New
Physics signals in charm CP asymmetries, and what
there is will probably be under good control by the
time SuperB starts operating. Baryogenesis – neces-
sary to explain the observed matter-antimatter asym-
metry in our Universe – requires a new source of CP
violation beyond that of the Standard Model. Such
new sources can be probed in charm decays on three
different Cabibbo levels, differing in rates by close to
three orders of magnitude. With the Standard Model
providing one amplitude, observable CP asymmetries
can be linear in a New Physics amplitude, thus greatly
enhancing their sensitivity. Finally, as stated repeat-
edly, the goal has to be to identify salient features of
the anticipated New Physics beyond “merely” ascer-
taining its existence. This will require probing chan-
nels with one or even two neutral mesons in the fi-
nal state – something that is possible only in an e+e−

production environment. CLEO-c and BESIII are un-
likely to find CP asymmetries in charm decays, and
the B Factory results will still be statistics limited.
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A Super Flavour Factory would allow conclusive mea-
surements. SuperB, with data taken at the Υ (4S)
and near threshold, will complete the charm program
down to the Standard Model level.
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The future of charm physics: a discussion
B.D. Yabsley (ed.)
School of Physics, University of Sydney. NSW 2006, AUSTRALIA.

We closed the CHARM 2007 workshop with a lively panel discussion on the future of the field. This document
presents a summary of the key points, and a lightly edited transcript of the discussion itself.

1. Introduction

The CHARM 2007 organisers (and advisory com-
mittee) deliberately chose to close the workshop not
with a summary talk, but with a panel discussion.
This document, accordingly, tries to respect the id-
iosyncrasy of that discussion, rather than seeking to
be comprehensive or to be too “on-message”.

The panel discussion followed four talks on future
facilities — the relevant speakers were all panel mem-
bers — and could helpfully be read together with
those presentations. The raw material for the discus-
sion was a set of questions from workshop attendees,
and some absent committee members.

2. Key points

• Charm physics is intellectually alive as a field,
and we plan to keep it that way.

Mixing and CPV

• We now have good evidence for mixing, and
may even breach the 5σ threshold in individual
channels, with the 2 ab−1 that’s currently within
reach. With twice that dataset, the chance will
be good. (And CDF will help!)

• There’s no obstacle (in principle) to calculating
potential beyond-the-Standard-Model contribu-
tions to mixing on the lattice. But current meth-
ods won’t cope with the nonlocal operators that
we believe dominate the SM contribution.

• Finding and studying CP violation in the charm
sector is (we hope) the next big thing. CPV-in-
mixing has long been a goal, but is only now
within reach, with evidence for mixing estab-
lished; controlling systematics at the 10−3 –
10−4 level may be challenging. And let’s not
forget direct CPV studies . . .

QCD, spectroscopy, lattice . . .

• The charm sector is a good laboratory for QCD;
we’re still learning from it, and continued to do
so at this workshop.

• Not every bump is a new state: it’s possible
to get complicated structure from a single pole.
Beyond the mere “discovery” of “new states”,
experimental determination of quantum num-
bers and decay properties is important to pro-
vide enough information for theoretical analysis.
Interpretation can be difficult even so.

• Very large data samples, and improvement in
quality (e.g. BES-II → BES-III), will help.

• A really good precision test of lattice QCD re-
quires the use of CKM-free quantities, e.g. the
ratio of semileptonic to leptonic decay rates.
Very large data samples will help here, too.

• Experimentalists and non-lattice theorists
should interpret any lattice calculation in an
informed critical spirit. Is the calculation
unquenched? With 2 + 1 sea quarks? How
thorough is the systematic error analysis? If the
result is to be compared to experiment, there
should be a positive answer on all three fronts.

Facilities in the future

• There are plans at BaBar to maintain an analy-
sis effort (including priority-setting) after data-
taking stops. Still, it may be tough.

• There should be active experiments in the
flavour sector, to complement the LHC.

• There is strong support for a so-called super-
B or super-flavour factory in our community, in
addition to BES-III. While the B-physics pro-
gramme is its selling point, it will be highly ca-
pable in charm (& charmonium & ISR & . . . )

• The way forward in hadronic pp physics is to
take a global approach, with a full-capability
detector: PANDA. (Earlier-generation experi-
ments were already at their limits.)

• It would be very helpful to form a “shop-

ping list” of measurements we want LHCb

to make in the charm sector. It could have
real influence. Analysis will be limited by man-
power and interest as much as the trigger . . .
and note that the upgrade will likely have a soft-
ware trigger, to the benefit of charm studies.

http://arxiv.org/abs/0711.1636v2
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3. Dramatis personae

Panel members:

[DA] David Asner

[DB] Diego Bettoni

[AE] Aida El-Khadra

[EG] Eugene Golowich

[PS] Patrick Spradlin

[YW] Yifang Wang

and Bruce Yabsley
(chair: comments listed in italics)

Contributors from the floor:

[EE] Estia Eichten

[BM] Brian Meadows

[KP] Klaus Peters

[AP] Alexey Petrov

[JR] Jonas Rademaker

[AS] Alan Schwartz

[KS] Kamal Seth

[??] at least one significant contributor is currently
anonymous

4. The discussion

Thank you everyone for joining us for this last ses-
sion. You know everyone on the panel: they don’t

need any further introduction. Let me just show you
what we’re going to do. You can see the outline here,

divided into

• current issues:

– mixing and CP violation, and

– everything else;

• the future of the field:

– in general, and

– concerning future facilities.

We’ll try to give about 15 minutes on each of those
categories, picking out questions out as we go. But

to begin, I’m going to throw the microphone to Gene:
we’ve heard four talks from experimentalists, I thought

we’d get a few remarks from the other side of the di-
vide; and then we’ll head to questions.

4.1. Overview

[EG] Bruce asked me to be provocative and nasty,
but it’s really not in my nature. Actually over
lunch we were talking about the future of the
field, and I was drifting off, and ended up in a
fantasy world where things were done the right
way. And in this world the LHC was in fact
built and came on the air, and found the Higgs,
and found many new events that we couldn’t ex-
plain with the Standard Model. And people had
realised that in order to interpret these possible
signals of new physics, we would also have to
have flavour physics studies of rare phenomena,
so that we could start to see patterns emerg-
ing . . . and working symbiotically together, the
LHC and the flavor sector would get to the root
of what was happening, something that would
be very difficult if not impossible to do with the
LHC alone.

But then I woke up. And I thought about a
colloquium I’d given recently, where one of the
chief experimentalists there took me into his of-
fice and shut the door and said to my face, “Fla-
vor physics is dead!” and apparently he’s not
the only one who said it: some pretty impor-
tant people have said it. And when something
like that is said over and over it begins to have
a truth of itself.

So, anyone who’s been at this workshop realises
that that’s not the case: that not only are we
getting wonderful results, there are all sorts of
ideas — arguments even — about what to do for
the future, about what’s going on, and that’s the
sign of an intellectually alive effort. And part of
what we’re doing on this panel, I think, is trying
to see whether or not we can realise the potential
of the field.

I know that in my own shopping-list I tend to
divide it between electroweak physics and QCD,
and I’d like to see efforts in both halves; I’m
interested in both. My number one wish, as far
as the electroweak sector is involved, is that we
find and are able to study patterns of CP

violation in charm physics. As regards the
QCD part of things, I really find that charm

has turned out to be a terrific laboratory

for QCD and its workings, we’re still trying
to figure out what’s going on: all the data’s not
in yet, and I think we’re going to need every
bit of data to understand what’s going on, and
that’s been a terrific part of this workshop.

So the completion and growth of those two ar-
eas would be what I’d hope most for, but by
no means saturates what I want to see. Now
Bruce has handed out to us a bunch of ques-
tions that we’ve gathered from various folks; so
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let me throw it back to Bruce now — and make
sure you have a live microphone.

4.2. Mixing: (x, y), the lattice, and CPV

The first question is a reasonably simple one:
whether we can firmly establish that mixing

occurs — that x and y are not equal to zero

— with (say) 2 ab
−1 of data. And going fur-

ther than that, whether we can determine (x, y)

themselves with twice as much data. Anyone

want to take that?

[DA] Sure. If the current central values hold up, then
2 ab−1 is close to sufficient for 5σ signals in two
or three channels. If the current central val-
ues don’t hold up, one might hope that at least
4 ab−1 is . . . so yes, that’s certainly the right
ballpark.

Brian, you don’t disagree with that? Either of the
Brians [Petersen and Meadows], since you’re sitting

together? No?

[JR] Just one comment: CDF will contribute to these
measurements very soon as well. So there will be
some help even if the situation is marginal with
2 ab−1: contributions from hadron colliders [will
help resolve x and y].

Alright, so the next question may or may not be easy

because I genuinely don’t know the answer to it — I
had a pretty fair idea of the answer of that first one

— and that’s the following: Calculations of New

Physics contributions to mixing rely on de-

terminations of four-fermion matrix elements:

what can we expect the lattice to contribute to

that? So that’s a question for Aida.

[AE] So the methods for calculating 4-fermion oper-
ators that contribute to BB mixing are quite
mature and ongoing — there’s a result by
the HPQCD collaboration using NRQCD heavy
quarks — and in principle there’s no barrier to-
wards repeating these calculations for charm.
HPQCD would use the HISQ action, and our
collaboration [Fermilab] also has an analysis in
progress for BB mixing, and we can certainly do
this for the charm sector too.

I should add a note of caution however: what we
can do with current methods are calculations of
matrix elements of local operators. So we cannot
say whether the observed DD mixing is Stan-
dard Model or not, because that involves non-
local operators — because you have light par-
ticles propagating — and that’s something that
we can’t really calculate with current methods.
But if one wants to know the expectation values
of local operators that would come from beyond
the Standard Model: those can be calculated.

OK so let me see if I understand the caveat: What
about the extent to which the observed pattern of mix-

ing comes from the interference of SM and NP con-
tributions? Does your caveat about long-distance op-

erators mean that one has a grey area there? Or do
they not interfere because they are short and long dis-

tance?1

[AP] In New Physics, ∆M or mass-difference comes
from heavy intermediate states, and even those
intermediate states are not present in the SM:
squarks, gluinos, whatever. So regardless of
what happens, at the end of the day you get
a bunch of matrix elements at the charm scale
. . . and there are only 8 of them. So regardless
of the New Physics model, you will get those 8
operators. And so the matrix elements of those
. . .

[AE] And they can be calculated . . .

[AP] Yes.

It may not all be this easy.

We often say that CP-violation-in-mixing is the real
New Physics signal, and this is part of the progaganda,

but up until now the focus has essentially been on x
and y. Do the experimental plans that the exist-

ing and future collaborations have, reflect the

need to measure CPV in mixing? Comments?

[DA] The short answer is of course yes. Every mixing
paper in the last five years has had CP-violating
limits although they’ve been trivial; and one of
the most active efforts now of the HFAG-charm
mixing group is to come up with meaningful CP-
violating limits which are actually posted on the
site, if you choose to go look at it . . .

So yes.

But that’s a nominal yes, isn’t it? I understand that
(say) for the D0 → K+K− channel we included a CP-

violation measurement, but that was essentially triv-
ial, in that it came almost for free with our yCP mea-

surement ... aren’t there more difficult CPV studies?

[DA] Well it comes for free with a D∗ tag as well, for
other measurements . . .

Well, at an e+e− machine it does.

1The discussion moved on from this question, and it wasn’t
followed up at the time. For the record, the answer is that in
addition to the problem of hadronic uncertainties in the SM
predictions, “we do not know the relative phase between the
SM contribution and that from any NP model, so that xD will
lie between the extreme limiting cases of constructive and de-
structive interference.” [1]
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[DA] Yes. Well, perhaps the fact that the LHCb
mixing studies are currently CP-conserving
might indicate that the experimentalists haven’t
caught up with this . . . but it’s certainly on the
agenda.

[PS] Yeah. Our plans have recently changed focus,
to look more at CP violation. What I was pre-
senting was some of the more complete stud-
ies, incomplete as they were. And our initial
efforts were towards mixing measurements. But
there’s been a fundamental shift in what we’ve
been [studying], towards CP violation, and CP-
violation-in-mixing.

The statement is always in the papers but the emphasis

isn’t always in the slides, if you see what I mean, or in
people’s spoken remarks. So I guess that’s what was

behind the question.

[??] Just related to that, to do the CP violation, at
least the direct one, you need to get asymmetries
also from detector effects and so on, so how well
are LHCb and SuperB geared towards handling
this? (And I guess you have similar issues in
B-physics, right?)

This is actually the next question, or part of the next

question, which is about systematics: It’s one thing

to do a percent-level measurement of mixing,

but it’s quite another to do a 10
−3 or 10

−4

measurement of CPV. That’s a whole lot more

demanding, and it’s going to be systematics

that are the problem. Has LHCb thought about
this?

[PS] Yes, but unfortunately we’ve only begun think-
ing about systematics. We have a lot of ideas
on how to evaluate them in the data itself. But
that’s a work in progress.

Alan wanted to speak to that.

[AS] Actually I just had a comment on [the earlier
point]. You have to keep in mind that to see
any CP-asymmetry effects, you need a nonzero
x and y. But it’s only been since the spring,
since March, that we’ve had such evidence in
hand [2, 3]. So that, so when you say do ex-
perimental plans reflect going after [the CPV
phase]: since March yes, but before March, even
in Belle when we measured those things, as you
said, they were not the headline measurements,
because we didn’t know what x and y were.

[AP] Well this is true if you stick to CPV-in-mixing.
In both of those cases. I was actually wondering
why the person who asked the question wanted
to know about time-dependent CP asymmetries,

I mean of course you have CP-violating asymme-
tries that are independent of x and y — direct
CPV effects — and you know, those are easy
to study, although experimental issues are simi-
lar; I don’t know, if you look at D+ decaying to
a state that contains charged kaons, detector ef-
fects for kaons of different charges are significant
. . .

But the point is that you can have CP violating
signals that don’t have [time-dependence] . . .

[BM] I just had something ... I think the last mix-
ing paper that I read — experimental paper —
that I read that didn’t say anything about CP-
violation in mixing must have been at least 10
years ago.

4.3. Rare decay measurements

We’re going to hop forward to some stuff on rare de-
cays now: something not unrelated to CPV. This ac-

tually cropped up in one of the talks earlier: that there
hasn’t been much work at the B-factories on rare de-

cays. Despite our propaganda, and despite the fact
that we put it in all of our proposals and statements,

and all the rest of it — and I certainly did, for the
charm programme at Belle — so the question is what

the prospects are for rare charm decays in the

rest of the B-factory era, or perhaps for a

super-flavor factory. Why aren’t there more rare
decay measurements?

[DA] Everybody complains about manpower, right?

[Well I’ve seen rare decay measurements done, and

then not turned into an ongoing programme, because
the judgement was that other work would better ad-

vance people’s careers. And that judgement is proba-
bly correct.] So, you know, “manpower” . . . there are

manpower issues but they’re not always just the sheer
number of people.

[DA] To be fair: until rare decays can probe SM sen-
sitivities they are just not that interesting. We
have a long history of not finding new physics,
and if you want to sign up a grad student to
work on something where we know he’s not go-
ing to find new physics . . . well we can do that,
[and there are many ways of doing it, but there’s
little motivation for it.] But when we do have
sensitivity [at the level of the SM predictions], I
suspect there’ll be rather a large line of people
who want to perform the measurements.

But I wonder about this argument, because we’ve been

busy doing charm physics at B-factories, and I’ve
had guys bowl up to me at conferences and say “The

beauty sector is the most rich in physics at the mo-
ment (which is true), and offers the best prospects for
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finding physics beyond the SM at the moment (which
is also true), and therefore it’s the most exciting thing,

so why would you work on anything else? And in par-
ticular, why are you working on charm?” And in the

terms in which that question is posed, I don’t know
that there is an answer to it. And isn’t [the statement

about rare decays] a species of that same argument?

[DA] Well I’d rather address your first part first: Rare
decays are much more interesting in charm than
they are in B, because rare decays actually in-
clude CP violation and mixing, which are also
rare in charm but not in B; so from the get-go
rare charm processes are a broader field. And
I’m not actually certain how what I said trans-
lated to the analogy [with charm-versus-beauty].

[KS] As long as you have this up, I have a question
for David Asner. When you were comparing
what could be done at LHCb and the super-
B-factories, most of the time the things were
sort-of comparable, but there were a couple of
instances in which you said you really need Su-
perB for that . . . Now I have to ask you a ques-
tion whose flavour is completely different from
[that of] your talk. Does one, for those rare
cases for which SuperB is essential, spend $500
million?

[DA] That’s a good question: it depends what part
of the programme of SuperB you think is most
important. If you are a tau physics enthusiast,
there is no comparison between the tau physics
programme at SuperB and the tau physics pro-
gramme at LHCb. [And for] anything that re-
quires a primary vertex (including, probably,
charm semileptonic decays) the performance
will simply be better at SuperB. To be fair,
I’ve probably represented LHCb in a rather
favourable light. After all, it’s going to be an
existing experiment.

Will the world end if we don’t have the charm
physics programme from SuperB? No. We’re
not trying to sell SuperB on its charm physics
programme. But if you can motivate SuperB
based on the way that the B-physics interacts
with the LHC programme, then you get the
charm and the tau and the charmonium and the
ISR programmes etc. for free, assuming that you
can assemble the workforce.

[KS] But if there’s one thing I have learned, it’s that
when someone is blessed with huge luminosi-
ties, they have the advantage of making cuts and
throwing away so much data that they can [do
almost anything]. I always used to say that the
B-factories, if they wanted to get at whatever I
might be doing, they can cut everything out and

still beat us on total statistical and other kinds
of errors.

And that is what makes me wonder about com-
parison between LHCb and the SuperB. LHCb
will have so much production of whatever-you-
want, that you wonder whether they have the
ability to throw away a lot of it, and become,
you know . . .

[DA] Well they do throw away a lot of events: it’s
called the trigger, right?

[KS] Yes, the trigger, and whatever else you want . . .
and still reach the statistical precision [of Su-
perB].

There are also issues of systematics, remember: things
that a hadron experiment by its nature doesn’t do as

well. Alan?

[AS] There are many final states that would be very
challenging at a hadron collider: π0 and η and
charged ρ, you know, those will be very diffi-
cult at a hadron machine. You will not measure
B0 → π0π0 at LHCb — I don’t think — and I
don’t think you’ll see B0 → ρ+ρ−; and many of
the η and η′ decays will be very hard. I mean,
obviously they can be simulated, but there are
many many final states where I don’t know how
it’s going to happen in a hadron environment.

[BM] Just one thing to add to what Alan was saying:
One thing you probably want to do in looking
for CP-violation in mixing is, you want to see if
there’s a difference in x and y for D0 and D0.
And then you want to see if they’re the same in
different decay modes, in all the different decay
modes. And I think that at SuperB that will be
much easier to do.

4.4. Do we claim too many new states?

I’m going to move on, to something that’s going to

induce a different kind of argument, but this is also
about perceptions of what is exciting and what’s not.

One of our questioners wanted to know whether

we are claiming too many new states, either

quarkonium-like or in general. And what about

dynamics? Particularly near threshold, since a

lot of these states do seem to be near threshold,

. . . An awful lot of new states are being claimed,

some of them on our experiments’ websites. [I think
Yifang has his hand up to answer this.]

[YW] I think, in fact, we do see a lot of resonances,
or particles, or structures — whatever you want
to call them — near the threshold, and I think
there’s a very simple experimental reason, in
that near the threshold the background is much
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lower, so wide resonances are much easier to see
. . .

OK, but let me pick you up on the words that you used
there: yes it’s easy to see “it”, and you said “res-

onances”, “new particles”, or “structures”, but just
because you see nontrivial structure, it doesn’t mean

that there’s a new pole sitting [on the complex plane].

[YW] I agree: I said all these possibilities, because
now, particularly at BES [where there are so
many things that we see], we have a lot of argu-
ments about whether new particles or structures
or enhancements (or whatever) exist, and I think
shows that we need more statistics, and we need
a much better detector.

No, but hang on: don’t we also need better interpreta-

tion?

[YW] Of course, later on; I think the important thing,
right now, if we see a signature of (say) 5σ,
4σ sometimes, 6σ, then many people believe
it, some people don’t believe it, and for both
experimentalists and theorists, [the confusion]
makes it hard to work together. Now if you
have a much better detector, and significantly
improved statistics, if you see a signal at a level
of say 20σ, or 50σ, then there’s no question of
whether these things exist or not, and it makes
it easier for both experimentalists and theorists.

Perhaps it will clarify the point [if we consider another

example. There have been many claims of new states
at Belle, and one of the most interesting pieces of re-

cent work concerns the extra enhancement below the
4260, in the e+e− → π+π−ψ cross-section. Yes? I

think everyone has seen this. Now in the paper [4] we
were very careful not to say “this is a new state”. But

in arXiv postings and on the web, it is being given a
name, a “Y” and a number, with it being implied or

stated that it’s a new state.] And that reflects the fact
that for (I think) 80% of the people in the community

saying that you see a significant enhancement — and
it is an enhancement, and it is significant, OK, that

part’s not in question: a better detector won’t change
that — but the first thing we always lean to is, “it’s
a new state”. And that’s been the first interpretation

rather than the last one, for lots of things from Belle,
from BaBar, from BES, and what this question is ask-

ing is, Is that really a good thing — and if it’s

not, how do we get past it? And Estia wants to

speak to that.

[EE] I mean, when you have wide structures, it’s al-
ways rather difficult to figure out what’s going
on, and you can certainly show examples where
a single pole will give rise to complicated-looking
structure.

So there’s two separate questions. For the theo-
rists, they have to figure out how to interpret the
structures that are seen in experiment, in terms
of what’s underlying them. I don’t know how
the experiments can do that, but what experi-
ment can certainly do is describe the properties
of those structures — make sure you understand
its quantum numbers, if you interpret it as a
state, its decay properties etc.: these things will
certainly make it a lot easier for theorists to try
to disentangle wide structures into what actu-
ally is underlying them [and whether] there are
additional states.

Every bump is not a new state. You can show
examples when it is clearly not . . .

And was it you that showed that point about the
π+π−ψ and the π+π−ψ′ [cross sections, in ISR data

from the B-factories], and that maybe . . .

[EE] Yes, it may very well be that there’s one state
with different decay modes at different energies,
whose branching fraction varies as a function of
energy. Now, I can’t calculate that one, because
I don’t know what it is — if it’s a hybrid of some
sort, then I don’t know how to do the calculation
of how much it’ll decay into those two modes
— but that’s (in a sense) a theorist’s or a phe-
nomenologist’s job to try to figure that all out,
but experimentalists can certainly try to disen-
tangle any other decay modes that are in the
same region, for example, besides the ψ or the
ψ′, maybe there’s another mode in between that
can fill us in on what’s going on. But that’s all
an experimentalist should [be expected to do].
The interpretation is difficult.

[EG] This goes back as long as I can remember in
hadron physics: the σ(600) is something that
people call different things . . . I don’t know
what to call it, but if I do know how to use
it, you can call it whatever you want.

[AP] There’s actually a little counter-example to that:
You all know the story of the pentaquark, which
was very well predicted by several groups, and
very well observed by several different experi-
ments, and yet’s it’s gone. And so it’s natural
that you see so many states, well not states, but
structures. Time passes, and you sort out which
of those are real states, and which of those are
just threshold things . . .

[YW] I think I haven’t finished what I want to say,
so let me finish, and then we can go forward.
I think it’s very important to have more data.
If you have 4σ, 5σ, how do you disentangle
whether it’s a real particle, structure, a fake, or
so on? But once you have significantly improved
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statistics, you can certainly establish whether
this is a real structure, and you have the pos-
sibility to understand its decay properties, dy-
namics and so on, and then you can have a much
better understanding.

Put it this way: up to now, we have studied a lot
of electroweak physics, but we understand QCD
much less well. And we know that we should see
a lot more resonant states, hybrids or whatever,
glueballs, beyond the conventional qq or baryon
states: certainly more than what we see.

So with significantly improved statistics . . . put
it this way, we now see many 4σ signals. Over
time, BES-III will increase statistics by a factor
of a hundred, and on top of that the detector
is much better — corresponding to an improve-
ment, for the same statistics, by a factor of two
or four — so this is an improvement of almost
a thousand in total. So you can imagine: with
one thousand more better signals, I think it will
be revolutionary, and for many unresolved prob-
lems or questions, [it will give us] a much bet-
ter understanding. So I think it’s important to
have more data. And by that time, once we have
firmly established particles and their propeties,
theorists can work together, and figure out all
these details. And [regarding] QCD: by that
time, we’ll have a much better understanding.

4.5. Comparing the lattice to experiment

We’re going to move on. This is a question I think

you’ll even like: Suppose experimental and lattice

values for decay constants disagree by 2σ. Is

that a discrepancy, and should we be worried

about it? And if 2σ is not, then what about 3σ

or 4σ? [To AE:] Do you have a a view from your
side?

[AE] I would say that at present, the situation is not
yet completely clear, whether or not there is in-
deed a discrepancy.2 I’d also like to point out
that the experimental values for the decay con-
stants have to assume a value for Vcs, which is
not very well determined at this point. It’s hard
to imagine right now that Vcs could change too
much, but you can have at present a few small
effects which would bring experiment and the-
ory back [together]. I think once the error bars
decrease more, then we would be more worried.

2The reference is to the disagreement in fDs
between the new

lattice calculation (241 ± 3) MeV [5] and the CLEO-c average
(275 ± 10 ± 5) MeV presented in Steven Blusk’s talk at the
workshop.

To really do a precision test of lattice QCD
without any assumptions about CKM angles,
we need to compare the CKM-free quantities
like the ratio of the semileptonic decay rate to
the leptonic decay rate, where the CKM angle
does not contribute. So [at the level of precision
reached by HPQCD] I don’t think that just look-
ing at the decay constant itself is really [enough]:
you want to look at the ratio of semileptonic de-
cays to leptonic decays; you want to look at the
shapes of the form factors; you want to see if
you extract Vcs from the semileptonic, does that
agree with the result from the leptonic case, to
see if there really is a discrepancy. So I think
we need more information than just the decay
constant. And I think that’s part of the pro-
gramme.

And that’s a point where Yifang’s argument about
overwhelming statistics is important, because with

overwhelming statistics you have the luxury of doing
those assumption-free tests that you’re talking about.

[AE] That’s certainly true. I mean, two sigma statis-
tical fluctuations are not unheard of; and while
Peter Lepage might vehemently disagree with
me for saying this, it’s not absolutely impossi-
ble that (say) the HPQCD result might have
slightly larger errors than they [claim], in which
case the discrepancy is not as large as it cur-
rently is. So I think it’s certainly important to
monitor and keep in mind, but ah . . .

Does anyone else want to speak to that? It’s a fairly
complete answer, but . . .

[AP] I’d like to ask a question about the errors that
lattice calculations are assigning to their num-
bers. I mean, I used to see nice lattice predic-
tions with very small error bars that were com-
pletely overtaken by new lattice predictions, and
people would say that they’re inconsistent, but
“That’s OK, because the previous error bar did
not include quenching errors.” Now, how can
one claim an error bar if there is an error bar sit-
ting on top of that, which you don’t even know
what it is? Now I understand that with the new
techniques this [is no longer the case]. But when
you now do things at the level of a percent, then
none of these errors, they’re not independent,
and you have to take into account correlations
between them.

[AE] And we do. And we do. We have learned a lot
in the last ten years on this. I want to make this
point very clearly, and I think it requires non-
lattice theorists and experimentalists maybe to
have some knowledge, but if you read a paper
and it says we are doing a quenched calculation
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and we get this result with this error, just, don’t
even . . . they did an error analysis . . .

But it’s quenched.

[AE] But it’s quenched. And even if they have some
estimate for the quenching error, but if it’s not
anywhere close to 20% or so, you just shouldn’t
believe it. The same thing with calculations
that have two flavours of sea quarks, that’s not
enough: there are three in the real world. So,
you know, I don’t think it makes a whole lot of
sense to compare quenched lattice calculations
to experiment. I also don’t think it makes a lot
of sense to compare lattice calculations based on
two flavours of light sea quarks to experiment.
[These comparisons are not interesting to peo-
ple outside of lattice field theory.] And that’s
the reason I only showed results based on 2 + 1
sea quarks.

And the second point to your question, it’s a
valid point: we have a long history as a commu-
nity in lattice field theory, certainly [more than]
10 years ago people were not worried about sys-
tematic errors and as we got more sophisticated
we became more worried. And not everyone in
the field understands that they need to be very
careful with the systematic error analysis. But I
think that people who are claiming to do serious
calculations need to be able to show you plots:
Do you understand the light quark mass depen-
dence of your result? Have you looked at the
lattice spacing dependence? I mean you need to
have a very sophisticated systematic error anal-
ysis, and if you don’t, you shouldn’t believe the
result. [Certainly not at the few percent level.]

And it’s always good to have more than one per-
son, because these analyses are complicated. I
mean more than one group — one person never
does these analyses by themselves — but more
than one group do these calculations with dif-
ferent methodologies and see that you have that
consistency. So, you know, we have the HPQCD
result, we have our result, which is a factor of
two less precise than their result, but within our
error, the two results are certainly very consis-
tent.

[DA] Can I jump in real quick?

Quickly . . .

[DA] Speaking to the experimental determination of
the CKM-independent quantities, at best I can
tell from the two reports I mentioned earlier, it
looks like the measurement is at about the 10%
level. Part of the BES-III programme will get
that to, you know, a few percent, and SuperB
will be required to get 7%, but these are part of
. . .

We might come back to that later.

4.6. BaBar data after datataking ends

Before Gene goes, I just thought we’d ask the ques-
tion you see here: whether there will be an anal-

ysis effort on BaBar beyond 2009. And what

the plan is for doing such an obviously diffi-

cult thing? I mean, we have some BaBarians or
ex-BaBarians here in the room: anyone want to speak

to it?

[??] As far as I understand, there will be three years
of . . . at least the infrastructure for doing anal-
ysis for three years after datataking.

What does “infrastructure” mean?

[??] All the computing, so you can process all the
data, do the simulations, and put new decay
modes in.

Right, I mean, if you want to do ten decay modes, will
you have a supply of slaves to do it, or will you have

to do it all yourself?

[??] Clearly, there is a very limited number of new
graduate students coming on, already now. So,
. . . they will be graduating in the three years
. . .

So what’s being done to prioritise measurements?

[??] We have a core list of results which were sched-
uled to come out . . . somewhere next year or the
year after that. And they are being prioritised
within B-physics and charm physics, so for in-
stance, the mixing analysis will be updated with
the full dataset. So there is a list of people, with
their names assigned to core analyses . . .

I don’t know, does someone who’s lived through this
part of the life-cycle of a big experiment want to speak
to this question?

[DB] In addition to that, there is also serious consid-
eration being given to conserving the data for
future use well beyond 2011, because it is recog-
nised . . .

This goes to the second question posted here actually,

what to do when the data becomes a heritage

matter.

[DB] I’m not aware that there’s a solution to that yet,
but certainly that question is being considered.

My question is: when it’s several years out from the
running of the experiment and you’ve got one or two

dedicated groups at a slow burn working on this data,
how [do] you maintain quality? How do you stop peo-

ple with agendas and nothing better to do, and a lot
of BaBar data . . .
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[KS] You don’t avoid that.

That just happens?

[KS] It’s natural. Things die, and there’s a rate of
dying, and then there is that not that close su-
pervision, and the quality suffers.

[AP] This might open a can of worms, but are there
any plans to make the data publicly available on
the internet, just like astronomy?

But that then multiplies the issue that I was just rais-
ing, doesn’t it. I mean, if some high-school student can

run a job can you imagine the number of new states
we’re going to be seeing . . . [laughter]

[AP] But what’s wrong with that? It’s not going to
be signed by BaBar . . .

[DB] . . . but the answer is yes.

[Gene leaves]

4.7. Fermilab: charm, and antiprotons

We’ve perforce been skipping around here, so I’ll just
continue on this slide for a moment, [can we hear]

what the plans are at Fermilab for charm stud-

ies — at D0 and CDF?

[JR] [inaudible] certainly mixing is going to be out
soon, with comparable sensitivity to . . .

OK, I already knew the answer to that question, but

what about non-mixing topics?

[JR] I have no good overview, except for charm pro-
duction . . . [from elsewhere: “and the rare de-
cays”].

. . . and the rare decays. I guess the question is
whether there will be an update or successor to that

analysis, or whether that’s the last thing we’ll see. [to
AP: “You have a lot of comments!”]

[AP] No, I just happen to be at an institution that
participates in CDF, and which actually does
rare-decay charm analysis. So, you know, the
first paper from CDF-II was on D0 → µ+µ− [6]
. . . and right now they’re doing an update of
that.

There was a second question posted here — it’s out-

side my awareness — about what the support in the

community is for the antiproton source pro-

posal at Fermilab. Does anyone want to comment
on that?

[DB] I can say my personal opinion — I cannot speak
for the community, of course — because I have
been following a little the proposal for the an-
tiproton source, to make a dedicated experiment
at the pbar accumulator — my personal im-
pression is that the next step, the next gener-
ation of hadronic pp physics will have to be a
global approach like PANDA, with a detector
like PANDA. A detector like we had in E835
has more-or-less said whatever it could say, and
I don’t know whether Kam would agree, but we
were discussing the other day: already at the
end we were sort of at the limit of what could
be done in this kind of experiment.

So I don’t know what was the point of the ques-
tion: my impression is that there is very little
one can do in the limited space which is avail-
able there, unless one can dig a bigger hole, and
really do a general-purpose detector.

[KS] As a former worker in the field: I can tell you
that there is just not enough constituency and
it doesn’t rank high enough in the priority, so
at least my feeling is that it is very sad that
the only place which has currently the ability to
produce antiprotons is not planning [anything
for the future]. But that’s the way life goes:
GSI is coming, [the current facility has] outlived
its capabilities, and I don’t see much future for
that at Fermilab. That is my personal opinion,
but I make that opinion after having heard the
arguments and the things that have been pro-
posed.

OK, I’ll take that as an answer. I’m going to skip to
the second part ...

[DA] About SuperB?

Yep. [i.e. What is the interest and the support

of our community for the Super-B project? ]

[DA] OK I’ll start with a question to Alan — or
maybe to you, Bruce — as to how many names
are on the Belle letter of intent for SuperBelle?

At least half [of the collaboration].

[DA] Because SuperB has three-hundred-and-twenty
signatories, and there’s some overlap between
the two, but it’s not overwhelming [i.e. the over-
lap is not the dominant part], but we’re talk-
ing about hundreds, five or six hundred people
in our field, theorists and experimentalists, who
are excited to do work, who have produced these
documents . . . so I think there is considerable
support for a super-B-factory.
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[YW] I’d like to say that although we are not part of
the super-B [project, we strongly support it] . . .
we think it’s very good for the field, and very
good for the community. Without super-B . . .
at least for us, we at BES, five years from now,
the charm field would only be at BES, and um,
we don’t want that.

4.8. What to measure at LHCb

There was a pessimist’s question on exactly this point,
which you saw, which I’m not going to put up, because

we’re running out of time. [Instead I want to consider]
a couple of LHC-related questions — essentially LHCb

— the first one was answered by Patrick’s talk; so
the second one is whether we should be making

a shopping-list of the measurements that we

want LHCb to make — the people in this room,

this community — how much [would that help?]

[PS] I think that that’s an excellent idea. People
complain about the manpower issue at the B-
factories: at LHCb it’s even worse right now. So
having a list of things to look at — and a priori-
tised list — would be helpful for our planning.
As scientists come off of the building phase of
the experiment they’re going to be looking for
analyses. And if we have an enumerated list of
charm physics [topics] we might be able to woo
them into this field.

OK, so a specific question, as to whether there’s a

charmed baryon programme at LHCb.

[PS] Right: Not now. Not yet.

Will there be?

[PS] I don’t know. It would take more than just me
to be doing it.

OK, but realistically: would the people in this room
saying “We want such-and-such to be measured” make

a difference to that, or is it just the people in the col-
laboration?

[PS] I think it’s more getting individual scientists and
groups in the collaboration interested in that
work.

[JR] I just wanted to second that. I think that at the
moment, suggesting exciting analyses might ac-
tually still have an influence, for the very reason
that many people who have worked very hard
on building the detector are moving into physics
at this moment, and we can have influence over
[the choices that they make].

Maybe we should look into the list idea.

4.9. On being a successful sideline:

4.9.1. ISR work at a “super-B-factory”?

Going to another sideline point about the future, this
is one for SuperB: the ISR programme at the B-

factories has become quite an important part of the
work lately, and through accumulated accidents that

kind of dropped out of this meeting. [But there’s good
physics being done using ISR at present.] So, what

ISR programme is foreseen for the super-B or

super-flavor factories?

[DA] There are a couple of pages in the SuperB CDR
precisely on this physics, and I can tell you
that at every SuperB meeting that is about the
physics (not the accelerator) there are talks on
this subject. So it’s on the radar. The data
will get read out: it will be there on tape. But
it will require people who are interested in this
physics from the current experiments showing
up and doing that physics . . . I don’t think the
ability to do this physics, as interesting as it is,
will drive whether or not a super-B machine gets
built . . .

No, I think that’s right . . . Because it took us a long

time to warm up to doing ISR physics. It was in the
BaBar book — we didn’t have a book, but it was in the
BaBar book — but it even took them a while to warm

up to it, so I guess that’s what’s behind the question.

4.9.2. Charm studies at LHCb?

Some general questions about the future now: This is

actually a question that I care about as well, as to
how easy it’s going to be doing charm studies

parasitically at facilities that aren’t dedicated

to it. This is really an LHCb question: we managed

it fine at Belle and BaBar, but Belle and BaBar run
with open triggers. Now ...

[PS] Yes. We are in some sense competing for band-
width. And we may have to make a case for
every exclusive charm channel that we put in,
and certainly it needs to be optimised so that it
doesn’t eat into the total bandwidth too much.

But I think that anything that someone is gen-
uinely interested in doing can be put into the
trigger at this stage. It’s more of a manpower
issue, even at this stage. And if I may make a
comment about the poor neglected LHCb up-
grade — I’m sorry I didn’t mention anything
about that — the trigger is going to have to
be completely overhauled for an LHCb upgrade
in order to accomodate the increased luminos-
ity, and although it’s by no means finalised, the
prevailing idea for the trigger there is to go with
a full software trigger. And once you’ve done
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that, it opens up the whole field: if you can ef-
ficiently create a charm trigger, you don’t have
these pT cut limitations that are applied at the
hardware level.

So, yes. It’s a matter of manpower and interest
and influence, I think.

Anyone else on that one? No?

4.10. Charm & the heavy ion community

OK this is a question that I wasn’t expecting, but it’s a
potentially useful one, and it’s whether a closer col-

laboration with the heavy ion community would

be beneficial, either for charm or quarkonium

physics. Anyone with experience of heavy ion work?
Or friends in heavy ion work?

[AP] There is already close collaboration. First of all,
they are already going to share an accelerator:
the LHC. And you know, those guys need frag-
mentation functions, things like that: they get
it from us.

[KS] Already at Brookhaven, people are beginning to
do spectroscopy, which was not their [original]
goal. So they are of necessity coming into the
field, and they often ask questions: it is not quite
a collaboration yet, but yes, each is beginning to
get interested in the other. I think it’s a devel-
oping thing.

Right, I assume that’s the thought behind the question:
that the communities are somewhat disjoint.

[KS] At RHIC it’s beginning. At LHC it remains to
be seen, because it is still in the future.

[AP] There are already a couple of groups: I mean,
at our university, Michigan State, the groups are
both . . . there are groups on both CDF and D0,
CLEO, and STAR and PHENIX and so people
are . . . maybe it needs to be formalised.

[KP] Also at GSI with the FAIR project we have two
distinct communities . . . [but] it’s exactly ten
metres from my office to [that of] my colleague
who leads the heavy ion community there, and
our intention is to place an application for a vir-
tual institute . . . to manifest [our cooperation] a
little more: to really concentrate on charm and
the various issues with the nucleus . . . things are
moving together to some extent.

4.11. On charmed baryon measurements

OK. We are . . . running out of time. I thought
I’d just throw one slightly odd question in. There

was a comment along the way about the measure-

ments that are being made in baryons, and that

there appear to be some kind of imbalance in

it: that you can have some of these quite sophis-

ticated studies that measure the spin and parity of
some of the baryons, or search for new states or what-

ever, but there are quite fundamental things that we
know poorly, particularly about the Ωc. And some of

those measurements aren’t being made. Is there a way
around that? Or do we need a super-motivated group

to just do the work at the B-factories? I mean, CLEO-
c was going to run at Λc threshold at one point, and

famously . . .

[DA] SuperB — the INFN proposal — has plans to
spend a month at the Λc threshold. But it’s at
Λc threshold.

Right: they talk about it, but CLEO-c did as well. Is

it going to be the first thing that gets dropped, in the
same way that . . .

[DA] I think the answer is, “of course”.

Right. OK. That’s not necessarily a criticism . . .

[DA] The entire 4 GeV programme would probably
be the first thing to get dropped if the 10 GeV
luminosity wasn’t up to snuff.

[KP] To give you one example, our group started the
idea to measure . . . the Ds1(2536) which we
have seen this morning [7]; and it really has
reached excellent resolution . . . But to give you
an idea of the timescales, this PhD student has
spent three years on it, to get really all the sys-
tematics nailed down to that point where you
can reach these 100 keV systematic errors . . .
and that’s exactly what kills a lot of these mass
measurements. If there is not really an impor-
tant issue, you just drop it because these system-
atic studies . . . there are so many other things
you could do, which are more geared to the
mainstream.

Less mainstream and more difficult.

[KP] Yes.

4.12. Thanks

OK look, I ... don’t want to keep you here any longer,

and I think we’ve covered a fair amount of territory on
a range of things. So thanks to the people who served

on the panel, and to all of the speakers I guess. And
um, I would certainly like to thank the committee, for

what’s been a good workshop.
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