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Foreword

With the rich harvest of the two B-factories Belle and BaBar, the Cornell charm
factory and the Tevatron, the field of heavy quarks is currently receiving much at-
tention and has turned into a field of precision physics. The combination of both
experimental work and theoretical efforts, have revealed almost perfect consistency
with the Standard Model. In fact, the lack of significant deviations and absence of
new phenomena have led to much theoretical speculations on the energy scale for the
necessary extensions of the Standard Model.
In the field of leptons, the attention has strongly shifted to the sector of neutrinos.
The recent observations of neutrino oscillations have opened the field for new ideas,
and many new experimental efforts are either ongoing or planned. We may expect
many new surprises on both the nature of the neutrino and the completion of the
mixing matrix in the lepton sector.

The 2006 edition of the Conference on Heavy Quarks and Leptons (HQL2006)
has been organized by the groups E18 and T31 from the Physics Department of the
Technische Universität München and with the help of the Max-Planck-Institut für
Physik. It was the 8th edition in the biannual series, founded in 1993 by Laboratori
Nazionali di Frascati with the aim to bring together experts in the fields of heavy
quarks and leptons and to present the state-of-the-art of this area of research. In
particular, junior physicists have been encouraged to give presentations, next to talks
given by senior researchers.

The present conference took place in the impressive environment of the hall of
fame (’Ehrensaal’) of the German Museum of Science and Technology (’Deutsches
Museum’) in which statues and busts of many famous scientists from the past are
on continuous display. Under the supervision of Heisenberg, Hahn, Einstein and
Planck, 47 talks were presented, grouped into 9 session, which are also reflected in
the organization of this collection of proceedings articles.

We would like to thank the international advisory committee for the help in build-
ing the scientific program and the effort to guarantee the high scientific level observed
throughout HQL2006. We thank the speakers for their excellent presentations and
their contributions to these proceedings. In fact the prices ’Heavy Quarks and Lep-
tons Young Scientists Award’ for the best presentations by a young scientist were
awarded to Cecilia Tarantino (1st place), Stephanie Hansmann-Menzemer (2nd place)
and to Andreas Weiler and Lucio Cerrito (jointly holding the 3rd place)

We would like to thank the local organizing committee for their dedication to
make HQL2006 a successful conference. We are indebted to the staff of the groups
T31 and E18 of the Physics Department as well as to the Max-Planck-Institut für
Physik (Werner-Heisenberg-Institut).
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The next edition of this conference series will take place in Melbourne (Australia)
in 2008. We are looking forward to many more fruitful results, possibly with first
insights from the LHC.

Stephan Paul
Chairman, Organizing Committee
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Heavy Quark Spectroscopy

New states: ccbar and charmed mesons T. Lesiak
Recent Results in Bottomonium Physics T. Pedlar (CLEO)
SELEX results J. Engelfried (Selex)
NRQCD and Quarkonia N. Brambilla
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New charm resonances

Tadeusz Lesiak
Institute of Nuclear Physics
Polish Academy of Sciences
ul. Radzikowskiego 152
31-142 Kraków, Poland

1 Introduction

In the last five years we have witnessed a renaissance of charm spectroscopy. Several
new charmed states have been observed, using data samples collected by so-called B-
factories i.e. e+e− storage rings dedicated to the studies of CP violation in the sector
of the beauty quark. These machines are running essentially at the center-of-mass
(CMS) energy corresponding to the maximum of the Υ(4S) resonance (10.58 GeV/c2).
There are three such accelerators and detectors, which are currently taking data. The
oldest one, which contributed a lot of to the heavy flavour physics in the past twenty
years, is the CLEO apparatus [1,2] at the CESR [3] storage-ring (Cornell, USA). After
collecting the data sample of 16 fb−1, the CLEO collaboration has moved since 2003
to the lower energy working point corresponding to the maximum of the ψ(3770). The
other two detectors working at B-factories: the BaBar [4] at PEP-II [5] (Stanford,
USA) and Belle [6] at KEKB [7] (Tsukuba, Japan) have collected in the last few
years enormous data samples corresponding to 370 fb−1(630 fb−1), respectively. The
KEKB is, in fact, the record holder as far as the luminosity is concerned with its peak
value of 1.65× 1034 cm−2s−1. It is worthwile to stress here that the cross-section for
the continuum process e+e− → cc (1.3 nb) is comparable to the one for the reaction
e+e− → Υ(4S) → BB (1.1 nb). As a result, B-factories can be safely considered as
c-factories too. Moreover, charmed hadrons can he reconstructed here relatively easy,
due the ‘clean’ environment provided by e+e− collisions.

This paper is divided into several chapters, each one of them discussing the ob-
servation of an individual new state and entitled with its name. The following new
meson-like charmed hadrons are talked over: X(3872), Y (3940), X(3940), χ′

c2(3930),
Y (4260), hc and the cs states DsJ . Then the following new observations of charmed
barions will be described: Σc(2800), Λc(2940), Ξcx(2980), Ξcx(3077) and Ω∗

c .

3



T. Lesiak New charm resonances

2 X(3872)

The first new charmed resonance, marked as X(3872), was discovered by the Belle
collaboration in 2003 [8] by analyzing exclusive decays1 B+ → π+π−J/ψK+, J/ψ →
l+l−. The B mesons were reconstructed using two kinematical variables: the energy
offset ∆E =

∑
iEi−Ebeam and the beam-constrained mass Mbc =

√
E2
beam −

∑
i(~pi)

2,
where Ei and ~pi are the center-of-mass (CMS) energies and momenta of the selected
B meson decay products and Ebeam is the CMS beam energy. A very narrow peak
in the invariant mass spectrum of the system π+π−J/ψ was observed (Fig. 2) with
a statistical significance above 10 σ. The mass of the resonance was determined to
be (3872.0 ± 0.6 ± 0.5) MeV/c2 and a width below 2.3 MeV (90% C.L.), which is
consistent with the detector resolution.
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Figure 1: The mass distribution of J/ψπ+π− for the X(3872) resonance, as measured
by Belle collaboration.

The observation of X(3872) was very quickly confirmed by the CDF [9], D0 [10]
and BaBar [11] experiments. At first glance the X(3872) would appear as an ideal
candidate for one of the, unobserved yet, charmonium states. Among (cc) states,
the ones expected to be closest in mass to X are those belonging to the multiplets
1D and 2P multiplets [12]– [15]. However, it soon turned out that the, discussed
below, properties of none of these states are in agreement with measured properties of
X(3872). This fact stimulated the development of several theoretical models assuming
the exotic nature of this new resonance. In particular, the coincidence of the X mass
with the D0D∗0 threshold i.e. (3871.3± 1.0) MeV/c2 has prompted many theoretical
speculations that X(3872) may be a so-called deuson [16]– [19] i.e. a loosely bound
molecular state of these two mesons or a tetraquark i.e. a tightly bound open charm
diquark-antidiquark state [20, 21]. Other models attributed the X(3872) as a (cc)-

1charge conjugate modes are included everywhere, unless otherwise specified.
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Figure 2: The yield of B mesons from the decay a) B0 → γJ/ψK, in bins of the γJ/ψ
invariant mass and b) B0 → π+π−π0J/ψK, in bins of the π+π−π0 invariant mass,
determined by the Belle collaboration from fits to the ∆E and Mbc distributions.

gluon hybrid meson [22], a glueball with a (cc) admixture [23] or the so called threshold
cusp effect [24].

The Belle collaboration, has also provided the first evidence for two new decay
modes of the X(3872): X → γJ/ψ and X → π+π−π0J/ψ [25], observed in exclusive
B meson decays to the final states γJ/ψK and π+π−π0J/ψK, respectively. The
yield of the decay B → γJ/ψK plotted in bins of the γJ/ψ invariant mass (Fig. 2a))
exhibits an excess of 13.6 ± 4.4 events (statistical significance of 4σ). This evidence
was was recently confirmed by the BaBar collaboration [26] with the signal yield of
19.2±5.7 events (3.4σ). The observation of this decay establishes unambiguously that
the charge-conjugation parity of the X(3872) is positive and indicates the presence of
the cc component in its wave function. The partial width ratio Γ(X → γJ/ψ)/Γ(X →
π+π−J/ψ) amounts to 0.14± 0.05. This result is, in particular, in contradiction with
the χ′

c1 (1++ charmonium) assignment for X as in this case a value around 40 would
be expected. The second decay mode X → π+π−π0J/ψ was found to be dominated
by the sub-threshold decay X → ω∗J/ψ. This is motivated by the fact that the
yield of B mesons plotted in bins of the π+π−π0 invariant mass (Fig 2b)) inside of
the signal region from the decay X → π+π−π0J/ψ is consistent with zero except
for the M(π+π−π0) > 750 MeV/c2. There, the excess of 12.4 ± 4.1 events (4.3σ) is
observed. The ratio of branching fractions B(X → π+π−π0J/ψ)/B(X → π+π−J/ψ).
was measured to be 1.0±0.4±0.3, which implies a large violation of isospin symmetry.
This in turn points at the presence of both uu and dd pairs in the X wave function.
The overall properties of the above two decays are in reasonable agreement with the

D0D
0∗

molecule hypothesis.
The Belle collaboration also attempted to determine the JPC quantum numbers of

the X(3872) [27] by studying the angular distributions of the decay X → π+π−J/ψ,
as suggested by J.L. Rosner [28] Among the twelve possible JPC assignments, half
(0−−, 0+−, 1−−, 1+−, 2−− and 2+−) may be discarded due to their negative charge
conjugation-parity. The assignments 0−+ and 0++ are strongly disfavoured by the
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M(π+π−) [GeV/c2]

Figure 3: The dipion mass spectrum for the X(3872) (data points), as measured by
the CDF collaboration, together with fits to different JPC hypotheses.

analysis of angular distributions. The additional two odd-parity possibilities: 1−+

and 2−+ are discarded as for them the dipion invariant mass spectrum is expected to
be much softer to compare with the data. The above considerations leave only two
assignments: 1++ and 2++ as the possible JPC of X. The decay angular distributions
and π+π− angular distribution agree well with the 1++ hypothesis.

The assignment 2++ was disfavoured by the recent observation by Belle [29] of
a near-threshold enhancement in the D0D0π0 invariant mass in B → KD0D0π0

decays. It corresponds to 23.4± 5.6 signal events (6.4σ) at mass (3875.4± 0.7± 1.1)
MeV/c2 which is around two standard deviations higher than the world average for
X(3872) [30]. Taking for granted that the observed near-threshold enhancement is
due to the X(3872), the decay of a spin 2 state to three pseudoscalars (D0D0π0) would
require at least one pair of them to be in a relative D wave. In such a configuration
the near threshold production would be strongly suppressed by a centrifugal barrier.

The CDF collaboration [31] has recently studied the spin-parity of X(3872) using
a high-statistics sample of ≈ 3000 events of X(3872)→ π+π−J/ψ. The shape of the
π+π− invariant mass distribution was compared with the predictions corresponding
to all relevant JPC values. (Fig. 2). It was found that both 1++ and 2−+ assignments
fit reasobably the data.

Collecting the above information it seems the most plausible that X(3872) is a
deuson. This conjecture is supported in particular by the pattern of its decay modes
and the favoured spin-parity assignment 1++.

6
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Figure 4: B+ → K+ωJ/ψ signal yields vs M(ωJ/ψ) as determined by the Belle
collaboration. The curve in (a) shows the result of a fit that includes only a phase-
space-like threshold function. The curve in (b) corresponds to the result of a fit that
includes an S-wave Breit-Wigner resonance term.

3 Y(3940)

In 2004 The Belle collaboration observed another new state, denoted as Y(3940) and
produced in B+ → KωJ/ψ decays [32]. In this study events with M(Kω) < 1.6
GeV/c2 were rejected in order to remove the contribution from K∗ → Kw decays. A
fit to the ωJ/ψ invariant-mass distribution (Fig.4) yielded a signal of 58± 11 events
(8.1σ) corresponding to a mass of (3943±11±13) MeV/c2 and the width (87±22±26)
MeV.

Both mass and width of Y are in agreement with expectations for a radially excited
charmonium state χ′

cJ . This interpretation is also strengthened by the observation of
the corresponding (bb) decay χ′

b1 → ωΥ(1S) [33]. Such a (cc) state would, however,

decay predominantly to DD
(∗)

pairs, which is not observed. Moreover, for the χ′
cJ

hypothesis one would expect that B(B → Kχ′
cJ) < B(B → KχcJ) = 4×10−4. Taking

into account the value of the product B(B → KY )B(Y → ωJ/ψ) = (7.1±1.3±3.1)×
10−5 , determined by Belle, this implies that B(Y → ωJ/ψ) > 12 %. Such a value

would seem exceptionally high for any charmonium state with a mass above DD
(∗)

threshold.

The above drawbacks of the conventional charmonium interpretation of Y , in

particular the lack of its decay to DD
(∗)

and a large B(Y → ωJ/ψ), are in fact
advantages while taking for granted the hypothesis of a cc-gluon hybrid [34]. This is
also supported by the lattice QCD calculations [35] which indicate that a partial width
for the decay to KωJ/ψ are comparable to the value measured by Belle. However,
the masses of cc-gluon mesons predicted by these calculations [35]– [37] are between

7
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Figure 5: The distribution of masses recoiling against the reconstructed J/ψ measured
by the Belle collaboration in inclusive e+e− → J/ψX events. The four enhancements,
from left to right, correspond to the ηc, χc0, ηc(2S) and a new state X(3940).

4300 and 4500 MeV/c2 i.e. substantially higher than the measured value.

4 X(3940)

Yet another particle, marked as X(3940) with the mass of 3940 MeV/c2 was ob-
served by the Belle collaboration in the process e+e− → J/ψX [38]. Its signal
was seen in the spectrum of the J/ψ recoil mass (Fig. 5) defined as Mrecoil(J/ψ) =√

(ECMS − E∗
J/ψ)2 − (cp∗J/ψ)2/c2, where ECMS is the center-of-mass energy of the

event and E∗
J/ψ (p∗J/ψ) denote the CMS energy (momentum) of the J/ψ, respec-

tively. The previous studies of this process reveiled the presence of three states: ηc,
χc0 and ηc(2S). The new analysis, using significantly higher statistics, provided the
observation of the fourth particle in the J/ψ recoil mass spectrum. Its mass was
estimated to be (3943±6±6) MeV/c2 and and the width smaller than 52 MeV (90 %
C.L.). The search for X(3940) decay modes yielded the evidence for X → D∗D
(B = 96+45

−32 ± 22 %). No signal was observed for X → DD (B < 41 % (90 % C.L.))
and X → ωJ/ψ (B < 26 % (90 % C.L.)) The properties of X(3940) match the
expectations [15] of the 31S0 charmonium state, denoted also as η

′′

c .

It is appropriate to stress here that, in spite the same mass measured, it is ex-
tremely unlikely that the states X(3940) and Y (3940) coincide. The X(3940) decays
to DD∗ and does not decay to ωJ/ψ. for the Y(3940) the situation is reversed, as far
as the above-mentioned decays are concerned.

8
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(a)

M(DD) [GeV/c2]

(b)

| cos θ∗|
Figure 6: (a) Invariant mass distribution of DD pairs produced in two photon pro-
cesses as measured by Belle. The solid (dashed) curve shows the fits with (without)
a resonance component. The histogram corresponds to the distribution of the events
from the D-mass sidebands. (b) The distribution of the angle θ∗ of a D meson
relative to the beam axis in the γγ CMS frame. The data points correspond to
the 3.91 < M(DD) < 3.95 MeV/c2 region. The solid histogram shows the yield
of background scaled from M(DD) sidebands. The solid and dashed curves repre-
sent expectations for spin-2 and spin-0 hypotheses, respectively. The dotted curve
interpolates the non-peak background.

5 χ′c2(3930)

The Belle collaboration has also performed the search for the production of new
resonances in the process γγ → DD [39]. Here the two-photon processes are studied
in the “zero-tag” mode, where the final state electron and positron are not detected
and the transverse momentum of theDD system is very small. The analysis yielded an
observation of a new state, marked as Z(3930), at the mass and width of (3929±5±2)
MeV/c2 and (29± 10± 2) MeV, respectively (Fig. 6 a)). The statistical significance
of the signal amounted to 5.3σ. The product of the two-photon radiative width and
branching fraction for the decay to DD was found to be Γγγ ×B(Z(3930)→ DD) =
(0.18±0.05±0.03) keV. The properties of this new state match the expectations [15,40]
for the radially excited (cc) states χ′

c0 and χ′
c2. A study of angular distribution of

the D mesons in the γγ CMS frame showed that that spin-2 assignment is strongly
favoured over the spin-0 hypothesis. Thus the state Z(3930) can be safely interpreted
as the χ′

c2 23P2 charmonium.

9
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Figure 7: The π+π−J/ψ invariant mass spectrum measured by BaBar in the range
3.8–5.0 GeV/c2 and (inset) over a wider range that includes the ψ(2S). The points
represent the data and the shaded histogram corresponds to the scaled data from the
J/ψ mass sidebands. The solid line shows the result of the single-resonance fit. The
dashed curve represents the background component.

Figure 8: The missing momentum distribution measured by Cleo collaboration
for π+π−J/ψ (top), π0π0J/ψ (middle) and K+K−J/ψ (bottom) in the data at√
s = 4.26 GeV (data points) and the signal shape as predicted by MC simulation

(histogram) scaled to the net signal size.
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6 Y (4260)

The BaBar collaboration has studied initial-radiation (ISR) processes [41] e+e− →
γISRπ

+π−J/ψ and observed a broad resonance in the invariant mass spectrum of
π+π−J/ψ near 4.26 GeV/c2(Fig. 7). The photon radiated from an initial e+e− col-
lision is not detected directly. Since the new state, marked as Y (4260), is produced
in ISR events, its spin-parity is well defined as 1−−. The existence of Y (4260) was
soon confirmed by CLEO [42] and Belle [43] collaborations. The relevant parameters
of this new state are collected in Table 1. It is worthwile to note that the values
measured so far by three collaborations are only marginally consistent.

The CLEO collaboration has also provided the first observation of Y (4260) →
π0π0J/ψ) (5.1σ) and found the first evidence for Y (4260)→ K+K−J/ψ) (3.7σ) [42]
(Fig. 8). Simultaneously, the e+e− cross-sections at

√
s = 4.26 GeV were determined

for π+π−J/ψ and π0π0J/ψ final states to be (58+12
−10 ± 4) pb and (23+12

−8 ± 1) pb,
respectively.

The observation of the π0π0J/ψ contradicts the hypothesis that Y is a χcJρ
molecule [44]. The interpretation of Y as a baryonium state [45] is strongly dis-
favoured by the fact that the π0π0J/ψ rate is about half that of π+π−J/ψ. The
Y (4260) is located at the dip in R(e+e− → hadrons). Similar drop of the cross-
section was also found by Belle in the exclusive reaction e+e− → D∗+D∗−, measured
as a function of the CMS energy using ISR events [46]. This dip could be accomodated
as a result of ψ(3S)− ψ(4S) interference, provided that Y (4260) can be interpreted
as the conventional charmonium state ψ(4S) [47]. Then, however, the ψ(3S) should
exhibit a substantial coupling to π+π−J/ψ, which is not observed. Two other viable
models describe the Y (4260) as a tetraquark [48] or a cc-gluon hybrid meson [49]–
[51]. The unambiguos interpretation of Y (4260) can be possibly obtained as a result
of careful studies of its open-charm decays, in particular those with D meson (both
S and P wave) pairs.

The BaBar collaboration has studied the exclusive production of the DD system
(D = D0 or D+) through initial state radiation [52]. As seen in Fig 9, the DD mass
spectrum shows a clear ψ(3770) signal and two further structures, centered around
3.9 and 4.1 GeV/c2. No evidence was found for Y (4260)→ DD, leading to an upper

BaBar CLEO Belle (preliminary)
Yield (significance) 125± 23 (> 8σ) 14.1+5.2

−4.2 (4.9σ) 165+24+7
−22−23 (> 7σ)

Mass (MeV/c2) 4259± 8+2
−6 4283+17

−16 ± 4 4295± 10+11
−5

Width (MeV) 88± 23+6
−4 70+40

−25 ± 5 133+26+13
−22−6

Table 1: The parameters of the Y (4260) resonance, as measured by BaBar, CLEO
and Belle.
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Figure 9: The DD mass spectrum for the ISR sample, as measured by BaBar. The
arrow indicates the expected position of the Y (4260).

Figure 10: The π+π−J/ψ mass spectrum for the ISR sample, as measured by BaBar
in the analysis with the detection of the hard photon radiated from an initial e+e−

collision.
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(a) (b)

Figure 11: The recoil mass against π0 for (a) inclusive (i.e. no reconstruction of the
ηc) and (b) exclusive ηc reconstruction in the reaction ψ(2S) → π0hc → (γγ)(γηc),
as measured by CLEO collaboration.

limit B(Y (4260)→DD)
B(Y (4260)→π+π−J/ψ)

< 7.6 (90 % C.L.). This number is over an order of magnitude

smaller to compare with the value for the ψ(3770) which makes the interpretation of
Y (4260) as a conventional cc, rather doubtful.

The BaBar collaboration has also searched for the processes e+e− → (J/ψγγ)γISR
and e+e− → (J/ψπ+π−)γISR [53], where the hard photon radiated from an initial
electron-positron collision is directly detected. In the latter final state the signal of
Y (4260) was observed (Fig. 10). Its mass and width are consistent with the the values
originally reported by BaBar in [41]. In the (J/ψγγ)γISR final state, no events were
found in the Y (4260) mass region in the J/ψη, J/ψπ0 and χc2γ distributions.

7 hc

The CLEO collaboration has observed the hc (1P1) state of charmonium in the
reaction ψ(2S) → π0hc → (γγ)(γηc) [54]. The signal in the π0 recoil mass was
observed both for the inclusive reaction (Fig. 11 a)), where the decay products
of the ηc are not identified, and for exclusive processes (Fig. 11 b)), in which ηc
decays are reconstructed in seven hadronic decay channels (∼ 10 % of all ηc de-
cays). The results of the inclusive and exclusive analyses were combined and yielded
M(hc) = (3524.4 ± 0.6 ± 0.4) MeV/c2 (in agreement with [55]) and B(ψ(2S) →
π0hc)× B(hc → γηc) = (4.0± 0.8± 0.7)× 10−4. Together with the well known mass
value of the 3PJ centroid (< M(3PJ) >= (3525.36±0.06) MeV/c2 [30]), it has allowed
to determine for the first time the hyperfine splitting for the P states of charmonium:
∆Mhf (< M(3PJ) > −M(1P1) = (+1.0±0.6±0.4) MeV/c2. This agrees well with the
simplest calculations assuming the potential composed of a vector Coulombic (∼ r)
and a scalar confining (∼ 1/r) terms. They are both spin independent and as a
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result the hyperfine splitting should be zero. Larger values of the ∆Mhf could be
accomodated only after the inclusion of the higher-order corrections [56,57], which is
not confirmed by the CLEO measurement.

8 DsJ mesons

The symbol DsJ is often used to mark orbital excitations of the cs bound states. Four
such P -wave mesons are expected in the framework of potential models, inspired by
the heavy quark symmetry (HQS) [58, 59]. They can be naturally splitted in two
doublets differing in the orbital momentum of light degrees of freedom (jq). The
states with jq = 3/2 are predicted to be narrow and were identified as the Ds1(2536)
(Argus) and Ds2(2573) (Cleo) in 1989 (1994), respectively. The mesons belonging to
the jq = 1/2 are expected to be much wider i.e. more difficult to observe.

Two candidates for such states were found in 2003. First the BaBar collaboration
provided the evidence for the state DsJ(2317)+ (Fig. 12), decaying to D+

s π
0 [60].

The observation by Cleo of the second state DsJ(2460) (Fig. 13), in the decay to
D∗+
s π0 [61], followed almost immediately. Both signals were found in the continuum

processes e+e− → cc. There were soon confirmed by the Belle collaboration, together
with an additional evidence of their presence in B meson exclusive decays [62]. Two
other decay modes to the final states Dsγ and Dsπ

+π− (implies a spin of at least one)
were observed for the DsJ(2460)+.

The discussed below, unexpected properties of both new mesons questioned the
interpretation of both new mesons as (cs, jq = 1/2) bound states. First of all the
widths of both the DsJ(2317) and DsJ(2460) turned out to be very small, consistent
with the experimental resolution (< 4.6 MeV and < 5.5 MeV, respectively). Also their
masses, measured to be below the DK (D*K) thresholds, respectively, appeared to be
significantly lower to compare with HQS expectations, On the other side the study of
angular distributions of the DsJ(2317) and DsJ(2460) decay products, performed by
BaBar [63] and Belle [64], favoured strongly their spin-parity assignments 0+ and 1+,
in agreement with HQS predictions. This motivated a vigorous answer from the side of
theorists, proposing several exotic explanations for the two new mesons. In particular,
the DsJ(2317) and DsJ(2460) were interpreted as D(∗)K molecules [65, 66] or the
chiral doublers of the Ds and D∗

s [67, 68]. Assuming that current mass predictions
of HQS are wrong (they can in fact be shifted to lower values, in the presence of
a strong S wave coupling to DK(∗)), both new DsJ mesons could be comfortably
interpreted as coventional (cs) states. Provided that their predicted masses may be
lowered below the respective D(∗)K thresholds, the narrow widths of the DsJ(2317)
and DsJ(2460) are naturally explained. These low masses would clearly allow the
observed electromagnetic and isospin-violating decays of the the two states to be
pronounced. Thus, the two new DsJ mesons can be interpreted as conventional states
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Figure 12: The D+
s π

0 mass distributions for (a) the decay D+
s → K+K−π+ and

(b) D+
s → K+K−π+π0, as measured by BaBar. The solid curves represent the fits,

described in [60].

Figure 13: The mass difference ∆M(D∗
sπ

0) = M(Dsγπ
0)−M(Dsγ), measured by the

Cleo collaboration for (a) combinations where the Dsγ system is consistent with D∗
s

decay and (b) Dsγ combinations selected from the D∗
s mass sideband regions.
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Figure 14: B+ → D0D0K+ signal yield vs M(D0K+) (data points) as measured by
Belle. Additively superimposed histograms denote the contributions from DsJ(2700)
(blue), ψ(3770) (green), ψ(4160) (yellow), threshold (red) and phase-space (navy
blue) components.

Figure 15: Background subtracted DK invariant mass distributions measured by
BaBar collaboration for (a) D0(→ K−π+)K+, (b) D0(→ K−π+π0)K+, (c) D+(→
K−π+π+)K0

s and (d) the sum of all modes in the 2.86 GeV/c2 mass range. The
curves are the fitted functions described in [73].
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D∗
s0 and Ds1 ( [69]– [71]).

Yet another charm-strange meson, marked as DsJ(2700) and produced in B+ →
D0DsJ , DsJ → D0K+ was observed by Belle [72] (Fig. 14). This state has a mass
of M = (2715 ± 11+11

−14) MeV/c2 and a width Γ = (115 ± 20+36
−32) MeV and its signal

corresponds to 182± 30 events. The study of DsJ(2700) helicity angle distributions
strongly favours the spin parity assignment of 1−.

Recent observations concerning the DsJ family are completed by the study of three
inclusive processes e+e− → D0K+X,D0 → K−π+, e+e− → D0K+X,D0 → K−π+π0

and e+e− → D+K0
sX,D

+ → K−π+π+ performed by BaBar [73]. The distributions
of DK invariant mass (Fig. 15) show a clear signal of a new charm-strange meson,
marked as DsJ(2860), with a mass of M = (2856.6± 1.5± 5.0) MeV/c2 and a width
Γ = (47± 7± 10) MeV. The decay to two pseudoscalars implies a natural spin-parity
for this state (0+, 1−, ...) and the value JP = 3− is predicted in [74]. According to [75],
the DsJ(2860) could be a radial excitation of D∗

sJ(2317). However, other assignments
cannot be ruled out. Moreover, a second broad enhancement is observed around 2.69
GeV/c2 (Fig. 15). This state was temporarily marked as X(2690)+ and clearly further
inputs are necessary in order to understand its origin. Its mass was determined to be
M = (2688± 4± 3) MeV/c2 and a width Γ = (112± 7± 36) MeV. It would be very
interesting to check if there is any association between the DsJ(2700) and X(2690).

9 Σc(2800)

The Belle collaboration has provided the first evidence [76] for an isotriplet of excited
charmed baryons Σc(2800) decaying into the Λ+

c π
−, Λ+

c π
0 and Λ+

c π
+ final states. As

shown in Fig. 16, clear enhancements around 0.51 GeV/c2 are seen in the distributions
of the mass difference ∆M(Λ+

c π) = M(Λ+
c π) − M(Λ+

c ) for the Λ+
c π

−, Λ+
c π

0, and
Λ+
c π

+ combinations. The mass differences ∆M together with the widths of the states
Σc(2800) are collected in Table 2. These states are identified as the members of the
predicted Σc2, J

P = 3/2− isospin triplet [77]. The enhancement near ∆M = 0.43
GeV/c2 (cf Fig. 16), in the spectra corresponding to Λ+

c π
− and Λ+

c π
+ combinations,

is attributed to feed-down from the decay Λc(2880)+ → Λ+
c π

+π−, as verified by
reconstructing Λc(2880) in the data.

10 Λc(2940)+ and Λc(2880)+

The charmed baryon Λc(2940)+ was first observed by the BaBar collaboration in
the pD0 final state [78] (Fig. 17). The signal at 2.88 GeV/c2 is due to the decay
Λc(2880)+ → pD0. This comprises the first observation of the above decay channel
(the baryon Λc(2880)+ was first seen by CLEO in the final state Λ+

c π
+π− [79]). The
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Figure 16: M(Λ+
c π)−M(Λc) distributions of the selected Λ+

c π
− (left), Λ+

c π
0 (middle),

and Λ+
c π

+ (right) combinations. Data from the Λ+
c signal window (points with error

bars) and normalized sidebands (histograms) are shown, together with the fits (solid
curves) and their combinatorial background components (dashed).

Table 2: Parameters of the baryons Σc(2800)0, Σc(2800)+ and Σc(2800)++ as mea-
sured by Belle.

State ∆M [MeV/c2] Width [MeV] Yield/103 Significance (σ)
Σc(2800)0 515.4+3.2+2.1

−3.1−6.0 61+18+22
−13−13 2.24+0.79+1.03

−0.55−0.50 8.6
Σc(2800)+ 505.4+5.8+12.4

−4.6−2.0 62+37+52
−23−38 1.54+1.05+1.40

−0.57−0.88 6.2
Σc(2800)++ 514.5+3.4+2.8

−3.1−4.9 75+18+22
−13−11 2.81+0.82+0.71

−0.60−0.49 10.0

Table 3: Parameters of the baryons Λc(2880)+ and Λc(2940)+, as determined by
BaBar and Belle.

State Expt. Mass [MeV/c2] Width [MeV] Yield (events)
Λc(2880)+ BaBar 2881.9± 0.1± 0.5 5.8± 1.5± 1.1 2800± 190
Λc(2880)+ Belle 2881.2± 0.2+0.4

−0.3 5.5+0.7
−0.3 ± 0.4 880± 50± 40

Λc(2940)+ BaBar 2939.8± 1.3± 1.0 17.5± 5.2± 5.9 2280± 310
Λc(2940)+ Belle 2937.9± 1.0+1.8

−0.4 10± 4± 5 210+70+100
−40−60
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Figure 17: Invariant mass distribution of pD0 pairs, as measured by BaBar collabo-
ration (data points). The shaded histogram and open circles correspond to the D0

mass sidebands and wrong-sign pD0 candidates, respectively. The inset shows the
pD0 mass spectrum in the range 2.9–2.975 GeV/c2.
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Figure 18: The invariant mass distribution of the Λ+
c π

+π− combinations as measured
by the Belle collaboration. The plot corresponds to the Σc(2455) mass peak of the
Λcπ

± combinations. The signals of Λc(2765)+, Λc(2880)+ and Λc(2940)+ can be
clearly distinguished.

19



T. Lesiak New charm resonances

search for a doubly-charged partner of the Λc(2940)+, performed by BaBar in the
final state pD+, gave negative results [78].

The Belle collaboration has recently reported the evidence for another decay mode
Λc(2940)+ → Σc(2455)0,++π± [80] (Fig. 18). The study of angular distributions of
the decay Λc(2880)+ → Σ0,++

c π± strongly favours a Λc(2880)+ spin assignment of 5
2

over 3
2

and 1
2

[80].

The parameteters of both Λc(2880)+ and Λc(2940)+ measured by Belle and BaBar,
are in good overall agreement (Table 3).

11 Ξcx(2980) and Ξcx(3077)
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Figure 19: (a): M(Λ+
c K

−π+) distribution (points with error bars) together with
the fit (solid curve). The dashed region represents the background component corre-
sponding to the wrong-sign combinations Λ+

c K
+π−. (b): M(Λ+

c K
0
sπ

+) distribution
(points) together with the overlaid fitting curve. Both spectra were measured by the
Belle collaboration.

In the beginning of this year, the Belle collaboration reported the first observa-
tion of two baryons [81], denoted as Ξcx(2980)+ and Ξcx(3077)+ and decaying into
Λ+
c K

−π+ (Fig. 19(a)). The existence of both new particles were quickly confirmed
by BaBar [82]. Assuming that these states carry charm and strangeness, the above
observation would comprise the first example of a baryonic decay in which the initial
c and s quarks are carried away by two different final state particles. Most naturally,
these two states would be interpreted as excited charm-strange baryons Ξc. This
interpretation is strengthened by the positive results of the search for neutral isospin
related partners of the above states (Fig. 19(b)), performed by Belle in Λ+

c K
0
sπ

−

final state [81]. It yielded an evidence of the Ξcx(3077)0 together with a broad en-
hancement near the threshold i.e. in the mass range corresponding to the Ξcx(2980)0.
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Figure 20: The invariant mass distributions of Ω∗0
c → Ω0

cγ candidates with Ω0
c recon-

structed by BaBar in the decay modes (a) Ω−π+, (b) Ω−π+π0, (c) Ω−π+π−π+ and
(d) Ξ−K−π+π+. The points with error bars represent the data, the dashed line cor-
responds to the combinatorial background and the solid line is the sum of signal and
background. The shaded histograms correspond to the mass distribution expected
from the mass sideband of Ω0

c .
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The preliminary parameters of the states Ξcx(2980)+ and Ξcx(3077)+ are collected in
Table 4.

In the Λ+
c K

−π+(π+) final state, the SELEX collaboration [83] reported the obser-
vation of two double charmed baryon: Ξ+

cc with a mass of 3520 MeV/c2 and Ξ++
cc with

a mass of 3460 MeV/c2. The studies by Belle [81] and BaBar [85] show no evidence
for these states. The BaBar collaboration estimated the following 95 % C.L. upper
limits on the ratio of production cross-sections: σ(Ξ+

cc)×B(Ξ+
cc → Λ+

c K
−π+)/σ(Λ+

c ) <
2.7× 10−4 and σ(Ξ++

cc )× B(Ξ++
cc → Λ+

c K
−π+π+)/σ(Λ+

c ) < 4.0× 10−4 (estimated for
p∗(Λc) > 2.3 GeV/c, where p∗ denotes the CMS momentum of the Λc). The Belle
collaboration studied only the single-charged state which yielded σ(Ξ+

cc) × B(Ξ+
cc →

Λ+
c K

−π+)/σ(Λ+
c ) < 1.5× 10−4 (90 % C.L.; p∗(Λc) > 2.5 GeV/c).

Table 4: Parameters of the new charm-strange baryons Ξcx(2980)+,0 and Ξcx(3077)+,0

State Expt. Mass Width Yield Signif.
(MeV/c2) (MeV) (events) (σ)

Ξcx(2980)+ BaBar 2967.1± 1.9± 1.0 23.6± 2.8± 1.3 284± 45± 46 7.0
Ξcx(2980)+ Belle 2978.5± 2.1± 2.0 43.5± 7.5± 7.0 405.3± 50.7 5.7
Ξcx(3077)+ BaBar 3076.4± 0.7± 0.3 6.2± 1.6± 0.5 204± 35± 12 8.6
Ξcx(3077)+ Belle 3076.7± 0.9± 0.5 6.2± 1.2± 0.8 326.0± 39.6 9.2
Ξcx(2980)0 Belle 2977.1± 8.8± 3.5 43.5 (fixed) 42.3± 23.8 1.5
Ξcx(3077)0 Belle 3082.8± 1.8± 1.5 5.2± 3.1± 1.8 67.1± 19.9 4.4

12 Ω∗0c
The baryon Ω∗0

c was observed by the BaBar collaboration in the radiative decay
Ω0
cγ [86]. This state was the last singly-charm baryon having zero orbital momentum,

remaining to be experimentally detected. The Ω0
c was reconstructed in the decays to

the final states Ω−π+, Ω−π+π0, Ω−π+π−π+ and Ξ−K−π+π+ (Fig. 20). The mass
difference between Ω∗0

c and Ω0
c was measured to be ∆M = 70.8± 1.0± 1.1 MeV/c2.

This agrees with the theoretical prediction in [87, 88] and is below that described
in [89].

13 Summary

The charm physics has many features of the Sleeping Beauty. After the initial public-
ity of the times of November revolution, it remained a calm field aimed at filling the
columns of Particle Data Group booklets with new or more accurate cross-sections,
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branching ratios, lifetimes etc. It seems that B factories acted like a prince who
kissed the Sleeping Beauty and waked her up right in the beginning of this century.
The discovery of plethora of new charmed states has revitalized the charm physics
and triggered many new theoretical ideas. Since the B factories are still collecting
enormous samples of data, it is rather likely that some new exciting and charming
discoveries are just around the corner.

I am very grateful to the organizers of the HQL2006 Conference for their support
and all efforts in making this venue successful. Special thanks to Prof. S.Paul.
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1 Introduction

Nearly thirty years ago, the E288 experiment at Fermilab reported [1] the obser-
vation of a significant excess in the number of events near 9.5 GeV in the spec-
trum of the invariant mass of µ+µ− produced in a proton beam on a nuclear target.
Over the course of the subsequent two decades the spectrum of this newly-discovered
heavy quarkonium system was fleshed out in some detail. Experiments which con-
tributed to this initial survey of the system included those whose methods of pro-
duction span the full spectrum of possible techniques, including the interaction of
extracted hadron beams on heavy targets, electron-positron annihilation and two-
photon double-bremsstrahlung from very high energy electron and positron beams.
Compared to charmonium, the bottomonium spectrum below open flavor threshold is
richer, offering more opportunity to flesh out the details of the interactions between
heavy quarks. Despite the two decades of research on the spectrum of this beautiful
system, many things remain hidden and left to be discovered. We describe the status
of several studies in bottonium spectroscopy made over the course of the past several
years at CLEO, BaBar and Belle.

As evidenced by the prodigious output of the Quarkonium Working Group, [2]
heavy quarkonia offer an important experimental laboratory for the understanding of
quark-antiquark interactions. The bottomonium system, free as it is of some of the
more severe relativistic complications due to the very large mass of the bottom quark,
is a particularly advantageous system to study. Among the important quantities that
one would like to measure precisely in the bottomonium spectrum are the masses,
hyperfine splittings, dilepton decay widths, etc. These are key inputs and checks for
Lattice QCD calculations, which are steadily improving in precision. Such data, and
additionally measurements of the details of the P-wave fine structure can also aid the
development of QCD and potential models. Hadronic decay rates and detailed studies
of angular distributions and invariant mass spectra are important in developing our
theoretical understanding of hadronization.
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Figure 1: Schematic showing the full bb spectrum below open beauty threshold.

In each of these cases, comparison to similarly precise measurements in the char-
monium system that have been performed by CLEO, E835 and other recent experi-
ments, provide a very nice foundation for improving theoretical models that describe
the dynamics of heavy quarks.

2 The Experimental Situation Circa 2001

At the beginning of 2001, the spectrum of bottomonium was known, in its gross
features, relatively well (see Figure 1). Three triplet-S states, the Υ(3S), Υ(2S) and
Υ(1S) had been observed, with known branching ratios to lepton pairs; two pairs of
triplet-P states (χb(1P ) and χb(2P )) had all been observed in radiative transitions
from the higher Υ(nS) states, and many had been observed to decay radiatively to
lower Υ(mS) states. The masses of all nine of these states were known to varying
degrees of precision. Leptonic branching ratios and/or partial widths were not all
well known.

From 2001 to 2002, CLEO took data at center of mass energies on or near the
three lower-lying triplet-S bottomonium resonances, expending from 1.2 to 1.5 fb−1

in each case. The number of Υ(nS) decays observed were approximately 22, 9 and 6
million, for Υ(1S), Υ(2S) and Υ(1S), respectively. These data samples were at the
time the largest single samples of each state, representing factors of ten- to twenty-fold
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Figure 2: Schematic showing dilepton decay and production vertices involving Υ(nS).

statistical improvement.

3 New Leptonic Decay Measurements from e to τ

The leptonic partial width of a quarkonium state is one of the basic parameters calcu-
lable in LQCD, and is therefore a valuable parameter to be explored with precision. In
Figure 2 are shown Feynman diagrams illustrating the heavy quarkonium production
and decay vertices involving a lepton pair. At CLEO, we have recently measured lep-
tonic widths or branching ratios for all three Υ(nS) states that lie below open-bottom
threshold to all three lepton flavors (e+e−, [3] µ+µ−, [4] τ+τ− [5]). We describe these
measurements in chronological order.

3.1 µ+µ− Branching Ratios

The branching ratios of Υ(nS) to µ+µ− involve a relatively simple measurement: the
observation of a final state consisting only of a high-momentum muon pair. Dominant
systematic uncertainties for these measurements are the hadronic trigger efficiency,
muon detection efficiency and the scale factor which is used in the background sub-
traction. Overall systematic uncertainties are 2.7, 3.7 and 4.1%, for the branching
ratio measurements of Υ(1S), Υ(2S) and Υ(3S), respectively.

The new measurements by CLEO of these branching ratios represent, in the case
of Υ(2S) and Υ(3S) in particular, substantial improvements in precision - and are
significantly different than the previously-reported world average values. Because of
this, these measurements have significant impact on many of the branching ratios for
cascade decays that end in Υ(2S). They also impact the total widths of Υ(2S) and
Υ(3S). Using the PDG2004 values for the quantity ΓeeΓhad/Γtot, we obtain Γ(1S) =
(52.8± 1.8)keV, Γ(2S) = (29.0± 1.6) keV and Γ(3S) = (20.3± 2.1)keV. This should
be compared with the previous [6] evaluations in the 2004 version of the PDG of
Γ(1S) = (53.0± 1.5)keV, Γ(2S) = (43± 6) keV and Γ(3S) = (26.3± 3.4)keV.
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Figure 3: Reconstructed µ+µ− as a function of µ+µ− invariant mass for each of the
three low-lying Υ(nS) states. (left) Open histogram: reconstructed events; shaded
histogram: scaled off-resonance data for continuum subtraction. (right) Difference
between the two histograms at left reveals the decay of Υ(nS) to µ+µ−.

Quantity New CLEO Result PDG2004
Bµµ(Υ(1S)) (2.49± 0.02± 0.07)% (2.48± 0.06)%
Bµµ(Υ(2S)) (2.03± 0.03± 0.08)% (1.31± 0.21)%
Bµµ(Υ(3S)) (2.39± 0.07± 0.10)% (1.81± 0.17)%

Table 1: New measurements of B(Υ(nS)→µ+µ−) from CLEO. [4]
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Figure 4: Hadronic yield measured by CLEO during scans of the center of mass
regions near the Υ(nS) masses. The points represent the data, the solid line is the
fit, and the dashed line the sum of backgrounds, which are dominantly hadronic
continuum and radiative Bhabhas. The shaded area represents the yield from which
Γee is obtained. [3]

3.2 e+e− Partial Widths

Because at CLEO Υ(nS) states are produced at resonance by annihilation of e+ and
e− beams, the partial width of these states to e+e− are not measured by studying
the e+e− final state, but by observing the decay of these states to hadrons at various
center of mass energies (

√
s) that span the width of the state and integrating under the

excitation curve thus produced. In these measurements a systematic uncertainty of
1.5−1.8% was achieved - the chief contributing uncertainty being the 1.3% uncertainty
from the overall luminosity scale. From the fit to the yields (see Figure 4) is obtained
the partial width product ΓeeΓhad/Γtot. Applying an assumption of lepton universality,
and using the recent measurement of B(µ+µ−) for all three states by CLEO, [4] this
product is then converted into the final results for Γee, thus:

Γee =
ΓeeΓhad/Γtot

1− 3B(µ+µ−)
.

The results are tabulated in Table 2. The best object for comparison to lattice
calculations is the ratio of e+e− partial widths times the square of the mass of the
state for pairs of states. For instance, we compare in Figure 5 the measured ratio
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ΓeeΓhad/Γtot(Υ(1S)) : 1.252± 0.004± 0.019 keV
ΓeeΓhad/Γtot(Υ(2S)) : 0.581± 0.004± 0.009 keV
ΓeeΓhad/Γtot(Υ(3S)): 0.413± 0.004± 0.006 keV
Γee(Υ(1S)) : 1.354± 0.004± 0.020 keV
Γee(Υ(2S)) : 0.619± 0.004± 0.010 keV
Γee(Υ(3S)): 0.446± 0.004± 0.007 keV
Γee(Υ(2S))/Γee(Υ(1S)) : 0.457± 0.004± 0.004
Γee(Υ(3S))/Γee(Υ(1S)) : 0.329± 0.003± 0.003
Γee(Υ(3S))/Γee(Υ(2S)): 0.720± 0.009± 0.007

Table 2: Various combinations of partial and total widths for the three triplet-S
bottomonium resonances. The top three rows contain the primary measurements
made by CLEO [3]. The second two sets of three rows are derived quantities using
combinations of measurements and/or other experimental inputs [4, 6].

Figure 5: Comparison between the CLEO measurement and the unquenched lattice
QCD calculation of the quantity Γee(2S)M2(2S))/(Γee(1S)M2(1S)). [3, 7]
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Figure 6: Ratio of observed τ pair energy to
√
s for each of the four Υ(nS) resonances.

The points represent the data and the solid histogram the scaled continuum. From
the excess above scaled continuum, we obtain the final event yield, and subsequently
B(τ+τ−). The plot of data taken at the Υ(4S), which shows agreement between the
scaled continuum and the on-resonance data is included to demonstrate the validity
of the background subtraction. [5]

Γee(2S)M2(2S))/(Γee(1S)M2(1S)). The most recent lattice result for this quantity
compares well with the experimental result, with theoretical uncertainties somewhat
larger than the uncertainties of the experimental result:

Γee(2S)M2(2S))/(Γee(1S)M2(1S)) = 0.514± 0.007 (CLEO, [3])

= 0.48± 0.05 (LGT, [7]).

3.3 τ+τ− Branching Ratios

Prior to the CLEO result which is presented here, only the Υ(1S) decay to τ+τ− was
at all well measured. Υ(2S) had been observed to decay to τ+τ−, but Υ(3S) had never
been observed in this decay mode. For this study, each τ is observed to decay via one
of its one-prong decay modes. One of the benefits of this selection is a very clean final
state involving just two tracks, but one which is easily distinguishable from Bhabha,
Υ(nS)→e+e− or Υ(nS)→µ+µ− by virtue of the large missing energy in the event that
is taken up by unobserved neutrinos. Furthermore, the results of this analysis are
quoted as a ratio to the very well measured µ+µ− branching ratios presented above,
so that many systematic uncertainties are either cancelled or very greatly reduced.
These new measurements are of particular interest as tests of lepton universality in the
decays of Υ(nS) - they demonstrate consistency with Standard Model expectations,
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B(τ+τ−)/B(µ+µ−) B(ττ)(%)
Υ(1S) 1.02± 0.02± 0.05 2.54± 0.04± 0.12
Υ(2S) 1.04± 0.04± 0.05 2.11± 0.07± 0.13
Υ(3S) 1.07± 0.08± 0.05 2.55± 0.19± 0.15

Table 3: Ratios of B(τ+τ−) to B(µ+µ−), and B(τ+τ−), calculated using the most
recent CLEO measurements of B(µ+µ−) [4] for the three triplet-S bottomonium res-
onances. [5]

and represent the most precise single measurement of B(Υ(1S)→ττ), a very much
improved value of B(Υ(2S)→ττ) and the first ever measurement of B(Υ(3S)→ττ).

4 New Studies of Hadronic Transitions

Figure 7: Schematic illustrating the transtion from one Υ(nS) state to a lower state
by emission of hadrons.

Measurements of the decay rates and kinematic characteristics of hadronic tran-
sitions within the bottomonium system, which are generally understood theoretically
in terms of a multipole expansion model [8], (see Figure 7) are important tools for
improving our understanding of the hadronization process. Ever since the discov-
ery of the bottomonium dipion transitions by CLEO and others, there has been a
well-known difficulty in the describing the various transitions in a single theoretical
framework. In particular, the Υ(3S)→Υ(1S)ππ decays are of interest.

In the past year, both Belle and BaBar have produced interesting results involving
hadronic transitions from the Υ(4S). Together with recent results from CLEO on
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Figure 8: Plots from Belle of the quantity ∆M , the mass difference between the
combination of µ+µ−π+π− and the µ+µ− alone, in the region expected for the
observation of (left) Υ(2S)→π+π−Υ(1S), (center) Υ(3S)→π+π−Υ(1S) and (right)
Υ(4S)→π+π−Υ(1S). [9]

hadronic transitions between Υ(3S) and Υ(2S) and the lower Υ(mS) resonances, an
intriguing picture is emerging concerning the distributions of dipion invariant masses.

4.1 Studies of Hadronic Transitions at Belle

The Belle study of Υ(4S)→π+π−Υ(1S), [9] was based on a sample of integrated
luminosity 398 fb−1 (386 million Υ(4S) decays). In this study, the daughter Υ(1S) was
observed via its decay to µ+µ−. After requiring a µ+µ− candidate with an invariant
mass in the vicinity of M(Υ(1S)) = 9.460 GeV, an additional pair of pions of opposite
charge was required, with the criterion ∆M ≡M(µ+µ−π+π−)−M(µ+µ−) satisfying
the expectation that it be consistent with 10.580 − 9.460 GeV = 1.120 GeV. A
significant source of background for this analysis is the process e+e−→γµµ, in which
the γ converts in detector material and fakes the π+π−.

In order to obtain a yield of the desired signal events, the ∆M spectrum is fitted.
Shown in Figure 8 are the signals near the appropriate ∆M regions for the observation
of processes involving either the resonant decay of Υ(4S) or the radiative return
process e+e−→γΥ(3S),Υ(2S) and the subsequent decay Υ(3S),Υ(2S)→π+π−Υ(1S).
After correcting for acceptance and efficiency, a branching ratio of

B(Υ(4S)→π+π−Υ(1S)) = (1.1± 0.2± 0.4)× 10−4

was obtained. Using the PDG value for the full width of Υ(4S), they obtain a partial
width

Γ(Υ(4S)→π+π−Υ(1S)) = (2.2± 1.0) keV.
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This value can be compared to the decay partial widths to π+π−Υ(1S) for the Υ(3S)
and Υ(2S) of 8.1± 1.2 keV and 1.2± 0.2 keV, respectively.

4.2 Studies of Hadronic Transitions at BaBar

The BaBar study of Υ(4S) hadronic transitions was based on a sample of inte-
grated luminosity 211 fb−1 (230 million Υ(4S) decays). Both Υ(4S)→π+π−Υ(1S)
and Υ(4S)→π+π−Υ(2S) transitions were observed using a similar analysis method to
that used by Belle. [10] Their selection of the µ+µ−π+π− final state required a pair
of charged particles consistent with being µ+µ− and a second pair of tracks which
are not consistent with being e+e−, in order to remove the events in which the γ
produced in a radiative mu pair event converts to e+e− and would otherwise fake the
π+π− signal.

BaBar defines the same quantity ∆M as do their counterparts at Belle, and
similarly fit the ∆M spectra obtained by selecting appropriate regions in the two-
dimensional plane of M(µ+µ−) vs. ∆M (see Figure 9). The two ∆M spectra used
in the observation of Υ(4S)→π+π−Υ(1S) and Υ(4S)→π+π−Υ(2S) are shown in Fig-
ure 10. From the fits to the data shown are obtained yields (signal significances)
of 167 ± 19(10.3σ) and 97 ± 15(7.3σ) for the transitions terminating in Υ(1S) and
Υ(2S), respectively. (See Table 4) From these yields, the following product branching
fractions are obtained:

B(Υ(4S)→Υ(1S)π+π−)× Bµ+µ−(Υ(1S)) = (2.23± 0.25± 0.27)× 10−6

B(Υ(4S)→Υ(2S)π+π−)× Bµ+µ−(Υ(2S)) = (1.69± 0.26± 0.20)× 10−6

These products may then, using the most recent CLEO results forBµ+µ−(Υ(nS)), [4]

and a recent measurement (BaBar) of Γtot(Υ(4S)), [11] be used to obtain the following
partial widths Γ(Υ(4S)→Υ(nS)π+π−:

Γ(Υ(4S)→Υ(1S)π+π−) = 1.8± 0.4 keV

Γ(Υ(4S)→Υ(2S)π+π−) = 1.7± 0.5 keV

4.3 Studies of Dipion Invariant Mass Spectra

It has long been known that the invariant mass distribution of the π+π− produced
in Υ(3S)→Υ(1S)π+π− is difficult to explain with a simple S-wave decay model, but
it is safe to say that the theoretical description of this decay remains incomplete.
CLEO has recently made measurements of the Υ(nS)→Υ(mS)π+π− transitions in
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Experiment Transition Bπ+π− Γπ+π−

(×10−4) (keV)
Belle 4S→1S 1.13± 0.45 2.3± 0.9
BaBar 4S→1S 0.90± 0.15 1.8± 0.4
BaBar 4S→2S 0.88± 0.19 1.8± 0.5

Table 4: Results of measurements by Belle [9] and from BaBar [10]. For ease of
comparison, the branching ratios and the partial widths have been recalculated using
common inputs: the PDG06 average value for Γ(4S) [12] and the most recent CLEO
results for B(Υ(nS)→µ+µ−). [4] Belle has since the conference updated their result,
basing a new measurement on 477fb−1 of integrated luminosity at Υ(4S), obtaining
B(π+π−) = 1.77± 0.23× 10−4 and Γ(π+π−) = 3.7± 0.9 keV. [13]

the most recent data sets, and observed again the familiar double-humped structure
in the invariant mass of the π+π− produced in the Υ(3S)→Υ(1S)π+π− transition, a
preliminary plot of which is shown in Figure 11.

BaBar and Belle have also made recent measurements of π+π− invariant mass dis-
tributions in conjunction with the measurements discussed in the previous section (see
Figure 11). Each of the three experiments show Υ(3S)→Υ(1S) and Υ(2S)→Υ(1S)
distributions that agree with each other and with the previously measured distribu-
tions. Of particular interest, however, is the fact that the ∆n = 2 transition reported
by BaBar, namely Υ(4S)→Υ(2S)π+π−, also shows a double-humped structure similar
to the well-measured Υ(3S)→Υ(1S)π+π− transition from CLEO. The fact that both
these ∆n = 2 transitions show similar π+π− invariant mass structure may be helpful
in solving the long-known puzzle of the Υ(3S)→Υ(1S)π+π− mass distribution.

5 Conclusions

The past five years has been an active period in bottomonium spectroscopy, with sev-
eral new measurements contributing to the greater understanding of the bottmonium
system and heavy quark dynamics. With the missing bottomonium singlet states still
to be found, and the question of a fuller explanation of hadronic transitions within
the system still to be answered, there is plenty of opportunity for still more work to
be done, should the opportunity arise.
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Figure 11: π+π− invariant mass distributions in Υ(nS)→Υ(mS)π+π− from
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1 Introduction

SELEX (Fermilab Experiment 781) [1] employs beams of Σ−, π−, and protons at
around 600 GeV/c to study production and decay properties of charmed baryons. It
took data in the 1996/7 fixed target run and is currently analyzing those data.

Here we will focus on recently obtained results concerning the Ω0
c lifetime and the

doubly-charmed baryons Ξ+
cc and Ξ++

cc .

2 New Results on the Ω0
c

SELEX observes the Ω0
c in three decay modes, namely Ω0

c → Ω−π+, Ω0
c → Ω−π+π+π−,

and Ω0
c → Ξ−K−π+π+. The invariant mass distributions for these modes are shown

in fig. 1. The total sample contains 107 ± 22 events, nearly half of them in Ω3π.
At this moment we are working on the systematics of the mass and branching ratio
measurements of these modes [2].

We use the Ωπ and Ω3π channels to determine the lifetime of the Ω0
c . We calculate

the reduced proper time ct, given by ct = (L−Nσ)/γ, requiring L/σ > N with N = 6,
for each event within the mass region of the Ω0

c . The proper lifetime resolution is
∼ 20 fs. We make a maximum likelihood fit to a probability distribution having an
exponential decay for the signal and two exponentials for the fast and slow components
of the background:

Ns(1− α)f(t)τ−1e−t/τ + αNB(βτ−1
1 e−t/τ1 + (1− β)τ−1

2 e−t/τ2)

where τ , α, β, τ1, τ2 are the fit parameters describing the lifetime and the relative
contributions of the background to the ct distribution, and f(t) is the acceptance

1email: jurgen@ifisica.uaslp.mx
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Figure 1: Invariant mass distributions for different decay modes of the Ω0
c . Left:

Ω−π+, Signal: 35±12 events; center: Ω−π+π+π−, 44±14 events; right: Ξ−K−π+π+,
28± 12 events

function. We do this for each mode separately, and obtain for the Ωπ mode τ =
62.6 ± 22.0 fs and for the Ω3π mode τ = 65.8 ± 16.0 fs. Combining the two results
yields τΩc = 65± 13 (stat)± 9 (sys) fs. More details can be found in [3]. This result
should be compared to the current PDG average [4] of 69 ± 12 fs, using a total of
175 events from three different experiments.

3 Doubly Charmed Baryons

3.1 The Discovery of Double Charm Baryons

In 2002 the SELEX collaboration reported the first observation of a candidate for a
double charm baryon, decaying as Λ+

c K
−π+ [5, 6]. The state had a mass of 3519 ±

2 MeV/c2, and its observed width was consistent with experimental resolution, less
than 5 MeV/c2. The final state contained a charmed baryon and negative strangeness
(Λ+

c and K−), consistent with the Cabibbo-allowed decay of a Ξ+
cc configuration.

In order to confirm the interpretation of this state as a double charm baryon, it is
essential to observe the same state in some other way. Other experiments with large
charm baryon samples, e.g., the FOCUS [7] and E791 fixed target charm experiments
at Fermilab or the B-factories, have not confirmed the double charm signal. This is
not inconsistent with the SELEX results. The report in Ref. [5] emphasized that this
new state was produced by the baryon beams (Σ−, proton) in SELEX, but not by
the π− beam. It also noted that the apparent lifetime of the state was significantly
shorter than that of the Λ+

c , which was not expected in model calculations [8]. A
more detailed discussion can be found in [9].
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3.2 Features and Problems in the Original Analysis, and Pos-
sible Solutions

All the signals observed so far are statistically significant, but have only a few signal
events. The signals are clean, e.g. there is very little background, but the background
itself is also difficult to estimate. SELEX only observes events from the baryon (Σ−,
proton) beams, and the number of observed events is larger than some production
models (see for example [10,11]) predict. As mentioned before, the lifetime seems to
be very short, and no other experiment has confirmed our observations.

Another way to confirm the Ξ+
cc is to observe it in a different decay mode that also

involves a final state with baryon number and charm (not anti-charm). One such mode
involving only stable charged particles is the channel pD+K−, another one Ξ+

c π
+π−.

SELEX developed a new method for a more reliable background determination. We
also improved the resolution on the secondary vertex position by including the single-
charm track into the vertex fit, and we redid our full analysis chain to increase our
statistics. In the following we will describe these step in details.

3.3 New Analysis Features within SELEX

The Cabibbo-allowed decay of the Ξ+
cc is shown in the following figure.

	
	

	

�
�

�

u

d

c s

W+

d d
c c

In the final state we expect a baryon, and the quarks csdud plus eventually some
pairs from the sea. We also expect a cascaded decay chain, with the first, and later
the second charm quark undergoing a weak decay.

For SELEX, the easily accessible decay modes for the different doubly charmed
baryons are: Ξ+

cc → Λ+
c K

−π+, Ξ+
cc → pD+K−, Ξ+

cc → Ξ+
c π

−π+, Ξ++
cc → Λ+

c K
−π+π+,

Ξ++
cc → pD+K−π+ (depending on the mass of the Ξ++

cc ), Ξ++
cc → Ξ+

c π
+, Ξ++

cc →
Ξ+
c π

+π+π−, Ω+
cc → Ξ+

c K
−π+, and Ω+

cc → Ξ+
c K

−π+π+π−. The first two modes are
already published [5,12] by SELEX, and work on the other modes is in progress; here
we will report on a first observation of the third decay mode listed.

For the background determination, we developed an event mixing method. The
first decay vertex is close to the primary vertex, and we assume that all the background
is purely combinatoric. We make combinatoric backgrounds by taking the first decay
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vertex from one event, and the second vertex from another event; to increase statistics,
we use the single-charm vertex 25 times. The resulting combinatoric background is
absolutely normalized. We employed this method already in [12].

3.4 Ξ+
cc → Λ+

c K
−π+ – New Analysis
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Figure 2: Λ+
c → pK−π+ data sets of original (left) and new (right) analysis.

To increase our statistics, we re-analyzed our full data set with some softer cuts
and with improved tracking software. In fig. 2 we show a comparison of the Λ+

c data
set used for the analysis. The number of Λc → pK−π+ candidates increased from
1630 to 2140.

We also improved the resolution of the decay vertex position of the Ξ+
cc candidate

by including the vector of the Λ+
c into the vertex fit. This improved resolution reduces

the background when applying a cut in L/σ, while keeping more signal events. It
also increases the possibility of measuring the lifetime of double charm baryons.

Figure 3 shows the results of our new analysis, for various cuts in L/σ of the
first decay vertex. Re-analyzing and relaxing some cuts in the single charm sample
increased the number of signal events, but also resulted in a somewhat higher back-
ground level; but the background is nicely reproduced and well understood from the
combinatoric analysis. The improved secondary vertex resolution yields in cleaner
signals and allows access to other decay modes, which we will pursue in the future.
Measuring the lifetime now seems possible, but is still challenging. As seen from the
yields for different cuts in L/σ, the lifetime seems to be around 1 σ.
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Figure 3: Λ+
c K

−π+ (Λ+
c → pK−π+) invariant mass distributions (blue) for various

cuts in L/σ on the first decay vertex. In green we show the estimated combinatoric
background from the event mixing procedure described in the text.

3.5 Ξcc(3780)
++ → Λ+

c K
−π+π+

We also revisited with our re-analyzed data set the first double-charm baryon state
we found in SELEX [6], the Ξcc(3780)++. In fig. 4 is shown the Λ+

c K
−π+π+ in-

variant mass distribution, restricting ourselves to Σ− induced events. The peak at
3780 MeV/c2 is statistically significant, and is wider than our experimental resolu-
tion, as shown by Monte Carlo. The background is well described by our mixed event
procedure. By removing the slower of the π+’s, we observe that about half of the
Ξcc(3780)++ decay to Ξ+

cc(3520). At this moment we are finishing up the analysis for
this state.

4 First Observation of Ξ+
cc → Ξ+

c π
+π−

SELEX published [13] the first observation of the Cabibbo-suppressed decay of Ξ+
c →

pK−π+; this is the same final state as we used before for the reconstruction of the
Λ+
c . Our sample of Ξ+

c in the mode is much smaller than our Λ+
c sample, but the

branching fraction of Ξ+
cc → Ξ+

c π
+π− should be larger than to Λ+

c K
−π+. We applied
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Figure 4: The Λ+
c K

−π+π+ invariant mass distribution, for Σ− beam only.

the same cuts and procedure as to the previously described analyzes, and obtained [14]
the Ξ+

c π
+π− invariant mass distribution shown in fig. 5. A clear peak at about

3520 MeV/c2 is seen in the figure. This constitutes the first observation of this decay
mode of the Ξ+

cc(3520).

5 Summary

SELEX is still the only experiment observing double charm baryons. We published ob-
servations on two different decays modes, Ξ+

cc → Λ+
c K

−π+ [5] and Ξ+
cc → pD+K− [12].

After a re-analysis of our full data set, with improved efficiency and resolution, we
presented here a higher-statistics observation of Ξ+

cc → Λ+
c K

−π+, and a re-analysis of
the Ξcc(3780)++. The new analysis also allows access to additional decay modes, and
we presented here the first observation of Ξ+

cc → Ξ+
c π

−π+.

SELEX will continue the line of analysis, by first publishing these preliminary
results. We will try to measure the lifetime of the Ξ+

cc. We will also seek the isospin-
partner of the Ξ+

cc, the Ξ++
cc in all corresponding decay modes around 3500 MeV/c.
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Figure 5: Left: pK−π+ invariant distribution and Ξ+
c sample (yellow) used. Right:

Ξ+
c π

+π− invariant mass distribution. The green histogram is our estimate of the
combinatoric background.
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1 Introduction

Quarkonia play an important role in several high energy experiments. The diversity,
quantity and accuracy of the data still under analysis and currently being collected is
impressive and includes: data on quarkonium formation from BES at the Beijing Elec-
tron Positron Collider (BEPC), E835 at Fermilab, and CLEO at the Cornell Electron
Storage Ring (CESR); clean samples of charmonia produced in B-decays, in photon-
photon fusion and in initial state radiation, at the B-meson factories, BaBar at PEP-II
and Belle at KEKB, including the unexpected observation of large amounts of asso-
ciated (cc)(cc) production and the observation of new and possibly exotics quarkonia
states; the CDF and D0 experiments at Fermilab measuring heavy quarkonia produc-
tion from gluon-gluon fusion in pp annihilations at 2 TeV; the Selex experiment at
Fermilab with the preliminary observation of possible candidates for doubly charmed
baryons; ZEUS and H1, at DESY, studying charmonia production in photon-gluon
fusion; PHENIX and STAR, at RHIC, and NA60, at CERN, studying charmonia
production, and suppression, in heavy-ion collisions. This has led to the discovery of
new states, new production mechanisms, new decays and transitions, and in general
to the collection of high statistics and precision data sample. In the near future, even
larger data samples are expected from the BES-III upgraded experiment, while the
B factories and the Fermilab Tevatron will continue to supply valuable data for few
years. Later on, new experiments at new facilities will become operational (the LHC
experiments at CERN, Panda at GSI, hopefully a Super-B factory, a Linear Collider,
etc.) offering fantastic challenges and opportunities in this field. A comprehensive
review of the experimental and theoretical status of heavy quarkonium physics may
be found in the Cern Yellow Report prepared by the Quarkonium Working Group
[1]. Many excellent reviews of the field have been presented at this meeting [2].

On the theory side, systems made by two heavy quarks are a rather unique lab-
oratory. They are characterized by the existence of a hierarchy of energy scales in
correspondence of which one can construct a hierarchy of nonrelativistic effective
field theries (NR EFT), each one with less degrees of freedom left dynamical and thus
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simpler. Some of these physical scales are large and may be treated in perturbation
theory. The occurrence of these two facts makes two heavy quark systems accessible
in QCD. In particular, the factorization of high and low energy scales realized in
the EFTs allows us to study low energy QCD effects in a systematic way. Today
the remarkable progress in the construction of these nonrelativistic EFTs together
with the advance in lattice QCD give us well based theory tools to investigate heavy
quarkonia.

Therefore, on the one hand the progress in our understanding of EFTs makes it
possible to move beyond phenomenological models and to provide a systematic de-
scription from QCD of several aspects of heavy-quarkonium physics. On the other
hand, the recent progress in the measurement of several heavy-quarkonium observ-
ables makes it meaningful to address the problem of their precise theoretical deter-
mination. In this situation heavy quarkonium becomes a very special and relevant
system to advance our understanding of strong interactions and our control of some
parameters of the Standard Model.

Here I will briefly review some of the recent developments in the construction of
NR EFTs with the main emphasis on the physical applications. For some reviews see
[3–6].

2 Scales and Effective Field Theories

The description of hadrons containing two heavy quarks is a rather challenging prob-
lem, which adds to the complications of the bound state in field theory those coming
from the nonperturbative QCD low-energy dynamics. A simplification is provided
by the nonrelativistic nature suggested by the large mass of the heavy quarks and
manifest in the spectrum pattern. As nonrelativistic systems, quarkonia are charac-
terized by three energy scales, hierarchically ordered by the heavy quark velocity in
the center of mass frame v ≪ 1: the mass m (hard scale), the momentum transfer mv
(soft scale), which is proportional to the inverse of the typical size of the system r,
and the binding energy mv2 (ultrasoft scale), which is proportional to the inverse of
the typical time of the system. In bottomonium v2 ∼ 0.1, in charmonium v2 ∼ 0.3, in
tt v ∼ 0.15. In perturbation theory v ∼ αs. Feynman diagrams will get contributions
from all momentum regions associated with these scales. Since these momentum re-
gions depend on αs, each Feynman diagram contributes to a given observable with
a series in αs and a non trivial counting. Besides, the αs associated to different mo-
mentum region are evaluated at different scales. For energy scales close to ΛQCD, the
scale at which nonperturbative effects become dominant, perturbation theory breaks
down and one has to rely on nonperturbative methods. Regardless of this, the non-
relativistic hierarchy m ≫ mv ≫ mv2, m ≫ ΛQCD will persist also below the ΛQCD

threshold.
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The wide span of involved energy scales makes also a lattice calculation in full QCD
extremely challenging. However, it is possible to exploit the existence of a hierarchy
of scales by introducing a hierarchy of nonrelativistic effective field theories. Lower
energy EFTs may be constructed by systematically integrating out modes associated
to energy scales not relevant for the two quark system. Such integration is made
in a matching procedure that enforces the equivalence between QCD and the EFT
at any given order of the expansion in v. Any prediction of the EFT is therefore a
prediction of QCD with an error of the size of the neglected order in v. By integrating
out the hard modes, one obtains Nonrelativistic QCD [9, 10, 13]. In such EFT, soft
and ultrasoft scales are left dynamical and still their mixing complicates calculations
and power counting. In the last few years the problem of systematically treating
the remaining dynamical scales in an EFT framework has been addressed by several
groups [11] and has now reached a good level of understanding. So one can go down
one step further and integrate out also the soft scale in a matching procedure to
the lowest energy and simplest EFT that can be introduced for quarkonia, where
only ultrasoft degrees of freedom remain dynamical. Here I will review potential
NRQCD [7, 8], for an alternative and equivalent EFT (in the case in which ΛQCD is
the smallest scale) see [12]. In the case in which the soft scale is of the same order of
ΛQCD, the matching to pNRQCD is still possible but it is nonperturbative.

3 NonRelativistic QCD (NRQCD)

NRQCD [9,10] is the EFT for two heavy quarks that follows from QCD by integrating
out the hard scale m. Only the upper (lower) components of the Dirac fields remain
relevant for dymanical quarks (antiquarks) at energies lower than m. Thus quark and
antiquarks are described in terms of two-components Pauli spinor fields. The part
of the NRQCD Lagrangian bilinear in the heavy quark fields is the same as Heavy
Quark Effective Field Theory (HQET) (for a review see [14]) but for the case of two
heavy quarks also four fermion operators have to be considered. The Lagrangian is
organized as an expansion in v and αs(m):

LNRQCD =
∑

n

cn(m,µ)× On(µ,mv,mv2,ΛQCD)/mn. (1)

The NRQCD matching coefficients cn are series in αs and encode the ultraviolet
physics that has been integrated out from QCD. The low energy operators On are
constructed out of two or four heavy quark/antiquark fields plus gluons. They are
counted in powers of v. Since two scales, soft and the ultrasoft, are dynamical, the
power counting in v is not unambiguous. The imaginary part of the coefficients of
the 4-fermion operators contains the information on heavy quarkonium annihilations.
The NRQCD heavy quarkonium Fock state is given by a series of terms, increasingly
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subleading, where the leading term is a QQ in a color singlet state and the first
correction, suppressed in v, comes from a QQ in a color octet state plus a gluon. The
NRQCD Lagrangian can be used for studies of spectroscopy (on the lattice), inclusive
decays and electromagnetics threshold production of heavy quarkonia.

4 potential NonRelativistic QCD (pNRQCD)

pNRQCD [3,7,8] is the EFT for two heavy quark systems that follows from NRQCD
by integrating out the soft scale mv. Here the role of the potentials and the quan-
tum mechanical nature of the problem are realized in the fact that the Schrödinger
equation appears as zero order problem for the two quark states. We may distinguish
two situations: 1) weakly coupled pNRQCD when mv ≫ ΛQCD, where the matching
from NRQCD to pNRQCD may be performed in perturbation theory; 2) strongly
coupled pNRQCD when mv ∼ ΛQCD, where the matching has to be nonperturbative.
Recalling that r−1 ∼ mv, these two situations correspond to systems with inverse
typical radius smaller than or of the same order as ΛQCD.

4.1 Weakly coupled pNRQCD

The effective degrees of freedom that remain dynamical are: low energy QQ (Pauli
spinor) states that can be decomposed into a singlet field S and an octet field O
under colour transformations, have energy of order ΛQCD, mv

2 and momentum p of
order mv; low energy (ultrasoft (US)) gluons Aµ(R, t) with energy and momentum
of order ΛQCD, mv

2. All the gluon fields are multipole expanded (i.e. expanded in
the quark-antiquark distance r, R being the center of mass). The Lagrangian is then
given by terms of the type

ck(m,µ)

mk
× Vn(rµ′, rµ)× On(µ′, mv2,ΛQCD) rn. (2)

where the matching coefficients ck are inherited from NRQCD and contain the logs in
the quark masses, the pNRQCD potential matching coefficients Vn encode the non-
analytic behaviour in r and the low energy operators On are constructed in terms of
singlet, octet fields and ultrasoft gluons. At leading order in the multipole expansion,
the singlet sector of the Lagrangian gives rise to equations of motion of the Schrödinger
type. Each term in the pNRQCD Lagrangian has a definite power counting. 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 are present as well.
Such retardation (or non-potential) effects start at the next-to-leading order (NLO)
in the multipole expansion and are systematically encoded in the theory and typically
related to nonperturbative effects [8]. There is a systematic procedure to calcolate
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corrections in v to physical observables: higher order perturbative (bound state)
calculations in this framework become viable. In particular the EFT can be used
for a very efficient resummation of large logs (typically logs of the ratio of energy
and momentum scales) using the renormalization group (RG) adapted to the case
of correlated scales [12, 15]; Poincaré invariance is not lost, but shows up in some
exact relations among the matching coefficients [16]. The renormalon subtraction
may be implemented systematically obtaining a perturbative series better behaved
and allowing a factorization of the genuine QCD nonperturbative effects.

4.2 Strongly coupled pNRQCD

In this case the matching to pNRQCD is nonperturbative. Away from threshold
(precisely when heavy-light meson pair and heavy hybrids develop a mass gap of
order ΛQCD with respect to the energy of the QQ pair), the quarkonium singlet
field S remains as the only low energy dynamical degree of freedom in the pNRQCD
Lagrangian (if no ultrasoft pions are considered), which reads [3, 19, 20]:

LpNRQCD = S†

(
i∂0 −

p2

2m
− VS(r)

)
S. (3)

The matching potential VS(r) is a series in the expansion in the inverse of the quark
masses: static, 1/m and 1/m2 terms have been calculated, see [19, 20]. They involve
NRQCD matching coefficients and low energy nonperturbative parts given in terms
of Wilson loops and field strengths insertions in the Wilson loop. In this regime we
recover the quark potential singlet model from pNRQCD. However the potentials are
calculated from QCD in the formal nonperturbative matching procedure. An actual
evaluation of the low energy part requires lattice evaluation [17] or QCD vacuum
models calculations [18, 27].

5 Applications

The condition m ≪ ΛQCD always holds and thus the first matching from QCD to
NRQCD is a perturbative matching. NRQCD describes in principle all heavy quarko-
nia states and physical processes. However, since still the soft and the ultrasoft scales
are dynamical, the power counting is not unambiguous and in some cases may differ
from the perturbative inspired BBL counting [10, 34, 35]. The number of nonper-
turbative operators tend to increase with the order of the expansion in v, and their
expectation values depend both on the quarkonium states and the US gluons. The
NRQCD lattice implementation still requires the calculation of the NRQCD matching
coefficients in the lattice regularization, which is still missing in many cases. Being
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NRQCD a nonrenormalizable theory at the leading order Lagrangian, NRQCD lattice
calculations maybe tricky.

The lowest energy EFT, pNRQCD, is simpler and as such may be more predictive.
However, in the present formulation, it is valid only for states away from threshold.
Since we are now integrating out also the soft scale, 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, although not proved, to assume mv2 >∼ ΛQCD.
The system is weakly coupled and we may rely on perturbation theory, for instance,
to calculate the potential. The theoretical challenge here is performing higher-order
calculations and the goal is precision physics. For high-lying resonances, we assume
mv ∼ ΛQCD. The system is strongly coupled and the potential must be determined
non-perturbatively, for instance, on the lattice. The theoretical challenge here is pro-
viding a consistent framework where to perform lattice calculations and the progress
is measured by the advance in lattice computations. The number of nonperturba-
tive operators maybe be greatly reduced with respect to NRQCD, since a further
factorization at the soft scale is realized and nonperturbative contributions become
typically only a function of the US gluons. The pNRQCD leading order strongly
coupled Lagrangian is renormalizable allowing in principle a straightforward lattice
implementation.

Both in NRQCD and pNRQCD a source of concern may arise from the large
v2 corrections in the charmonium case. Large (renormalon-like) perturbative contri-
butions in the matching coefficients need to be properly taken care, resummed and
subtracted.

6 QCD potentials

The QCD potentials achieve a well defined status and definition only in pNRQCD:
they are the matching coefficients of the EFT and as such there is a well defined
procedure to calculate them. They depend on the scale of the matching. In weakly
coupled pNRQCD the soft scale is bigger than ΛQCD and so the singlet and octet
potentials have to be calculated in the perturbative matching. In [21] a determination
of the singlet potential at three loops leading log has been obtained inside the EFT
which gives the way to deal with the well known infrared singularity arising in the
potential at this order [36]. From this, αs in the V regularization can be obtained,
showing a dependence on the infrared behaviour of the theory at this order and for this
regularization. The finite terms in the singlet static potential at three loops are not
yet known but has been estimated [24]. Recently, also the logarithmic contribution at
four loops has been calculated [23]. The three loop renormalization group improved
calculation of the static singlet potential has been compared to the lattice calculation
and found in good agreement up to about 0.25 fm [22]. The static octet potential is
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known at two loops [25] and again agrees well with the lattice data [26].

At a scale µ such that mv ∼ ΛQCD ≫ µ ≫ mv2, confinement sets in and the
potentials become admixture of perturbative terms, inherited from NRQCD, which
encode high-energy contributions, and non-perturbative objects. Strongly coupled
pNRQCD gives us the general form of the potentials obtained in the nonperturbative
matching to QCD in the form of Wilson loops and Wilson loop chromoelectric and
chromomagnetic field strengths insertions [19,20], very well suited for lattice calcula-
tions. These will be in general complex valued functions. The real part controls the
spectrum and the imaginary part controls the decays.

The real part of the potential has been one of the first quantities to be calculated
on the lattice (for a review see [17]). In the last year, there has been some remark-
able progress. In [28], the 1/m potential has been calculated for the first time. The
existence of this potential was first pointed out in the pNRQCD framework [19]. A
1/m potential is typically missing in potential model calculations. The lattice result
shows that the potential has a 1/r behaviour, which, in the charmonium case, is of
the same size as the 1/r Coulomb tail of the static potential and, in the bottomo-
nium one, is about 25%. Therefore, if the 1/m potential has to be considered part of
the leading-order quarkonium potential together with the static one, as the pNRQCD
power counting suggests and the lattice seems to show, then the leading-order quarko-
nium potential would be, somewhat surprisingly, a flavor-dependent function. In [29],
spin-dependent potentials have been calculated with unprecedented precision. In the
long range, they show, for the first time, deviations from the flux-tube picture of chro-
moelectric confinement [27, 30]. The knowledge of the potentials in pNRQCD could
provide an alternative to the direct determination of the spectrum in NRQCD lattice
simulations: the quarkonium masses would be determined by solving the Schrödinger
equation with the lattice potentials. The approach may present some advantages: the
leading-order pNRQCD Lagrangian, differently from the NRQCD one, is renormaliz-
able, the potentials are determined once for ever for all quarkonia, and the solution of
the Schrödinger equation provides also the quarkonium wave functions, which enter
in many quarkonium observables: decay widths, transitions, production cross-
sections. The existence of a power counting inside the EFT selects the leading and
the subleading terms in quantum-mechanical perturbation theory. Moreover, the
quantum mechanical divergences (typically encountered in perturbative calculations
involving iterations of the potentials, as in the case of the iterations of spin delta
potentials) are absorbed by NRQCD matching coefficients. Since a factorization be-
tween the hard (in the NRQCD matching coefficients) and soft scales (in the Wilson
loops or nonlocal gluon correlators) is realized and since the low energy objects are
only glue dependent, confinement investigations, on the lattice and in QCD vacuum
models become feasible [18, 27].

The potentials evaluated on the lattice once used in the Schrödinger equation
produce the spectrum. The calculations involve only QCD parameters (at some scale
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and in some scheme).

7 Precision determination of Standard Model pa-

rameters

Given the advancement in the EFTs formulation and in the lattice calculations as well
as the existence of several high order perturbative bound state calculations, quarkonia
may become a very appropriate system for the extraction of precise determination of
the Standard Model parameters like αs and the heavy quark masses. Such precise
determinations are important for physics inside and beyond the Standard Model.
Inside the QWG (www.qwg.to.infn.it) there is a topical group for such studies and in
the QWG YR [1] there is a dedicated chapter.

7.1 c and b mass extraction

The lowest heavy quarkonium states are suitable systems to extract a precise de-
termination of the mass of the heavy quarks b and c. Perturbative determinations
of the Υ(1S) and J/ψ masses have been used to extract the b and c masses. The
main uncertainty in these determinations comes from nonperturbative nonpotential
contributions (local and nonlocal condensates) together with possible effects due to
subleading renormalons. These determinations are competitive with those coming
from different systems and different approaches (for the b mass see e.g. [84]). We
report some recent determinations in Tab. 7.1.

A recent analysis performed by the QWG [1] and based on all the previous deter-
minations indicates that at the moment the mass extraction from heavy quarkonium
involves an error of about 50 MeV both for the bottom (1% error) and in the charm
(4% error) mass. It would be very important to be able to further reduce the error
on the heavy quark masses.

7.2 Determinations of αs.

Heavy quarkonia leptonic and non-leptonic inclusive and radiative decays may provide
means to extract αs. The present PDG determination of αs from bottomonium
pulls down the global αs average noticeably [1]. Recently, using the most recent
CLEO data on radiative Υ(1S) decays and dealing with the octet contributions within
weakly coupled pNRQCD, a new determination of αs(MΥ(1S)) = 0.184+0.014

−0.013 has been
obtained [43], which corresponds to αs(MZ) = 0.119+0.006

−0.005 in agreement with the
central value of the PDG [71] and with competitive errors.
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reference order mb(mb) (GeV)
[85] NNNLO∗ 4.210± 0.090± 0.025
[86] NNLO +charm 4.190± 0.020± 0.025
[88] NNLO 4.24± 0.10
[87] NNNLO∗ 4.346± 0.070
[89] NNNLO∗ 4.20± 0.04
[90] NNNLO∗ 4.241± 0.070
[91] NNLL∗ 4.19± 0.06

reference order mc(mc) (GeV)
[79] NNLO 1.24± 0.020
[88] NNLO 1.19± 0.11

Table 1: Different recent determinations of mb(mb) and mc(mc) in the MS scheme
from the bottomonium and the charmonium systems. The displayed results either
use direct determinations or non-relativistic sum rules. Here and in the text, the ∗

indicates that the theoretical input is only partially complete at that order.

7.3 Top-antitop production near threshold at ILC.

In [91, 92] the total cross section for top quark pair production close to threshold
in e+e- annihilation is investigated at NNLL in the weakly coupled EFT. The sum-
mation of the large logarithms in the ratio of the energy scales is achieved with the
renormalization group (for correlated scales) and significantly reduces the scale de-
pendence of the results. Studies like these will make feasible a precise extractions of
the strong coupling, the top mass and the top width at a future ILC.

8 Spectra

The NRQCD Lagrangian is well suited for lattice calculations [31]. The quark prop-
agators are the nonrelativistic ones and since the heavy-quark mass scale has been
integrated out, for NRQCD on the lattice, it is sufficient to have a lattice spacing a
as coarse as m ≫ 1/a ≫ mv. A price to pay is that, by construction, the contin-
uum limit cannot be reached. Another one is that the NRQCD Lagrangian has to
be supplemented by matching coefficients calculated in lattice perturbation theory,
which encode the contributions from the heavy-mass energy modes that have been
integrated out. A recent unquenched determination of the bottomonium spectrum
with staggered sea quarks can be found in [32]. The fact that all matching coefficients
of NRQCD on the lattice are taken at their tree-level value induces a systematic er-
ror of order αsv

2 for the radial splittings and of order αs for the fine and hyperfine
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splittings.
Inside pNRQCD we have to consider separately systems with a small interquark

radius (low-lying states) and systems with a radius comparable or bigger than the
confinement scale Λ−1

QCD (high-lying states). It is difficult to say to which group a spe-
cific resonance may belong, since there are no direct measurements of the interquark
radius. Electric dipole transitions or quarkonium dissociation in a medium, once a
well founded theory treatment of such processes will be given, may give a clear cut
procedure. At the moment one uses the typical EFT approaches assuming that a
particular scales hierarchy holds and checking then a posteriori that the prediction
and the error estimated inside such framework are consistent with the data.

Low-lyingQQ states are assumed to realize the hierarchy: m≫ mv ≫ mv2 >∼ ΛQCD

and they may be described in weakly coupled pNRQCD.

Bc mass (MeV)
[82] (expt) [81] (lattice) [80] (NNLO) [79] (NNLO) [86] (NNLO)

6287± 4.8± 1.1 6304± 12+12
−0 6326(29) 6324(22) 6307(17)

Table 2: Different perturbative determinations of the Bc mass compared with the
experimental value and a recent lattice determination.

Once the heavy quark masses are known, one may use them to extract other
quarkonium ground-state observables. The Bc mass has been calculated at NNLO in
[79,80,86], see Table 2. These values agree well with the unquenched NRQCD/Fermilab
method) lattice determination of [81], which shows that the Bc mass is not very sen-
sitive to non-perturbative effects. This is confirmed by a recent measurement of the
Bc in the channel Bc → J/ψ π by the CDF collaboration at the Tevatron; they ob-
tain with 360 pb−1 of data MBc = 6285.7 ± 5.3 ± 1.2 MeV [82], while the latest
available figure based on 1.1 fb−1 of data is MBc = 6276.5 ± 4.0 ± 2.7 MeV (see
http://www-cdf.fnal.gov/physics/new/bottom/060525.blessed-bc-mass/).

The bottomonium and charmonium ground-state hyperfine splitting has been cal-
culated at NLL in [93]. Combining it with the measured Υ(1S) mass, this determi-
nation provides a quite precise prediction for the ηb mass: Mηb

= 9421± 10+9
−8 MeV,

where the first error is an estimate of the theoretical uncertainty and the second one
reflects the uncertainty in αs. Note that the discovery of the ηb may provide a very
competitive source of αs at the bottom mass scale with a projected error at the MZ

scale of about 0.003. Similarly, in [94], the hyperfine splitting of the Bc was calculated
at NLL accuracy: MB∗

c
−MBc = 65± 24+19

−16 MeV.
High-lying QQ states are assumed to realize the hierarchy: m ≫ mv ∼ ΛQCD ≫

mv2. A first question is where the transition from low-lying to high-lying takes place.
This is not obvious, because we cannot measure directly mv. Therefore, the answer
can only be indirect and, so far, there is no clear agreement in the literature. A
weak-coupling treatment for the lowest-lying bottomonium states (n = 1, n = 2 and
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also for the Υ(3S)) appears to give positive results for the masses at NNLO in [79]
and at N3LO∗ in [37]. The result is more ambiguous for the fine splittings of the
bottomonium 1P levels in the NLO analysis of [42] and positive only for the Υ(1S)
state in the N3LO∗ analysis of [38].

Masses of high-lying quarkonia may be accessed either using the lattice nonpertur-
bative potentials inside a Schrödinger equation [33] or via a direct lattice pNRQCD
calculation.

9 Transitions and decays

9.1 Inclusive Decays

NRQCD gives a factorization formula for heavy quarkonium inclusive decay widths,
precisely it factorizes four-fermion matching coefficients and matrix elements of four
fermion operators [10]. Color singlet operator expectation values may be easily related
to the square of the quarkonium wave functions (or derivatives of it) at the origin.
Octet contributions remain as nonperturbative matrix elements of operators evaluated
over the quarkonium states. In some situations the octet contributions may not be
suppressed and become as relevant as the singlet contributions in the NRQCD power
counting. In particular octet contributions may reabsorb the dependence on the
infrared cut-off of the Wilson coefficients, solving the problem that arised originally
in the color singlet potential model [61].

Systematic improvements are possible, either by calculating higher-order correc-
tions in the coupling constant or by adding higher-order operators.

In order to describe electromagnetic and hadronic inclusive decay widths of heavy
quarkonia, many NRQCD matrix elements are needed. The specific number depends
on the order in v of the non-relativistic expansion to which the calculation is per-
formed and on the power counting. At order mv5 and within a conservative power
counting, S- and P -wave electromagnetic and hadronic decay widths for bottomo-
nia and charmonia below threshold depend on 46 matrix elements [34]. More are
needed at order mv7 [58–60]. Order mv7 corrections are particularly relevant for
P -wave quarkonium decays, since they are numerically as large as NLO corrections
in αs, which are known since long time [61] and to which the most recent data are
sensitive [1, 62]. NRQCD matrix elements may be fitted to the experimental decay
data [63,64] or calculated on the lattice [65–67]. The matrix elements of color-singlet
operators are related at leading order to the Schrödinger wave functions at the ori-
gin [10] and, hence, may be evaluated by means of potential models [68] or potentials
calculated on the lattice [17]. However, a great part of the matrix elements remain
poorly known or unknown.

In the matching coefficients large contributions in the perturbative series coming
from bubble-chain diagrams may need to be resummed [69].
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In lattice NRQCD in [32], the ratio Γ(Υ(2S) → e+e−)/Γ(Υ(1S) → e+e−) ×
M2

Υ(2S)/M
2
Υ(1S) has been calculated. The result on the finest lattice compares well

with the experimental one.
The imaginary part of the potential provides the NRQCD decay matrix elements

in pNRQCD. For excited states, they typically factorize in a part, which is the
wave function in the origin squared (or its derivatives), and in a part which con-
tains gluon tensor-field correlators [34, 54–56]. This drastically reduces the number
of non-perturbative parameters needed; in pNRQCD, these are wave functions at the
origin and universal gluon tensor-field correlators, which can be calculated on the lat-
tice. Another approach may consist in determining the correlators on one set of data
(e.g. in the charmonium sector) and use them to make predictions for another (e.g.
in the bottomonium sector). Following this line in [54,57], at NLO in αs, but at lead-
ing order in the velocity expansion, it was predicted Γhad(χb0(2P ))/Γhad(χb2(2P )) ≈
4.0 and Γhad(χb1(2P ))/ Γhad(χb2(2P )) ≈ 0.50. Both determinations turned out to be
consistent, within large errors, with the CLEO III data [1]. One should notice that
at some order of the expansion in v, the scale

√
mΛQCD start also to contribute in

pNRQCD jeopardizing in some cases the effective reduction of the nonperturbative
operators [55].

For the lowest resonances, inclusive decay widths are given in weakly coupled
pNRQCD by a convolution of perturbative corrections and nonlocal nonperturbative
correlators. The perturbative calculation embodies large contributions and requires
large logs resummation. The ratio of electromagnetic decay widths was calculated
for the ground state of charmonium and bottomonium at NNLL order in [75]. In
particular, they report: Γ(ηb → γγ)/Γ(Υ(1S) → e+e−) = 0.502 ± 0.068 ± 0.014,
which is a very stable result with respect to scale variation. A partial NNLL∗ order
analysis of the absolute width of Υ(1S)→ e+e− can be found in [76].

9.2 Electromagnetic transitions

Allowed magnetic dipole transitions between charmonium and bottomonium ground
states have been considered in pNRQCD at NNLO in [40, 70]. The results are:
Γ(J/ψ → γ ηc)= (1.5± 1.0) keV and Γ(Υ(1S)→ γ ηb) = (kγ/39 MeV)3 (2.50± 0.25)
eV, where the errors account for uncertainties (which are large in the charmonium
case) coming from higher-order corrections. The width Γ(J/ψ → γ ηc) is consistent
with [71]. Concerning Γ(Υ(1S) → γ ηb), a photon energy kγ = 39 MeV corresponds
to a ηb mass of 9421 MeV. The pNRQCD calculation features a small quarkonium
magnetic moment (in agreement with a recent lattice calculation [78]) and the inter-
esting fact, related to the Poincaré invariance of the nonrelativistic EFT [16], that
M1 transition of the lowest quarkonium states at relative order v2 are completely
accessible in perturbation theory [40].

In the weak-coupling regime, the magnetic-dipole hindered transition Υ(2S) →
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γ ηb at leading order [40] does not agree with the experimental upper bound [39]. It
should be still clarified if this is related to the fact that Υ(2S) system belongs to
the strong coupling regime or if it is due to large corrections (more relevant in the
hindered case).

9.3 Semi-inclusive decays

The radiative transition Υ(1S)→ γ X has been considered in [72,73]. The agreement
with the CLEO data of [74] is very satisfactory when one properly includes the octet
contribution in pNRQCD [73]. In the same work it is found that the ratios for different
n of the radiative decay widths Γ(Υ(nS)→ γ X) are better consistent with the data if
Υ(1S) is assumed to be a weakly-coupled bound state and Υ(2S) and Υ(3S) strongly
coupled ones [41].

In general in exclusive decays and for certain kinematical end points of semi-
inclusive decays, NRQCD or pNRQCD should be supplemented by collinear degrees
of freedom. This can be realized in the framework of Soft Collinear Effective Theory
(SCET) [95].

10 Baryons with two or more heavy quarks

The SELEX collaboration at Fermilab reported evidence for five resonances that may
be possibly identified with doubly charmed baryons, see the presentation of Jurgen
Engelfried at this meeting [2] and [44]. Although these results have not been confirmed
by other experiments ( FOCUS, BELLE and BABAR) they have triggered a renewed
theoretical interest in doubly heavy baryon systems.

Low-lying QQq states may be assumed to realize the hierarchy: m≫ mv ≫ ΛQCD,
where mv is the typical inverse distance between the two heavy quarks and ΛQCD is the
typical inverse distance between the centre-of-mass of the two heavy quarks and the
light quark. At a scale µ such that mv ≫ µ≫ ΛQCD the effective degrees of freedom
are QQ states (in color antitriplet and sextet configurations), low-energy gluons and
light quarks. The most suitable EFT at that scale is a combination of pNRQCD and
HQET [45,46]. The hyperfine splittings of the doubly heavy baryon lowest states have
been calculated at NLO in αs and at LO in ΛQCD/m by relating them to the hyperfine
splittings of the D and B mesons (this method was first proposed in [47]). In [45],
the obtained values are: MΞ∗

cc
−MΞcc = 120 ± 40 MeV and MΞ∗

bb
−MΞbb

= 34 ± 4
MeV, which are consistent with the quenched lattice determinations of [48, 49] and
the quenched NRQCD lattice determinations of [50, 51]. Chiral corrections to the
doubly heavy baryon masses, strong decay widths and electromagnetic decay widths
have been considered in [52].

Also low-lying QQQ baryons can be studied in a weak coupling framework. Three
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quark states can combine in four color configurations: a singlet, two octets and a
decuplet, which lead to a rather rich dynamics [45]. Masses of various QQQ ground
states have been calculated with a variational method in [53]: since baryons made of
three heavy quarks have not been discovered so far, it may be important for future
searches to remark that the baryon masses turn our to be lower than those generally
obtained in strong coupling analyses.

For QQQ baryons with a typical distance of the order ΛQCD inverse, the form of
the static, 1/m and spin dependent nonperturbative potentials have been obtained
in pNRQCD [45]. Up to now only the static potential has been evaluated on the
lattice [17, 77].

11 Gluelump spectrum and exotic states

Gluelumps are states formed by a gluon and two heavy quarks in a octet configura-
tion at small interquark distance [97] . The mass of such nonperturbative objects are
typically measured on the lattice. The tower of hybrids static energies [96] measured
in lattice NRQCD reduces to the gluelump masses for small interquark distances. In
pNRQCD [8, 26] the full structure of the gluelump spectrum has been studied, ob-
taining model independent predictions on the shape, the pattern, the degeneracy and
the multiplet structure of the hybrid static energies for small QQ distances that well
match and interpret the existing lattice data. These studies may be important both
to elucidate the confinement mechanism (the gluelump masses control the behaviour
of the nonperturbative glue correlators appearing in the spectrum and in the decays)
and in relation to the exotic states recently observed at the B-factories. The Y (4260)
in the charmonium sector may be identified with an hybrid state inside such picture.
A complete pNRQCD description of heavy hybrids is still missing.

12 Production

Before the advent of NRQCD, colour singlet production and colour singlet fragmen-
tation underestimated the data on prompt quarkonium production at Fermilab by
about an order of magnitude indicating that additional fragmentation contributions
were missing [83]. The missing contribution was precisely the gluon fragmentation
into colour-octet 3S1 charm quark pairs. The probability to form a J/ψ particle from
a pointlike cc pair in a colour octet 3S1 state is given by a NRQCD nonperturbative
matrix element which is suppressed by v4 with respect to to the leading singlet term
but is enhanced by two powers of αs in the short distance matching coefficient for
producing colour-octet quark pairs. Introducing the leading colour-octet contribu-
tions, the data of CDF could be reproduced and this has been an important result
of NRQCD [83]. NRQCD factorization has proved to be very successful to explain
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a large variety of quarkonium production processes (for a review see the production
chapter in [1] and [5]). A formal proof of the NRQCD factorization formula for heavy
quarkonium production has however not yet been obtained. Recently, there has been
important work in the direction of an all order proof in [98, 99]. In particular, it has
been shown that a necessary condition for factorization to hold at NNLO is that the
conventional octet NRQCD production matrix elements have to be redefined with
Wilson lines, acquiring manifest gauge invariance.

For production, a pNRQCD formulation is not yet existing. In principle to go
through a further factorization also in production, if at all possible, may reduce the
number of nonperturbative matrix elements and enhance the predictive power.

Two outstanding problems exist at the moment in quarkonium production: dou-
ble charmonium production in e+e− collisions and charmonium polarization at the
Tevatron.

In [100], BELLE reports σ(e+e− → J/ψ+ηc) Br(cc→ > 2 charged) = 25.6±2.8±
3.4 fb and in [101], BABAR reports σ(e+e− → J/ψ + ηc) Br(cc → > 2 charged) =
17.6 ± 2.8+1.5

−2.1 fb. Originally these data were about one order of magnitude above
theoretical expectations. Recently, with some errors corrected in some of the the-
oretical determinations, NLO corrections in αs calculated in [102] and higher-order
v2 corrections obtained in [103], the theoretical prediction has moved closer to the
experimental one. In [104], a preliminary estimate of σ(e+e− → J/ψ + ηc) including
the above corrections gives 16.7± 4.2 fb.

Still open is the problem of the BELLE measurement σ(e+e− → J/ψ+cc)/σ(e+e− →
J/ψ+X), about 80%, with respect to theory calculation that gives about 10% (see [1]
for a detailed discussion).

Charmonium polarization has been measured at the Tevatron by the CDF col-
laboration at run I with 110 pb−1 [105] and recently at run II with 800 pb−1 [106].
The data of the two runs are not consistent with each other in the 7-12 GeV re-
gion of transverse momentum, pT , and both disagree with the NRQCD expectation
of an increased polarization with increased pT . For large pT , NRQCD predicts that
the main mechanism of charmonium production is via color-octet gluon fragmenta-
tion, the gluon being transversely polarized and most of the gluon polarization being
transferred to the charmonium. The CDF data do not show any sign of transverse
polarization at large pT .

A solution to such problem may be obtained in the case in which a nonperturbative
power counting is valid [34, 35].

13 Challenges

For what concerns systems close or above the open flavor threshold, a complete and
satisfactory understanding of the dynamics has not been achieved so far and a corre-
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sponding general NR EFT has not yet been constructed. Such systems are difficult
to address also with a lattice calculation. Hence, the study of these systems is on a
less secure ground than the study of states below threshold. Although in some cases
one may develop an EFT owing to special dynamical conditions (as for the X(3872)

interpreted as a loosely bound D0D
∗ 0

+ D
0
D∗ 0 molecule [107]), the study of these

systems largely relies on phenomenological models [108, 109]. The major theoretical
challenge here is to interpret the new states in the charmonium region discovered at
the B-factories in the last few years.

Heavy ion experiments use quarkonium suppression as one of the smoking guns
for quark-gluon plasma formation (cf. e.g. the media chapter in [1]). . To de-
scribe quarkonium suppression it would be important to formulate an EFT for heavy
quarkonium in media and to obtain a clear definition of the heavy quark potential at
finite T . Preliminary studies are ongoing with several approaches [110].

With a good control in theory and high statistic data sample available at present
and future (Super-B factory) experiments, heavy quarkonia may also supply us with
an alternative way of looking for new physics BSM, cf. [111] and the BSM chapter
in [1].

14 Outlook

Today NR EFTs and lattice calculations allow us to investigate a wide range of heavy
quarkonium observables in a controlled and systematic fashion and, therefore, learn
about one of the most elusive sectors of the Standard Model: low-energy QCD.

Predictions based on non-relativistic EFTs are conceptually solid, and systemat-
ically improvable. EFTs have put quarkonium on the solid ground of QCD: quarko-
nium becomes a privileged window for precision measurements, new physics and con-
finement mechanism investigations.

Many new data on heavy-quark bound states are provided in these years by the
B-factories, CLEO and the Tevatron experiments. Many more will come in the near
future from BES-III, LHC and later Panda at GSI. They will show new (perhaps
exotic) states, new production and decay mechanisms and they will be a great arena
for new EFT tools.
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1 Introduction

The science goals underlying the future international Facility for Antiproton and Ion
Research - FAIR - [1] that is being realized in Darmstadt span a broad range of re-
search activities on the structure of matter. One component of this facility is directed
towards studies of hadronic matter at the sub-nuclear level with beams of antiprotons.
These studies focus on two key aspects: confinement of quarks and the generation
of the hadron masses. These goals will be pursued by performing precision measure-
ments of charged and neutral decay products from antiproton-proton annihilation in
the charmonium mass region.

The PANDA experiment, located at an internal target position of the High Energy
Storage Ring for anti-protons HESR, is one of the large installations at the future
FAIR facility [2]. It is being planned by a multi-national collaboration, currently
consisting of about 350 physicists from 50 institutions in 15 countries. The PANDA
detector is designed as a multi-purpose setup. The cornerstones of the PANDA physics
program are:

• Study of narrow charmonium states with unprecedented precision

• Search for gluonic excitations such as hybrids and glueballs in the charmonium
mass region

• Investigate the properties of mesons with hidden and open charm in the nuclear
medium

• Spectroscopy of double strange hypernuclei.

In addition to these topics a number of additional physics opportunties will open up as
the facility achieves or exceeds the design goals for luminosity and resolution. These
include electromagentic final states (e.g. wide angle Compton Scattering, EM Form-
factors, etc.), D-meson spectroscopy, excited strange and charm baryon spectroscopy
as well as CP violation in the D and/or Λ sectors.

In this report I will concentrate on the charmonium issues relevant to PANDA.
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2 Charmonium physics with PANDA

The discovery of the J/Ψ in 1974 and subsequently other charmonium systems greatly
stimulated the understanding of the strong interaction in terms of QCD. The low
density of states and the small widths below the open charm threshold reduce mixing
among them thereby offering unique advantages for understanding quarkonium.

Extensive studies of the Ψ states have been performed at e+e− machines where
they can be formed directly. In contrast, formation reactions of the type pp → X
can excite charmonium states of all quantum numbers. As a result, the precision
of mass and width measurements is determined by the precision of the phasespace
cooled beam momentum distribution and not the (significantly poorer) detector res-
olution. The concept of the resonance scan is illustrated in Figure 1. In this figure

ECM

Figure 1: Schematic overview of the resonance scan technique.

the mass distribution that we would like to measure for the particle of interest is
indicated by the green solid curve. The nominal beam momentum is adjusted to
several discrete values. Due to the finite momentum distribution of the beam, each
nominal setting of the beam momentum excites a distribution of

√
s as indicated by

the red dashed curves. The measured rate of a given final state is the convolution
of these two distributions, as indicated by the filled points along the blue line. The
power of this method is clearly seen by comparing measurements of the total decay
width of the χc1. Measurements from the Crystal Ball were only able to achieve a
precision < 3.8MeV [3] and newer measuremnts from BES achieved precisions of
Γ = 1.39+0.40

−0.38
+0.26
−0.77MeV [4]. In contrast, E835 was able to achieve one further order

of magnitude higher precision Γ = 0.876± 0.045± 0.026MeV [5].
The combination of the much better mass resolution with the ability to detect

hadronic final states which have up to two orders of magnitude higher branching
fractions than the γγ channel will permit high precision investigations of many open
issues in the charmonium system. For instance, our knowledge of the ground state
(ηc) is surprisingly poor. The existing data do not present a consistent picture, and
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only a small fraction of the total decay width has been measured via specific decay
channels. Furthermore, radial excitations are not simple recursion of the ground state,
as observed in the hadronic decays of the Ψ states. In particular, the existing data
on the first radial excitation of the ground state (η′c) leave a lot to be desired. Its
discovery by BELLE [6] was an 8σ deviation from the initial claims of the Crystal
Ball [7]. Furthermore, the existing data on the mass only have an accuracy of 4
MeV and there is a 50% uncertainty to the width. These results are only marginally
consistent with most predictions.

The singlet-P resonance (hc) is of extreme importance to determine the spin de-
pendent component of the qq potential. Only two decay channels have been observed
for this state, and the PDG [8] omitts this from the summary table stating that it
needs confirmation. Due to the narrow width of this state (Γ < 1MeV ) only pp
formation experiments similar to those proposed for PANDA will be able to measure
the width and perform systematic investigations of the decay modes.

The energy region above the DD threshold has until recently been very poorly
explored. Since 2003 a number of narrow states in this mass region have been observed
by BELLE, BABAR and CLEO. Many basic quantities of these states have yet to be
determined. Furthermore, precision measurements of all 1D and 3D states is required
to distinguish between models that have different describtions of the nature of these
states.

3 The PANDA Detector

FAIR will include a storage ring for beams of phase space cooled antiprotons with
unprecedented quality and intensity [9]. The antiprotons will be collected with an
average rate of about 107/s and then stochastically cooled and stored. After 5 ×
1010 antiprotons have been produced, they will be transferred to the High Energy
Storage Ring HESR where internal experiments in the beam momentum range 1.5
– 15 GeV/c can be performed. Electron and stochastic phase space cooling will
be available to allow for experiments with either high momentum resolution of about
∼ 10−5 at reduced luminosity or at high luminosity up to 2×1032/cm/s with enlarged
momentum spread (∼ 10−4).

The PANDA detector is designed as a large acceptance multi-purpose setup. The
experiment will use internal targets. It is conceived to use either pellets of frozen
H2 or cluster jet targets for the pp reactions, and wire targets for the pA reactions.
Pellet targets such as the one in operation at WASA at COSY [10] shoot droplets of
frozen H2 with radii 20 µm with typical separations of 1 mm transversely through
the beam.

This detector facility must be able to handle high rates (107 annihilations/s ),
with good particle identification and momentum resolution for γ, e, µ, π, K, and
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p. Furthermore, the detector must have the ability to measure D, K0
S, and Λ which

decay at displaced vertices. Finally, a large solid angle coverage is essential for partial
wave analysis of resonance states.

In order to cope with the variety of final states and the large range of particle
momenta and emission angles, associated with the different physics topics, the de-
tector has almost 4π detection capability both for charged particles and photons.
A schematic overview of the detector is given in Figure 2. It is divided into two
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Figure 2: Schematic overview of the PANDA detector as seen from the top. The
overall length is about 12 m.

sub-components, a central target spectrometer and a forward spectrometer with an
overall length of 12 m of the total detector. The cylindrical structure of the tar-
get spectrometer is given by the 2 T solenoid magnetic field around the target. In
sequence of increasing radii, it consists of a Micro Vertex Detector (MVD) as in-
nermost sub-detector close to the interaction point, a central tracker built either of
straw tubes (STT) or a time projection chamber (TPC) in the barrel part and mini-
drift chambers (MDC) as front cap, a system of ring-imaging Cherenkov detectors
for particle identification, an electromagnetic calorimeter made of PbWO4 crystals, a
superconducting coil, and a muon detector outside of the return yoke. The forward
spectrometer consists of a 2 Tm dipole magnet with a set of multi-wire drift chambers
(MDC) for tracking, a RICH detector for particle identification, electromagnetic and
hadronic calorimeters for neutral and charged particles, and a muon detector as the
most downstream component.
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4 Physics Reach

The cross sections and branching ratios for many of the interesting channels to be
measured are not known. Nevertheless estimates of events rates can be made in
order to compare the physics reach of this experiment with other existing or planned
experiments. Based upon the design luminosity of L= 2 × 1032/cm2/s, the planned
operating cycle of 6 months per year, and accounting for the duty cycle, an integrated
luminosity of more than 1fb−1 per year will be collected. The annihilation cross
section for pp→ X can be determined by the following formula:

σR (s) ≡ 4π(~c)2

(s− 4m2
pc

4)

BinBout

1 + [2(
√
s−MRc2)]

2 (1)

Here Bin and Bout correspond to the branching ratios in and out, respectively. For
instance, at the J/Ψ mass the annihilation cross section is σ = 1.8 × 106pb, corre-
sponding to about 2×109 J/Ψ produced per year. The measured events rates must of
course be scaled with the branching ratio and the detection efficiency of that channel.
The corresponding rates for the Ψ(3770) is of interest for the D-meson measurements,
as well as other charomonium states above the DD threshold. In this case the branch-
ing ratio Bin ≡ B(Ψ(3770) → pp) can be estimated by scaling with the total width
of the state, i.e.Bin = B(J/Ψ→ pp)×ΓJ/Ψ/ΓΨ(3770). Based upon this estimate there
will be 4 × 106 produced Ψ(3770) per year. Details of the detection efficiencies and
background estimates are given in [2].

5 Conclusion

The PANDA collaboration has a rich and innovative program, of which only a small
part could be presented here, that will be realized at the upcoming FAIR facility.
The high mass resolution and integrated luminosity will open unique possibilities to
do precision spectroscopy of the charmonium system.

.
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New Results on Ξ0 Hyperon Decays

Rainer Wanke
Institut für Physik,
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1 Introduction

Hyperons have been among the first non-stable elementary particles discovered and
are known for more than 50 years now. In spite of this, the physics interest in
hyperons is by far not yet exhausted, several important aspects are still under intense
investigation. At first, as hyperons only differ by one or two strange-quarks from
proton and neutron, they are ideal playgrounds to study SU(3)f symmetry breaking.
Secondly, studying their decays offers unique opportunities to understand baryon
structure and decay mechanisms. Last, but not least, by comparing hyperon decays
to neutron decay, it is possible to measure the CKM matrix parameter |Vus| in a
complementary way with respect to kaon decays.

However, despite of their interest, most previous measurements date back to the
1960’s and 70’s, in particular those on the neutral Ξ0 hyperon. Only recently new
measurements have been performed, with much increased statistics and leading to a
series of new results.

The two main new experiments on Ξ0 decays are the KTeV experiment at Fermilab
and NA48/1 at the CERN SPS. Both experiments were designed to measure neutral
kaon decays and profit from the fact, that the Ξ0 lifetime and decay length are of
the same order as those of the K0

S meson. Most of the new results are coming from
NA48/1. This experiment was performed in the year 2002 to measure specifically rare
K0
S and neutral hyperon decays. During the data taking period, in total more than

2 billion of Ξ0 decays took place in the fiducial detector volume, providing enough
statistics to precisely measure also very rare Ξ0 decays.

2 Measurement of the Ξ0 Lifetime

The Ξ0 lifetime, i.e. its total decay rate, is a key parameter for interpreting other
measurements on Ξ0 decays. In particular for the determination of the CKM matrix
element |Vus|, as reported in the following section, the Ξ0 lifetime is a direct input
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parameter. However, the precision on the Ξ0 lifetime is very poor. The current world
average τΞ0 = (2.90 ± 0.03) × 10−10 s [1] has less than 3% accuracy, and the last
measurement dates back to 1977.

For a new, much more precise measurement the NA48/1 Collaboration has used
Ξ0 → Λπ0 decays taken with a minimum bias trigger. In total about 260 000 decays
have been selected with completely negligible background. The energy spectrum of
the selected events is shown in Fig. 1 (left). To be insensitive to the small residual
differences between data and simulation in the spectrum, the lifetime distributions
are split Ted into 10 separate bins of energy, indicated by vertical lines in Fig. 1.
The fit region is shown in Fig. 1 (right). To avoid effects from the vertex resolution
differences between data and simulation at the beginning of the decay region, the
fit region is well separated from the final collimator. This requirement rejects about
half of the statistics, leaving 133 293 events to enter the fit. The fit to the lifetime
is performed using the least-squares method, with the normalisations in each energy
bin left as free parameters.
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Figure 1: Left: Energy spectrum of Ξ0 → Λπ0 data and Monte Carlo events used in
the lifetime fit. Right: Energy versus proper lifetime of the selected events. Indicated
is the region used in the fit.

The fit result, integrated over the separate energy bins, is shown in Fig 2. The
NA48/1 collaboration obtains as preliminary result

τΞ0 = (3.082± 0.013stat ± 0.012syst) · 10−10 s, (1)

with the systematics being dominated by uncertainties of the detector acceptance, the
nominal Ξ0 mass, and the Ξ0 polarisation. The result is about 2 standard deviations
above the current world average and five times more precise.
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Figure 2: Fit of the Ξ0 lifetime. Left: Comparison of data and fitted Monte Carlo
simulation as function of the current PDG lifetime τPDG = 2.90× 10−10 s [1]. Right:
Fit residuals. The white (light grey) regions indicate the regions where the fit has
been performed for all (some) energy bins.

3 Measurement of the Ξ0 Beta Decay

and Determination of |Vus|
The Ξ0 beta decay Ξ0 → Σ+e−ν is similar to the neutron beta decay with the down-
quarks exchanged by strange-quarks. The decay therefore is well suited for a measure-
ment of the CKM parameter |Vus| complementary to the usual determination from
kaon semileptonic decays. A previous measurement has been published by the KTeV
Collaboration, based on 176 events [2]. An additional preliminary KTeV result, based
on 626 events, has been presented on conferences [3].

With much larger statistics, NA48/1 has now performed a precise measurement
of the Ξ0 beta decay. Since Ξ0 semileptonic decays are the only source of Σ+ in
the neutral beam, it is sufficient to select Σ+ → pπ0 events and require an additional
electron. The invariant pπ0 mass distribution of the accepted events is shown in Fig. 3,
yielding 6316 Ξ0 → Σ+e−ν candidates with an estimated background contamination
of about 3% mainly from in-time accidental overlaps.

Normalising to the abundant decay Ξ0 → Λπ0, NA48/1 obtains [6]

Br(Ξ0 → Σ+e−ν) = (2.51± 0.03stat ± 0.09syst)× 10−4 (2)

The systematic uncertainty is dominated by the statistical uncertainty of the de-
termination of the trigger efficiency (±2.2%). Further contributions are the limited
knowledge of the decay form factors g1 and f2 (±1.6%), the detector acceptance, the
Ξ0 polarisation, and the normalisation (±1.0% each).

In addition to the Ξ0 decay, 555 Ξ0 → Σ+e+ν candidates were selected with a
background of about 136 events, yielding a branching fraction of Br(Ξ0 → Σ+e+ν) =
(2.55±0.14stat±0.10syst)×10−4 in perfect agreement with the one obtained from the
Ξ0 decay.
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Figure 3: Invariant pπ0 mass distribution from NA48/1 Ξ0 → Σ+e−ν decays.

Using the combined result Br(Ξ0 → Σ+e−ν) = (2.51± 0.09)× 10−4 and the new
preliminary value for the Ξ0 lifetime, the partial decay width is Γ(Ξ0 → Σ+e−ν) =
(8.14±0.29)×105 s−1, from which the CKM matrix element |Vus| can be determined.
The semileptonic decay rate is given by [4]

Γ = G2
F |Vus|2

∆m5

60π3
(1 + δrad)

×
[(

1− 3

2
β

)(
|f1|2 + |g1|2

)
+

6

7
β2

(
|f1|2 + 2|g1|2 + Re(f1f

⋆
2 ) +

2

3
|f 2

2 |
)

+ δq2

]
,

with ∆m = mΞ0−mΣ+ [1], β = ∆m/mΞ0 , the radiative corrections δrad, and δq2(f1, g1)
taking into transfer momentum dependence of f1 and g1 [4]. The form factor ratios
g1/f1 and f2/f1 have been measured by the KTeV Collaboration [5]. Neglecting
SU(3) breaking corrections for f1, a value of

|Vus| = 0.203± 0.004exp
+0.022
−0.027

form factors

(3)

is found, in good agreement with the value of 0.226 ± 0.002 obtained from kaon
decays [1], but still large uncertainties from the form factor measurement.

4 First Measurements of the Decay Ξ0 → Σ+µνµ

Because of the small available phase space, the semimuonic Ξ0 decay is highly sup-
pressed with respect to its semielectronic counterpart. The first observation of the
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decay was done by the KTeV Collaboration in 2005 [7]. They observe 8 signal candi-
dates over negligible background (Fig. 4 (left)) from which they obtain a branching
fraction of Br(Ξ0 → Σ+µ−ν) = (4.7+2.0

−1.4 ± 0.8)× 10−6.
More recently, the NA48/1 Collaboration reported a preliminary measurement,

based on 99 signal candidates including about 30 background events (Fig. 4 (right)),
leading to a value of Br(Ξ0 → Σ+µ−ν) = (2.2± 0.3± 0.2)× 10−6.

KTeV, 2005

]2   [GeV/c0πpm

1.16 1.17 1.18 1.19 1.2 1.21 1.22 1.23 1.24 1.25

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

0

10

20

30

40

50
NA48, preliminary

Figure 4: Invariant pπ0 mass distributions of Ξ0 → Σ+µ−ν decays measured by KTeV
(left) and NA48/1 (right).

5 Weak Radiative Ξ0 Decays

Up to this day, weak radiative hyperon decays as Ξ0 → Λγ and Ξ0 → Σ0γ are
still barely understood. Several competing theoretical models exist, which give very
different predictions. An excellent experimental parameter to distinguish between
models is the decay asymmetry α of these decays. It is defined as

dN

d cos Θ
= N0(1 + α cos Θ), (4)

where Θ is the direction of the daughter baryon with respect to the polarisation of
the mother in the mother rest frame. For e.g. Ξ0 → Λγ, the decay asymmetry can
then be measured by looking at the angle between the incoming Ξ0 and the outgoing
proton from the subsequent Λ → pπ− decay in the Λ rest frame (see Fig. 5) Using
this method, the measurement is independent of the unknown initial Ξ0 polarisation.

The NA48/1 experiment has selected 48314 Ξ0 → Λγ and 13068 Ξ0 → Σ0γ
candidates (Fig. 6). The background contributions are 0.8% for Ξ0 → Λγ and about
3% for Ξ0 → Σ0γ, respectively.

Using these data, fits to the decay asymmetries have been performed. In case of
Ξ0 → Σ0γ, where we have the subsequent decay Σ0 → Λγ, the product cos ΘΞ→Σγ ·

87



R. Wanke New Results on Ξ0 Hyperon Decays

Λ

π

p

Ξ

ΘΛ

0

−

γ

Figure 5: Definition of the angle Θ between the proton and the incoming Ξ0 in the
Lambda rest frame.

1

10

10 2

10 3

10 4

10 5

1.28 1.3 1.32 1.34 1.36
mΛγ /(GeV/c2)

N
o.

 o
f 

ev
en

ts

Ξ0→ Λγ data
Λγ MC
Λπ0 MC
Σ0γ MC
accidentals

1

10

10 2

10 3

10 4

1.28 1.3 1.32 1.34 1.36
mΣγ /(GeV/c2)

N
o.

 o
f 

ev
en

ts

Ξ0→ Σ0γ data
Σ0γ MC
Λπ0 MC
Λγ MC
accidentals

Figure 6: Ξ0 → Λγ (left) and Ξ0 → Σ0γ (right) signal together with MC expectations
for signal and backgrounds.

cos ΘΣ→Λγ has to be used for the fit. Both fits show the expected linear behaviour on
the angular parameters (Fig. 7)

After correcting for the well-known asymmetry of Λ→ pπ−, values of

αΞ0→Λγ = −0.684± 0.020± 0.061 and (5)

αΞ0→Σ0γ = −0.682± 0.031± 0.065 (6)

are obtained, where the first error is statistical and the second systematic. These
values agree with previous measurements by NA48 on Ξ0 → Λγ [8] and KTeV on
Ξ0 → Σ0γ [9], but are much more precise. In particular the result on Ξ0 → Λγ
is of high theoretical interest, as it confirms the large negative value of the decay
asymmetry, which is difficult to accommodate for quark and vector meson dominance
models.
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1 Introduction

We review recent results on rare K decays from KTeV and NA-48. By rare decays
we mean both those modes where the experiments are pushing the branching fraction
measurements and limits to lower and lower values and also small branching frac-
tion modes where experimental advances now allow their study with relatively large
statistics.

2 The KTeV Experiment
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Figure 1: Plan view of KTeV E-832 configuration as used for rare decay measurements
(regenerator not shown).
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Figure 2: Plan view of KTeV E-799 configuration.

Here we give a brief description of the KTeV experiment [1] [2] . There were two
configurations, E832 and E799, shown respectively in Fig. 1 and Fig. 2. . E832 was
designed primarily to measure the direct CP violation parameter ǫ′/ǫ, while E799 was
devoted to rare KL decays. Two KL beams were generated by 800 GeV/c protons on
a target. In E832 a regenerator in one of the beams converted KL to KS. In E799
the regenerator was removed to have two KL beams. The beams were run at higher
intensity in E799. The decays took place in a large vacuum decay region.

In both configurations a magnetic spectrometer consisting of two sets of x and
y drift chambers before and after an analysing magnet measured charged particles.
Photons were measured in a 3100 element array of pure CsI blocks which had energy
resolution of σ(E)/E = 0.45% + 2%/

√
(E). This electromagnetc calorimeter was

followed by layers of steel and concrete absorber and scintillators for muon identi-
fication. Several arrays of counters vetoed on the presence of charged particles or
photons outside the aperture of the spectrometer and calorimeter. The E799 con-
figuration also included a set of transition radiation detectors for improved electron
identification.

There were two data taking runs for each configuration, in 1997 and 1999. The
1999 E832 run repeated the 1997 run with somewhat better running conditions to
check the systematics of the ǫ′/ǫ measurement. The 1999 E799 run was devoted to
increasing the sensitivity for rare decays. To this end the pt kick of the analysing
magnet was reduced to 150 MeV/c in 1999 from 200 MeV/c in 1997 to increase ac-
ceptance, particularly for 4 body decays. Also in 1999 several triggers were prescaled
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to increase the data acquistion bandwidth for other triggers. E799 was sensitive to
2.5 X 1011 and 3.5 X 1011KL decays in 1997 and 1999 respectively.

3 The decay KL → π+π−γ

The decay KL → π+π−γ proceeds through the amplitudes shown in Fig. 3. The
two main contributions, of about equal magnitude, are from the CP violating Inner
Bremsstralung (IB) and the CP conserving Direct Emission terms. The Direct Emis-
sion term is mostly magnetic dipole (M1) radiation. This must be modified with a
form factor that is usually expressed in a ρ pole form. As well as the M1 term there
might be an electric dipole (E1) term. The E1 term is especially interesting because it
is CP violating. The experiments have now reached statistical levels where searching
for the E1 term is possible.

Figure 3: Amplitudes for the decay KL → π+π−γ

The KTeV results on KL → π+π−γ [3] are based on a sample of 112,100 events over
a background of 671 ± 41 events recorded in the 1997 run of E832. The amplitudes
are determined from a fit to the distribution of the γ energy in the KL rest frame
which shows a falling distribution at low Eγ from IB and a broad peak at high
Eγ from M1 DE. Interference of the M1 and E1 DE amplitudes would show up
in the intermediate energy region. The distribution and fit are shown in figure 4.
The DE form factor parameters are found to be gM1 = 1.198 ± 0.035 ± 0.086 and
a1/a2 = −0.738 ± 0.007 ± 0.018(GeV 2). The ratio of the direct emission to total
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decay rate is 0.0689±0.021. An upper limit for the magnitude of an E1 term is found
to be |gE1| < 0.21 at the 90% confidence level.

Figure 4: Eγ distribution in KL → π+π−γ with fit results.

Figure 5: View of the NA48/2 detector. [5]
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Figure 6: Variables describing the decay K± → π±π0γ [6]

KTeV has also searched for the E1 term in the related decay modeKL → π+π−e+e−

[4]. Along with amplitudes analogous to those of KL → π+π−γ this decay also has a
term related to the K charge radius. The angular distributions of the ππ and ee pairs
provide additonal information making this decay more sensitive to E1 contributions.
We find an upper limit of |gE1|/|gM1| < 0.04 at 90% confidence level.

4 NA48 results on K± → π±π0γ

The charged kaon extension of the NA48 experiment, NA48/2, has recently presented
results on the related radiative decay K± → π±π0γ. Like KL → π+π−γ this decay
has IB and DE amplitudes, but here the IB amplitude is CP conserving and much
larger than DE.

The NA48/2 detector is shown in Fig. 5 [5] The NA48/2 experiment was primarily
directed to searching for direct CP violation inK± → 3π decays. It used simultaneous
K± beams of 60 ± 3 GeV/c.

The Dalitz plot variables W 2 and T ∗
π used to describe the K± → π±π0γ decay

are shown in Fig. 6. One searches for the interference term between the IB and the
electric dipole direct emission. Previous experiments have not seen evidence of this
interference. This analysis was based on 124,000 events, which is 30% of the available
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data and 5 times the statistics of previous experiments.
In the analysis it was necessary to solve two problems that might cause distortions

in the W 2 distribution that could mimic direct emission or interference terms. The
first is misassignment of the γ’s, which was reduced by cuts on the π0 and K± masses
and requirement of agreement of the charged and neutral vertices. The second is
backgrounds from the K± → π±π0 and K± → π±π0π0 decays with coalesed γ’s,
which were reduced using techniques to split coalesed γ’s. In the final analysis these
backgrounds were reduced to less than 1% of the direct emission level.

Figure 7: W distribution of NA48/2 data divided by Inner Bremmstralung shape. [6]

Fig. 7 shows the measured W distribution divided by that expected for IB alone.
Clearly this deviates from unity at high W. A fit yields a preliminary result for the
fraction of direct emission of (3.35 ± 0.35stat ± 0.25syst)% and of the interference
(−2.67± 0.81stat ± 0.73syst)%. These values are highly correlated, with a correlation
coefficient of -0.92. This result is the first observation of the electric dipole interference
term with high statistical certainty.

5 KL→ π+π−π0γ and KL → π+π−π0e+e−

First results on the radiative decays KL → π+π−π0γ and KL → π+π−π0e+e− have
been obtained by KTeV. KL → π+π−π0γ is expected to be dominated by the inner
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bremmstralung process with a theoretical branching fraction of (1.65± 0.03)× 10−4

for Eγ < 10MeV [7]. The direct emission contribution is expected to be very small:
BR|direct = (8a1 + a2 − 10a3)

2.2.10−10 where the ai are unknown parameters of order
1 [8]. For KL → π+π−π0e+e− there are no published theories. There should be IB
and DE terms similar to KL → π+π−π0γ with virtual photon conversion to an e+e−

pair. In addition there should be a charge radius amplitude.
KTeV has observed KL → π+π−π0γ both in data from E832 with π0 → γγ and

from E799 with π0 → e+e−γ yielding signals of 2853 and 2847 events respectively, as
shown in Fig. 8. A preliminary result for the branching ratio with Ecm

γ > 10MeV is
BR = (1.70± 0.03stat ± 0.04syst ± 0.03extsyst)× 10−4 in good agreement with theory.

Figure 8: π+π−π0γ and π+π−π0
Dγ mass distributions from E832 and E799 data.

KTeV has made a first observation of KL → π+π−π0e+e− in the E799 data. In
40% of the data 132 candidates are observed with an estimated background level of
1.2± 0.9 event. This is shown in Fig. 9. The preliminary result for Eee > 20MeV is
BR = (1.60± 0.18stat)× 10−7.

6 KL→ e+e−γ

Radiative decays of the type KL → γ(∗)γ(∗) are of interest largely because of their role
in the measurement of the CKM matrix element |Vtd| from the decay KL → µ+µ−.
This decay proceeds partly from a short distance coupling related to |Vtd|, but also
has a long distance couplling related to KL → γ(∗)γ(∗) that must be subtracted.
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Figure 9: π+π−π0
De

+e− mass distribution from E799 data.

The KL → γ(∗)γ(∗) decays have been described by two form factor models. One
is the vector dominance inspired model of Bergström, Masso and Singer (BMS) [9].
The other is the chiral perturbation theory model of D’Ambrosio, Isidori and Portoles
(DIP) [10]. The parameters of these models can be determined by fits to themee distri-
bution of the data. The BMS model contains a parameter αK∗. However experiments
actually determine the quantity CαK∗ where C = (8παem)1/2GNLfK∗Kγm

2
ρ/(fK∗f 2

ρAγγ).
A number of experiments using various decay modes have presented results for αK∗

but are inconsistent because the values of the parameters making up C have changed
over time. Therefore KTeV chooses to quote CαK∗ and compare it to CαK∗ from
other experiments.

The KTeV form factor measurements are based on a sample of 83,000KL → e+e−γ
decays. Of particular importance in the form factor fits is the handling of radiative
corrections. KTeV has developed a Monte Carlo including the complete set of second
order radiative diagrams.

The corrected preliminary KTeV results are a branching fraction of (9.25±0.03stat±
0.07syst±0.26extsyst)×10−6, CαK∗ = −0.517±0.030fit±0.022syst for the BMS model
and αDIP = −1.729± 0.043fit± 0.028syst for the DIP model. A comparison of values
of CαK∗ from various decay modes is shown in Fig.10.
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Figure 10: Results on CαK∗ from various decay modes

7 KL→ π±e∓νe+e−

KTeV has made the first measurements of the decay KL → π±e∓νe+e− [11]. This is
of course related to the radiative Ke3 decay mode KL → π±e∓νγ. New tests of chiral
perturbation theory are enabled by these measurements.

Because of the missing ν there are less kinematic constraints available to use in
signal selection. The worst backgrounds come from KL → π+π−π0 with π0 decays
to e+e−γ or e+e−e+e−, KL → π±e∓νπ0 with π0 → e+e−γ, and KL → π±e∓νγ where
the γ converts in material in the spectrometer. The analysis relies heavily on the full
identification power of the CsI Calorimeter and the TRD’s.

A sample of 19466 candidate events is obtained with a background of about 5%
from about 25% of the E799 data. A preliminary result for the branching fraction
of KL → π±e∓νe+e− with me+e− > 0.005GeV and Ee+e− > 0.03GeV is (1.281 ±
0.010stat ± 0.019syst ± 0.035extsyst)× 10−5.

A theoretical calculation in chiral perturbation theory [12] has been made of the
quantity R = Γ(KL → π±e∓νe+e−, mee > 0.005GeV )/Γ(KL → π±e∓ν). At leading
order in the theory the predicted value of R is 4.06× 10−5 whereas at next to leading
order (p4) it is 4.29 × 10−5. The experimental result corresponds to R = (4.54 ±
0.15)× 10−5 which is 3.2σ from the leading order and 1.7σ from the next to leading
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order calculation.

Figure 11: Distribution of the minimum solution for t. Upper plot shows data
(points) and leading order χPT calculation (lines). Lower plot show the ratio of
data/calcuation.

One may also examine agreement with theoretical predictions by looking at the
distributions of the kinematics of the decay. One such variable is the momentum
transfer t. Because of the missing ν, experimentally there are two possible solutions
for t in each event. Figs. 11 and 12 show the distributions of the minimum solution
for t. The points in both of these figures are the same. Fig. 11 shows a comparison
to the distribution calculated with leading order chiral perturbation theory while Fig.
12 shows the comparison to next to leading order theory. One sees a better agreement
with next to leading order, as shown in the ratio plots in the bottom parts of the
figures, the ratio being flatter for NLO than for LO. The same conclusion is reached
when the maximum solution for t is examined (not shown).

8 π0 → e+e−

KL decays are a copious source of “tagged” π0’s. KTeV has used these to measure the
rare decay π0 → e+e−. To lowest order this is described by the diagram shown in Fig.
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Figure 12: Distribution of the minimum solution for t. Upper plot shows data(points)
and next to leading order χPT calculation (lines). Lower plots shows the ratio of
data/calculation.

13 [14]. Various calculations based on vector dominance or chiral perturbation theory
predict branching fractions somewhat higher than this unitarity limit [15] [16] [17]
[18] [19].

Figure 13: Lowest order diagram describing π0 → e+e−.

After appropriate analysis cuts the mee distribution shown in Fig.14 is obtained,
for events of the final state γγγγe+e− with two γγ pairs consistent with π0’s and
mγγγγee consistent with mK . The peak has 794 events with a background of 53.2±9.5
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Figure 14: mee distribution after all other cuts.

Figure 15: Comparison of the measured π0 → e+e− branching fraction to theories of
refs [15] to [19].

events. The branching fraction for π0 → e+e− with x > 0.95 is (6.56 ± 0.26stat ±
0.10syst ± 0.19extsyst)× 10−8, where x = mee/mπ0 .
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Fig. 15 shows this result in comparison with the unitarity limit and various
theoretical calculations. This measurement is 7σ above the unitarity limit.

9 Searches for Lepton Flavor Violating Decays

KTeV has searched for the lepton flavor violating decays KL → π0µ±e∓, KL →
π0π0µ±e∓, and π0 → µ±e∓. There is nothing new to report on KL → π0µ±e∓ but
recently new preliminary results have been obtained on the latter two modes. (The
π0 decay analysis is in effect a subset of the KL analysis.)

In the past, analyses of this sort have been done by defining a “box” in some
kinematical space (usually in a 2 dimensional plot of the mass of all the particles
making up the decay versus a transverse momentum that should be zero for a true
decay), not looking at the data in the box while cuts to reduce backgrounds are
established by studying their effects on the events near to, but outside the box,
and finally opening the box and comparing the number of events found to what is
expected from background evaluations. This is not in general the most sensitive
procedure however, since the true signal would not usually be evenly distributed over
a rectangular box.

Instead KTeV has based its analysis on a probability distribution function (PDF)
formed from the distributions of mass and p2

t . The PDF distribution for the decay
mode KL → π0µ±e∓ is shown in Fig. 16 which illustrates the search regions. The
PDF distribution for KL → π0π0µ±e∓ is very similar.

Determination of the background is a key to this analysis. Initial Monte Carlo
calculations indicated that backgrounds originate from several common decay modes.
Because of this and the very small branching fractions being probed it was not practi-
cal to calculate background levels by Monte Carlo simulations. Instead the data itself
was used, loosening some cuts so that the PDF distributions of the background could
be examined and then rescaling by the effects of the final cuts. Figure 17 shows this.
The result of this is predicted backgrounds of 0.44± 0.12 events of KL → π0π0µ±e∓

and 0.03± 0.02 events for π0 → µ±e∓.
When the blind region in the PDF distribution was examined no events were found.

Using the Feldman-Cousins method with the predicted backgrounds and no events
seen yields preliminary 90% confidence level upper limits of BR(KL → π0π0µ±e∓) <
1.58× 10−10 and BR(π0 → µ±e∓) < 3.63× 10−10.

10 Conclusion

Sensitive results have recently been obtained on a number of rare K decays [20]. In
KL → π+π−γ andKL → π+π−e+e− accurate measurement of the inner bremsstrahlung
and M1 direct emission components have been made and searches done for the E1
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Figure 16: Signal probability distribution function for KL → π0µe.

amplitude. In the analogous charged decay K± → π±π0γ NA48/2 has found the
first clear evidence for the E1 interference term. KTeV has observed the decays
KL → π+π−π0γ and KL → π+π−π0e+e−. KTeV has made high statistics measure-
ments of KL → e+e−γ. KTeV has made the first measurements of KL → π±e∓νe+e−.
KTeV has made accurate measurements of π0 → e+e−. Finally KTeV has new results
on searches for the lepton flavor violating decays KL → π0π0µ±e∓ and π0 → µ±e∓.

I thank my colleagues on KTeV and Augusto Ceccucci of NA48 for discussions.
This work was supported by the U.S. Department of Energy
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1 Introduction

The single-flavour quark condensate 〈0 |qq| 0〉 is a fundamental parameter of χPT ,
determining the relative size of mass and momentum terms in the expansion. Since
it can not be predicted theoretically, its value must be determined experimentally,
e.g. by measuring the ππ scattering lengths, whose values are predicted very precisely
within the framework of χPT , assuming a big quark condensate [1], or of generalised
χPT , where the quark condensate is a free parameter [2].

The K+−
e4 decay is a very clean environment for the measurement of ππ scattering

lengths, since the two pions are the only hadrons and they are produced close to
threshold. The only theoretical uncertainty enters through the constraint [3] between
the scattering lengths a2

0 and a0
0. In the K± → π0π0π± decay a cusp-like structure

can be observed at M2
00 = 4m2

π+ , due to re-scattering from K± → π+π−π±. The
scattering lengths can be extracted from a fit of the M2

00 distribution around the
discontinuity.

2 Experimental setup

Simultaneous K+ and K− beams were produced by 400 GeV energy protons from the
CERN SPS, impinging on a beryllium target. The kaons were deflected in a front-
end achromat in order to select the momentum band of (60± 3) GeV/c and focused
at the beginning of the detector, about 200 m downstream. For the measurements
presented here, the most important detector components are the magnet spectrom-
eter, consisting of two drift chambers before and two after a dipole magnet and the
quasi-homogeneous liquid krypton electromagnetic calorimeter. The momentum of
the charged particles and the energy of the photons are measured with a relative
uncertainty of 1% at 20 GeV. A detailed description of the NA48/2 detector can be
found in Ref. [4].

1Present address: Physikalisches Institut, Universität Bonn, D-53012 Bonn, GERMANY
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3 K± → π+π−e±νe

The K+−
e4 selection consisted of geometrical criteria, like the requirement of having

three tracks within the detector acceptance and building a good vertex; particle iden-
tification requirements, based mainly on the different fraction of energy deposited
by pions and electrons in the electromagnetic calorimeter; kinematical cuts for back-
ground rejection, like an elliptical cut in the (pT ,M3π) plane centered at (0,MK). In
order to improve the pion rejection, the electron identification also included a Linear
Discriminant Analysis combining the three quantities with the highest discriminating
power. Two reconstruction strategies can be applied to the K+−

e4 events: either im-
posing the kaon mass and extracting the kaon momentum from a quadratic equation,
or imposing the kaon momentum to be the mean beam momentum (60 GeV/c along
the beam axis) and extracting the kaon mass from a linear equation (see Fig. 1).
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Figure 1: Kaon momentum (left) and mass (right) of the K+−
e4 events reconstructed

with a quadratic or a linear equation, respectively. The data (crosses) are compared
to signal MC (open histogram) plus background (yellow).

Analysing part of the 2003 data, 3.7× 105 K+−
e4 events were selected with a back-

ground contamination below 1%. The background level was estimated from data,
using the so-called “wrong sign” events, i.e. with the signature π±π±e∓νe, that, at
the present statistical level, can only be background, since the corresponding kaon
decay violates the ∆S = ∆Q rule and is therefore strongly suppressed [5]. The main
background contributions are due to K± → π+π−π± events with π → eν or a pion
mis-identified as an electron. The background estimate from data was cross-checked
using Monte Carlo simulation (MC).

3.1 Form factors

The form factors of the K+−
e4 decay are parametrised as a function of five kinematic

variables [6] (see Fig. 2): the invariant masses Mππ and Meν and the angles θπ, θe
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Figure 2: Topology of the Ke4 decay.

and φ. The matrix element

T =
GF√

2
V ∗
usu(pν)γµ(1− γ5)v(pe)(V

µ − Aµ)

contains a hadronic part, that can be described using two axial (F and G) and one
vector (H) form factors [7]. After expanding them into partial waves and into a Taylor
series in q2 = M2

ππ/4m
2
π+ − 1, the following parametrisation was used to determine

the form factors from the experimental data [8, 9]:

F = (fs + f ′
sq

2 + f ′′
s q

4)eiδ
0
0(q2) + fp cos θπe

iδ11(q2)

G = (gp + g′pq
2)eiδ

1
1(q2)

H = hpe
iδ11(q2).

In a first step, ten independent five-parameter fits were performed for each bin in
Mππ, comparing data and MC in four-dimensional histograms in Meν , cos θπ, cos θe
and φ, with 1500 equal population bins each. The second step consisted in a fit of the
distributions in Mππ (see Figs. 3,4), to extract the (constant) form factor parameters.

The polynomial expansion in q2 was truncated according to the experimental
sensitivity. The dependence on Meν and the D-wave were found to be negligible
within the total uncertainty and the corresponding parameters were therefore set to
zero. The δ = δ0

0 − δ1
1 distribution was fitted with a one-parameter function given by

the numerical solution of the Roy equations [3], in order to determine a0
0, while a2

0

was constrained to lie on the centre of the universal band. The following preliminary
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Figure 3: F , G and H dependence on Mππ. The points represent the results of the
first-step fits, the lines are fitted in the second step.

result was obtained:

f ′
s/fs = 0.169± 0.009stat ± 0.034syst

f ′′
s /fs = −0.091± 0.009stat ± 0.031syst

fp/fs = −0.047± 0.006stat ± 0.008syst

gp/fs = 0.891± 0.019stat ± 0.020syst

g′p/fs = 0.111± 0.031stat ± 0.032syst

hp/fs = −0.411± 0.027stat ± 0.038syst

a0
0 = 0.256± 0.008stat ± 0.007syst ± 0.018theor,

where the systematic uncertainty was determined by comparing two independent
analyses and taking into account the effect of reconstruction method, acceptance, fit
method, uncertainty on background estimate, electron-ID efficiency, radiative cor-
rections and bias due to the neglected Meν dependence. The form factors are mea-
sured relative to fs, which is related to the decay rate. The obtained value for a0

0

is compatible with the χPT prediction a0
0 = 0.220 ± 0.005 [10] and with previous

measurements [11, 12].
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Figure 4: δ = δ0
0 − δ1

1 distribution as a function of Mππ. The points represent the
results of the first-step fits, the line is fitted in the second step.

4 K± → π0π0e±νe

About 10,000 K00
e4 events were selected from the 2003 data and about 30,000 from

the 2004 data with a background contamination of 3% and 2%, respectively. The
selection criteria were similar to the ones used for the K+−

e4 events, apart from the
requirement of containing one track and 4 photons compatible with two π0s at the
same vertex. The electron identification was based on the fraction of energy deposited
in the electromagnetic calorimeter and on the width of the corresponding shower. The
background level was estimated from data by reversing some of the selection criteria
and was found to be mainly due to K± → π0π0π± events with a pion mis-identified
as an electron (see Fig. 5).

The branching fraction was measured, as a preliminary result from the 2003 data
only, normalised to K± → π0π0π±:

BR(K00
e4 ) = (2.587± 0.026stat ± 0.019syst ± 0.029ext)× 10−5,

where the systematic uncertainty takes into account the effect of acceptance, trigger
efficiency and energy measurement of the calorimeter, while the external uncertainty
is due to the uncertainty on the K± → π0π0π± branching fraction. This result is
about eight times more precise than the best previous measurement [13].

For the form factors the same formalism is used as in K+−
e4 , but, due to the

symmetry of the π0π0 system, the P -wave is missing and only two parameters are
left: f ′

s/fs and f ′′
s /fs. Using the full data sample, the following preliminary result

was obtained:

f ′
s/fs = 0.129± 0.036stat ± 0.020syst

f ′′
s /fs = −0.040± 0.034stat ± 0.020syst,
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Figure 5: Invariant mass distribution in logarithmic scale of the K00
e4 events selected

from the 2003 data (crosses) compared to the signal MC (red) plus physical (yellow)
and accidental (blue) background.

which is compatible with the K+−
e4 result (see Fig. 6).

5 K± → π0π0π±

From 2003 data, about 23 million K± → π0π0π± events were selected, with negligible
background. The squared invariant mass of the π0π0 system (M2

00) was computed
imposing the mean vertex of the π0s, in order to improve its resolution close to
threshold. At M2

00 = 4m2
π+ , the distribution shows evidence for a cusp-like structure

(see Fig. 7, left) due to ππ re-scattering.
Fitting the distribution with the theoretical model presented in Ref. [14] and using

the unperturbed matrix element

M0 = A0(1 + 1
2
g0u+ 1

2
h′u2 + 1

2
k′v2),

the following result was obtained [15], assuming k′ = 0 [16]:

g0 = 0.645± 0.004stat ± 0.009syst

h′ = −0.047± 0.012stat ± 0.011syst

a2 = −0.041± 0.022stat ± 0.014syst

a0 − a2 = 0.268± 0.010stat ± 0.004syst ± 0.013theor,

where the a0 − a2 measurement is dominated by the uncertainty on the theoretical
model.
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Figure 6: Comparison of the f ′
s/fs and f ′′

s /fs measurements in K+−
e4 and K00

e4 .

In a further analysis, the value of k′ was obtained from a fit above the cusp in the
plane cos θ vs M2

00, where θ is the angle between the π+ and the π0 in the π0π0 centre
of mass system. Evidence was found for a non-zero value of k′ (see Fig. 7, right):

k′ = 0.0097± 0.0003stat ± 0.0008syst,

where the systematic uncertainty takes into account the effect of acceptance and
trigger efficiency. Reweighting the MC with the obtained value of k′, the standard fit
of the M2

00 distribution with the Cabibbo-Isidori model was performed to obtain the
cusp parameters, that were found to be compatible with the published values.
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1 Introduction

The most precise determination of Vus comes from semileptonic kaon decays. We
have measured with the KLOE detector at DAΦNE, the Frascati φ-factory, all the
experimental inputs to Vus for both neutral and charged kaons. Using our results
we extract the value of Vus with 0.9% fractional error, which is dominated by the
theoretical error on the form factor, f+(0). A new determination of the ratio Vus/Vud
is also presented, based on our precise measurement of the absolute branching ratio for
the decay K → µν(γ), combined with lattice results for the ratio fK/fπ. New results
on CPT symmetry and quantum mechanics test have also been achieved, which are
based on the first measurement of the charged asymmetry for KS → πeν decay and
on interferometry studies using the φ→ KLKS → π+π−π+π−.

2 DAΦNE and KLOE

The DAΦNE e+e− collider operates at a total energy
√
s = 1020 MeV, the mass of

the φ(1020)-meson.
Since 2001, KLOE has collected an integrated luminosity of about 2.5 fb−1. Re-

sults presented below are based on 2001-02 data for about 450 pb−1.
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The KLOE detector consists of a large cylindrical drift chamber surrounded by a
lead/scintillating-fiber electromagnetic calorimeter. The drift chamber [1], is 4 m in
diameter and 3.3 m long. The momentum resolution is σ(pT )/pT ∼ 0.4%. Two track
vertices are reconstructed with a spatial resolution of ∼ 3 mm. The calorimeter [2],
composed of a barrel and two endcaps, covers 98% of the solid angle. Energy and
time resolution are σ(E)/E = 5.7%/

√
E[GeV] and σ(t) = 57 ps/

√
E[GeV]⊕ 100 ps.

A superconducting coil around the detector provides a 0.52 T magnetic field.

The KLOE trigger [3], uses calorimeter and drift chamber information. For the
present analyses only the calorimeter triggers have been used. Two energy deposits
above threshold, E > 50 MeV for the barrel and E > 150 MeV for the endcaps, have
been required.

3 The tag mechanism

In the rest frame φ-mesons decay into anti-collinear KK pairs (with branching ratios
BR(φ → K+K− ≃ 49%) and BR(φ → KSKL ≃ 34%) [4]). In the laboratory this
remains approximately true because of the small crossing angle of the e+e− beams.

The decay products of the K and K define, event by event, two spatially well
separated regions called the tag and the signal hemispeheres. Identified K(K) decays
tag a K(K) beam and provide an absolute count, using the total number of tags as
normalization. This procedure is a unique feature of a φ-factory and provides the
means for measuring absolute branching ratios.

Charged kaons are tagged using the two body decays K± → µ±νµ and K± →
π±π0. KS are tagged by KL interacting in the calorimeter (KL-crash); KL are tagged
detecting KS → π+π−. For all of cases it is possible to precisely measure the tagged
kaon momentum from the knowledge of the φ and the tagging kaon momentum.

4 KL physics

As already stated, a pure sample of KL mesons is selected by the identification of
KS → π+π− decays. KL can either decay in the detector volume or interact in the
calorimeter or escape the detector.

Branching ratios of KL main decays

Starting from this sample, the KL branching ratios are evaluated by counting the
number of decays to each channel in the fiducial volume FV and correcting for the
geometrical acceptance, the reconstruction efficiency and the background contamina-
tion.
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KL decays in charged particles are identified by selecting a decay vertex within
the FV along the expected KL flight direction, as defined by the tag. In order to
discriminate among the different KL charged modes the variable ∆µπ = |pmiss−Emiss|
is used, where pmiss and Emiss are the missing momentum and the missing energy at
the KL decay vertex, evaluated by assigning to one track the pion mass and to the
other one the muon mass. Signal counting is thus achieved by fitting the ∆µπ spectrum
with a linear combination of four Monte Carlo shapes (KL → πeνe, KL → πµνµ,
KL → π+π−π0, KL → π+π−).

To count KL → π0π0π0 events, we exploit the time of flight capability of the
calorimeter to reconstruct the neutral vertex position. Such a vertex is assumed to be
along the KL line of flight. The arrival time of each photon detected in the calorimeter
is thus used to give an independent determination of LK , the path length of the KL.
Its final value is obtained from a weighted average of the different measurements.
This decay has been used also to measure the KL lifetime, τK = 50.92± 0.17± 0.25
ns, from a fit to the proper time distribution of neutral decay vertexes [5].

Since the geometrical efficiency of the FV depends on τK , the branching ratios
measured by KLOE have been renormalized by imposing their sum plus the remaining
ones (≈ 0.86% from PDG) to be equal to one. This removes the uncertainty due to
τK , while giving at the same time a precise determination of the KL lifetime itself.
The measured branching ratios are [6]:

BR(KL → πeνe(γ)) = 0.4007± 0.0005± 0.0004± 0.0014 (1)

BR(KL → πµνµ(γ)) = 0.2698± 0.0005± 0.0004± 0.0014 (2)

BR(KL → π+π−π0(γ)) = 0.1263± 0.0004± 0.0003± 0.0011 (3)

BR(KL → π0π0π0(γ)) = 0.1997± 0.0003± 0.0003± 0.0019 (4)

The corresponding lifetime is: τKL
= 50.72± 0.11± 0.13± 0.33 ns. It is in agreement

with KLOE’s previous measurement. The two measurements are uncorrelated and
can be averaged: τKL

= 50.84± 0.23 ns.

KL → πeνe decay: branching ratio and form factor

From the KLe3 semileptonic decays it is possible to extract the shape of the vector
form factor f+(t), since extra terms in the matrix element depend on the lepton mass.
The form factor is usually parametrized as

f+(t) = f+(0)

[
1 + λ′+

t

m2
π+

+
λ′′+
2

(
t

m2
π+

)2

+ . . .

]
(5)

where f+(0) is evaluated from theory and t is the K → π four momentum transfer
squared of the lepton pair invariant mass. The parameters λ’,λ′′ are obtained by fitting
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the spectrum of t/m2
π+ Ke3 events. The fit procedure takes into account the efficiency

of the selection cuts, the resolution effects and the background contamination as a
function of t. We find for a fit to 1 + λ′+t/m

2
π+ [7]:

λ+ = (28.6± 0.5± 0.4)× 10−3 (6)

with χ2/dof = 330/363 (P (χ2) = 0.89); for the quadratic term:

λ′+ = (25.5± 1.5± 1.0)× 10−3 (7)

λ′′+ = (1.4± 0.7± 0.4)× 10−3 (8)

with χ2/dof = 325/362 (P (χ2) = 0.92).
We also fit the data using a pole parametrization shape, f+(t)/f+(0) = M2

V /(M
2
V −

t). We obtain MV = (870± 6± 7) MeV (χ2/dof = 326/363 with P (χ2) = 0.924).

KL → π+π−

KLOE has also measured the BR of the KL → π+π− decay. This has been done mea-
suring the ratio R = BR(KL → π+π−(γ))/BR(KL → πµνµ(γ)) and taking the value
of the semileptonic branching ratio previously measured, since the tagging efficiency
are very similar. The number of events has been obtained fitting the spectrum of
the quantity

√
E2
miss + p2

miss with a linear combination of the Monte Carlo shapes for
signal and backgrounds corrected for the data/Monte Carlo ratio. Thus the result
obtained is [8]:

BR(KL → π+π−(γ)

BR(KL → πµνµ(γ))
= (0.7275± 0.0042± 0.0054)× 10−2 (9)

using the BR from the semileptonic decay:

BR(KL → π+π−(γ)) = (1.963± 0.0012± 0.0017)× 10−3 (10)

This measurement, together with the measurements of the BR(KS → π+π−), the KL

and KS lifetimes, can be used to determine |η+−| and |ǫ|:
|η+−| = (2.219± 0.013)× 10−3 (11)

|ǫ| = (2.216± 0.013)× 10−3 (12)

where for |ǫ| we have used the world average for Re(ǫ′/ǫ) = (1.67± 0.26)× 10−3 and
assumed arg ǫ′ = arg ǫ.

5 KS decays

As already stated, a pure sample of KS is selected by the detection of a KL interaction
in the calorimeter (KL-crash).
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Rπ
S

= BR(KS → π+π−(γ))/BR(KS → π0π0)

The ratio Rπ
S is a fundamental parameter of the KS meson. It enters into the dou-

ble ratio that quantifies direct CP violation in K → ππ transitions: Rπ
S/R

π
L =

1−6ℜ(ǫ′/ǫ). The most precise measurement was performed by KLOE using data col-
lected in 2000 for an integrated luminosity of 17 pb−1: Rπ

S = 2.236±0.003±0.015 [9].
This result was limited by systematic uncertainties. A new measurement has been
performed using 410 pb−1 data collected in 2001 and 2002, inproving on the total
error by a factor three. The KS decays into two neutral pions are selected by re-
quiring the presence of at least three EMC clusters with a timing compatible with
the hypothesis of being due to prompt photons (within 5 σ′s) and energy larger than
20 MeV. The selection of charged decays requires for two oppositely charged tracks
coming from the IP. The result obtained is: Rπ

S = 2.2555± 0.0056 [10]. This result
can be compared and averaged with the old one; weighting each by its independent
errors and calculating the average systematic error with the same weigths gives [10]:

Rπ
S = 2.2549± 0.0054 (13)

The result can be combined with the KLOE measurement of Γ(KS → π∓e±ν(ν)/Γ(KS →
π+π−(γ)) to extract the dominant KS BRs. For the ππ mode we find [10]:

BR(KS → π+π−(γ)) = (69.196± 0.051)× 10−2 (14)

BR(KS → π0π0) = (30.687± 0.051)× 10−2 (15)

BR(KS → πeν) and charge asymmetry

The measurement of the BR is an improvement (factor 4 on the total error) of
KLOE’s previous result [11]. It has been obtained by measuring the ratio BR(KS →
πeν(γ))/BR(KS → π+π−(γ)) and using the KLOE’s BR for the two bodies decay as
normalization. The event counting is performed by fitting the Emiss−pmiss spectrum
with a combination of MC shapes for signal and background [12]:

BR(KS → π−e+ν) = (3.528± 0.062)× 10−4 (16)

BR(KS → π+e−ν) = (3.517± 0.058)× 10−4 (17)

BR(KS → πeν) = (7.046± 0.091)× 10−4 (18)

Fitting the ratio of data and MC t/m2
π+ distributions we have measured the form

factor slope. The fit has been performed using only a linear parametrization, since
the available statistics does not allow to be sensitive to a quadratic one. The result
obtained is in agreement with the corresponding value for the linear slope of the
semileptonic KL form factor. The slope obtained is λ+ = (33.9 ± 4.1) × 10−3. The
charge asymmetry measured is [12]:

AS =
Γ(KS → π−e+ν)− Γ(KS → π+e−ν)

Γ(KS → π−e+ν) + Γ(KS → π+e−ν)
= (1.5± 9.6± 2.9)× 10−3. (19)
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The comparison of AS with the corresponding for KL allows precision tests of CP
and CPT symmetries. The difference between the charge asymmetries AS − AL =
4(Re δ + Re x−) signals CPT violation either in the mass matrix (δ term) or in
the decay amplitudes with ∆S 6= ∆Q (x− term). The sum of the asymmetries
AS +AL = 4(Re ǫ+Re y) is related to CP violation in the mass matrix (ǫ term) and
to CPT violation in the decay amplitude (y term). KS and KL decay amplitudes
allow test of the ∆S = ∆Q rule through the quantity:

Re x+ =
1

2

Γ(KS → πeν)− Γ(KL → πeν)

Γ(KS → πeν) + Γ(KL → πeν)
. (20)

The results obtained (using other quantities when needed either from KLOE when
available or from PDG) are:

Re x+ = (−0.5± 3.6)× 10−3 (21)

Re x− = (−0.8± 2.5)× 10−3 (22)

Re y = (0.4± 2.5)× 10−3 (23)

they are all compatible with zero. KLOE has a disposal of a statistic five time bigger,
using all the data available the uncertainty on AS can be reduced by more than a
factor 5.

BR(KS → π0π0π0)

This decay is a pure CP violating process. The related CP violation parameter η000

is defined as the ratio of decay amplitudes: |η000| = A(KS → 3π0)/A(KL → 3π0) =
ǫ + ǫ′000 where ǫ describes the CP violation in the mixing matrix and ǫ′000 is a direct
CP violating term. The signal selection requires six neutral clusters coming from the
interaction point. Background coming from KS → π0π0 + fake γ is rejected applying
a kinematic fit imposing as constraints the KS mass, the KL four momentum and
β = 1 for each photon. Two pseudo χ2 variables are then built, ζ3 which is based on
the best 6 γ combination into 3 π0 and ζ2 which select four out of six γ providing
the best agreement with the KS → π0π0 decay. Events with two charged tracks
coming from the interaction point are vetoed. Using the KS → π0π0 branching ratio
as normalization sample we obtained a 90% C.L. upper limit [13]:

BR(KS → π0π0π0) < 1.2× 10−7. (24)

The corresponding 90% C.L. upper limit on η000 is:

|η000| =
|A(KS → 3π0)|
|A(KL → 3π0)| < 0.018. (25)
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6 Quantum interference in kaons

KLOE at a φ-factory has the unique possibility for testing QM and CPT simmetry
studying interference in the φ → KLKS → π+π−π+π− channel. Deviation from QM
can be parametrized introducing a decoherence parameter ζ in the formula for the
decay intensity [14, 15]:

I(|∆t|) ∝ e−|∆t|ΓL + e−|∆t|ΓS − 2(1− ζ)cos(∆m|∆t|)e
ΓS+ΓL

2
|∆t| (26)

The meaning and value of ζ depends on the basis used for the initial state (i.e. ζSL
for KSKL and ζ00 for K0K0). The results have been obtained performing a fit of the
∆t distribution. For the decoherence parameter we find [16]:

ζSL = 0.018± 0.040± 0.007 χ2/dof = 29.7/32 (27)

ζ00 = (0.10± 0.21± 0.04)× 10−5 χ2/dof = 29.6/32. (28)

The results are consistent with zero, therefore there is not evidence for QM violation.
Space-time fluctuactions at the Planck scale might induce a pure state to become
mixed [17]. This results in QM and CPT violation, changing therefore the decay
time distribution of the K0K0 pair from φ decays. In some theoretical framework
this violation can be parametrized with the quantities γ [18] or ω [19]. Again the
values obtained are compatible with zero. There is no evidence for QM violation [16]:

γ = (1.3+2.8
−2.4 ± 0.4)× 10−21GeV χ2/dof = 33/32 (29)

ℜω = (1.1+8.7
−5.7 ± 0.9)× 10−4 χ2/dof = 29/31 (30)

ℑω = (3.4+4.8
−5.0 ± 0.6)× 10−4. (31)

Another test of CPT invariance can be performed via the Bell-Steinberger relation
(BSR) [20]:
(

ΓS + ΓL
ΓS − ΓL

+ i tanφSW

)(
Re(ǫ)

1 + |ǫ|2 − i Im(δ)

)
=

1

ΓS − ΓL

∑

f

AL(f)A∗
S(f) (32)

where φSW = arctan(2(mL − mS)/(ΓS − ΓL)). The Bell-Steinberger relation links
a possible violation of CPT invariance (mK0 6= mK0 or ΓK0 6= ΓK0) in the time

evolution of the K0K0 system to the observable CP violating interference of KL and
KS decays into the same final state f . Any evidence for a non vanishing Im(δ) can
only be due to violation of: i) CPT invariance; ii) unitarity; iii) the time independence
of M and Γ in the equation which describes the time evolution of the neutral kaon
system within the Wigner-Weisskopf approximation:

i
∂

∂t
Ψ(t) = HΨ(t) =

(
M − i

2
Γ

)
Ψ(t), (33)
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where M and Γ are 2 × 2 time-independent Hermitian matrices and Ψ(t) is a two-
component state vector in the K0 − K0 space. The result we have obtained (using
all experimental inputs from KLOE where available) are [21]:

Re(ǫ) = (159.6± 1.3)× 10−5 (34)

Im(δ) = (0.4± 2.1)× 10−5. (35)

The limits on Im(δ) and Re(δ) can be used to constrain the mass and width difference
between the neutral kaons via the relation:

δ =
i(mK0 −m

K
0) + 1

2
(ΓK0 − Γ

K
0)

ΓS − ΓL
cos φSWe

iφSW [1 +O(ǫ)]. (36)

In the limit ΓK0 = Γ
K

0 (i.e. neglecting CPT -violating effects in the decay amplitudes)
we obtain the following bound at 95% C.L. on the mass difference [21]:

−5.3× 10−19 GeV < mK0 −m
K

0 < 6.3× 10−19 GeV (37)

Figure 1: Left: allowed region at 68% and 95% CL in the Re(ǫ), Im(δ) plane. Right:
allowed region at 68% and 95% CL in ∆M , ∆Γ plane.

7 Charged kaons decays

As already stated, a pure sample of K± is selected by the identification of a K∓ two
bodies decay in the drift chamber.
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Charged kaon lifetime

Together with the branching ratios of the semileptonic decays, the lifetime is one
of the fundamental experimental inputs for the evaluation of Vus. There are two
methods available for the measurement: the kaon decay length and the kaon decay
time. The two methods allow cross checks and studies of systematics; their resolutions
are comparable. The first requires a kaon decay vertex in the fiducial volume, then the
kaon is extrapolated backward to the IP taking into account the dE/dx to evaluate
its velocity. The proper time can be obtained fitting the distribution of

τ ∗ =
∑

i

∆Ti =
∑

i

√
1− β2

i

βic
∆li (38)

The preliminary result we have obtained for the K+ is:

τ+ = (12.377± 0.044± 0.065)ns (39)

with χ2/dof = 17.7/15. The analysis with the second method is still in progress.

Branching ratio of the charged kaon semileptonic decays

The BRs for the two semileptonic decays are obtained performing a fit of the mass
squared of the charged secondary decay product (m2

lept), using the MC distributions
for signal and background. The mass is obtaind via a TOF measurement. Background
from µνµ decay is rejected applying a cut on the momentum of the charged secondary
in the decaying kaon rest frame. The BRs have been evaluated separately for each
tag sample and each charge; corrections have been applied in order to account for
data-MC differences. The preliminary branching ratios obtained are:

BR(K± → π0e±νe(γ) = (5.047± 0.019± 0.039)× 10−2 (40)

BR(K± → π0µ±νµ(γ) = (3.310± 0.016± 0.045)× 10−2. (41)

BR(K → µνµ(γ))

The number of signal events has been obtained performing a fit of the momentum
of the charged secondary in the decaying kaon rest frame. Background has been
identified as any event having a π0 in the final state. The efficiency has been evaluated
directly on data using a sample selected only with calorimeter informations. The
result obtained is [22]:

BR(K+ → µ+νµ(γ)) = 0.6366± 0.0009± 0.0015 (42)
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8 Vus summary

The KLOE results on semileptonic decays on both neutral and charged kaons, can be
used together with results from other experiments in order to evaluate Vus and check
the unitarity of the first row of the CKM matrix.
Averaging over all the available experimental inputs according to the procedure spec-
ified in [23], it is possible to extract the world average:

Vus × f+(0) = 0.2164± 0.0004 (43)

which can be compared with the value expected from unitarity of CKM matrix using
Vud from [24]:

Vus × f+(0) = 0.2187± 0.0022. (44)

We use f+(0) = 0.961±0.008, computed by Leutwyler and Roos [25]. It is also possible

Vud     

V
us

   
 

0.2

0.225

0.25

0.96 0.97 0.98
0.2

0.225

0.25
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Figure 2: Left: Vus × f+(0) world average. Right: Vus − Vud plane.

to use the charged kaon leptonic decay to evaluate Vus using lattice calculation of the
ratio fK/fπ as pointed out in [26]. Using the latest value from the MILC collaboration
for the ratio of the decay constants [27] we find:

Vus
Vud

= 0.2286+0.0020
−0.0011. (45)

This value can be fitted together with Vus from kaon semileptonic decays and Vud
from nuclear beta decays, obtaining:

Vus = 0.2246+0.0009
−0.0013 (46)

Vud = 0.97377± 0.00027 (47)
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with χ2/dof = 0.046/2, P(χ2) = 0.97. Imposing also the unitarity constraint (see the
right panel of figure 2):

Vus = 0.2257± 0.0007 (48)

Vud = 0.97420± 0.00016 (49)

with χ2/dof = 3.94/1, P(χ2) = 0.05.
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KTeV Results on Chiral Perturbation Theory
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Tucson, AZ 85749 USA

The KTeV experiment has carried out a broad program of studies of rare kaon
decays. In this paper we present results on KL → π0γγ, KL → π0e+e−γ and KL →
π0π0γ. These decays provide a window for testing chiral perturbation theory at
O(p6). We find BR(KL → π0γγ) = (1.30 ± 0.03) × 10−6, BR(KL → π0e+e−γ)
= (1.90±0.16±0.12)×10−8, and set the limit BR(KL → π0π0γ) < 2.32×10−7. The
KTeV measurements are competitive with or better than the world’s best results in
these decays.

1 Introduction

The decays KL → π0γγ, KL → π0e+e−γ and KL → π0π0γ can all be used as tests of
chiral perturbation theory. In particular, predictions for the branching ratios of these
modes show significant increases when one uses O(p6) versus O(p4) chiral perturbation
theory. The first measurements of KL → π0γγ [1, 2] were a factor of three higher
than the O(p4) prediction, but were consistent with the O(p6) calculation. [3] This
was also seen in the decay KL → π0e+e−γ decay where the O(p4) prediction was
inconsistent with the measurement, but consistent with the O(p6) calculation. [4] For
the KL → π0π0γ decay, the branching ratio vanishes at O(p4) chiral perturbation
theory, yet is non-zero at higher order. Recent predictions for this decay range from
10−11 − 10−8. [5, 6]

In addition, the two decays KL → π0γγ and KL → π0e+e−γ are important
for understanding the direct CP violating decay KL → π0e+e−. Three components
contribute to the KL → π0e+e− amplitude: direct CP violation, indirect CP violation
(and an interference term), and a CP conserving term. Recent measurements of the
decay KS → π0e+e− [7] and KS → π0µ+µ− [8] have helped to determine the indirect
CP violating contributions to KL → π0e+e− and KL → π0µ+µ−. The magnitude of
the CP conserving contributions to KL → π0ll can be determined by measurements
of the decay KL → π0γγ [9, 10] and KL → π0e+e−γ. The CP conserving term is
estimated to be small [11].
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KTeV

Figure 1: The KTeV detector.

2 The KTeV Experiment

The KTeV experiment, shown in Figure 1, is a Fermilab fixed target experiment. The
detector ran in two different configurations: E799 and E832. The E799 configuration
took advantage of a higher kaon flux to search for rare kaon decays. The E832
configuration was used primarily for a measurement of ǫ′/ǫ. The main difference
between the two configurations was the use of a regenerator to produce KS decays
in the E832 configuration. The two experimental configurations also had a few other
differences as noted below.

The KTeV detector contains a charged spectrometer with four drift chambers,
two on either side of a large dipole magnet. At the downstream end of the detector
is a two-meter square calorimeter consisting of 3100 pure CsI blocks. Following the
calorimeter are 10 cm of lead and 5 meters of steel which act as a muon filter. Two
planes of scintillator, used for muon detection, are located just downstream of the
steel. Photon vetoes to detect the the presence of particles that would otherwise
escape detection surround the spectrometer. The charged spectrometer achieves a
hit resolution of better than 100 µm, while the CsI calorimeter obtains better than
1% energy resolution over the range of energies of interest. Just upstream of the
CsI calorimeter is a transition radiation detector (TRD) capable of e/π separation
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Figure 2: The kaon reconstructed decay position. The green histogram is the KL →
π0γγ Monte Carlo, while the black histogram is the KL → π0π0π0 Monte Carlo.

of 200:1 with a 90% efficiency. The TRDs were employed during E799 running, and
were moved out of the way during E832 running.

The KTeV experiment took data during a number of different periods between
1996 and 1999. In the E832 configuration, we had three different running periods:
1996, 1997 and 1999. The E799 running occurred in 1997 and 1999. Between the
1997 and 1999 runs, a number of upgrades were made to the detector to increase
its reliability and to improve its live time. In addition during E799 running, the
transverse kick from the magnet was reduced from 205 MeV/c to 150 MeV/c, enabling
a larger acceptance for high multiplicity decay modes. For the entire E799 data set,
approximately 6.6×1011 kaon decays occurred in the KTeV detector. This large kaon
flux allows us to have an unprecedented sensitivity to a number of rare kaon decays
with large multiplicity final states.
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Figure 3: The photon shape variable for KL → π0π0 (top) and KL → π0γγ candi-
dates (bottom). In the top plot, the dots are the data and the red histogram is the
Monte Carlo. In the bottom plot, the blue histogram represents the KL → π0π0π0

background.
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3 Measurement of KL → π0γγ

In the decay KL → π0γγ, the final state consists of four photons, two from the π0

and two from the KL. Our analysis requires four electromagnetic clusters in the CsI
calorimeter, with no tracks or extra clusters. One can combine the four clusters in
three different combinations. We choose the combination in which the two photon
invariant mass reconstructs closest to the known π0 mass.

Backgrounds to this decay originate from two main sources, KL → π0π0 and
KL → π0π0π0. The first background has the same topology as our signal events.
However, the relatively small branching ratio for KL → π0π0 and kinematic cuts
reduce this background to a negligible level. In particular, we look at all possible
photon combinations of the four photons and reject any event in which the invariant
γγ mass for both pairs of photons reconstruct near the π0 mass.

KL → π0π0π0 decays constitute the largest source of background to KL → π0γγ.
These events can contribute to the background in three distinct ways. First, two
photons from the KL → π0π0π0 decay can miss the calorimeter, with the remaining
four photons interacting in the CsI calorimeter. Another possibility is that one photon
misses the calorimeter while two photons overlap in the calorimeter. Finally, all
six photons can hit the calorimeter, with four of the six photons from the KL →
π0π0π0 decay overlapping in the calorimeter, producing four separate clusters in the
calorimeter.

The first source of KL → π0π0π0 background can be reduced by first eliminating
events with signals in the photon vetoes. In addition, one can improve the signal
to background ratio by cutting on the reconstructed z position of the event. When
the energy in the calorimeter is less than the kaon energy, the event reconstructs
downstream of its true decay position. This can be seen in Figure 2 where the signal
events are relatively flat, while the background events show a large enhancement at
the downstream end of the detector.

To get rid of events in which photons overlap in the CsI calorimeter, we define a
photon shape variable. This variable uses the 3x3 array of CsI crystals containing the
core of the shower and compares the energy distribution to an ideal energy distribution
determined from Monte Carlo. This shape variable can be seen in Figure 3. The top
plot shows the photon shape variable for KL → π0π0 events for both the data and the
Monte Carlo, and shows good agreement between the two. The bottom plot shows
the data with the KL → π0π0π0 Monte Carlo overlaid. As can be seen, the signal
events tend to peak at low values of the shape variable, while the 3π0 background is
relatively flat. We require that the shape variable be less than 1.8, which removes
the majority of the 3π0 events.

Because of the discrepancy between the NA48 and KTeV published results on
KL → π0γγ, we reexamined the data used in our previous result. [10] We found that
we underestimated the impact of a disagreement between the data and the Monte
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Source of Uncertainty Uncertainty (%)
aV dependence 1.5
3π0 background 1.3

MC statistics 1.0
Normalization 0.9

Photon Shape 1.1
Tracking Chambers 0.9
2π0 branching ratio 0.9
Photon vetoes 0.9
Kaon Energy 0.7
Decay Vertex 0.4
Total 2.9

Table 1: Systematic errors for the KL → π0γγ measurement

Carlo photon shape variable. This led to an underestimate of the background in
our final sample. With an improved simulation of the photon shape variable, our
background estimate nearly doubles, and the KL → π0γγ branching ratio decreases.

After all cuts, the background is dominated by KL → π0π0π0 events, with the
total background constituting approximately 30% of the final events. To check that
we understand the background level, we examine the data/MC overlays of the mπ0

distributions. Any underestimate of the 3π0 background would manifest itself as
a data/MC mismatch in the tails of the mπ0 distributions. As shown in Figure 4,
at small values of the photon shape variable, the tails agree quite well in the mπ0

distributions.

The systematic errors associated with this measurement are shown in Table 3.
The main sources of uncertainty stem from understanding the 3π0 background and
its normalization. Other sources of systematic uncertainty come from our knowledge
of the photon veto system, the acceptance determination and external factors such
as the measured KL → π0π0 branching ratios. The total systematic uncertainty is
2.9%.

After all cuts have been implemented, we find 1982 events with a background of
601 events. The reconstructed γγ mass is shown in Figure 5. The distinctive γγ
shape results from coupling of the γγ system to two virtual pions, and peaks around
320 MeV/c2. We determine the KL → π0γγ branching ratio to be: BR(KL → π0γγ)
= (1.30± 0.03± 0.04)× 10−6, where the first error is statistical and the second error
systematic. As shown in Figure 5, this result is compatible and competitive with the
result from NA48. Our new result supercedes the previous KTeV measurement of
BR(KL → π0γγ), which was in nominal disagreement with the NA48 result.
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Figure 4: The reconstructed π0 mass distribution for candidate events. The dots are
the data, the red histogram the sum of the Monte Carlo, and the blue histogram the
KL → π0π0π0 background Monte Carlo. The three plots represent different regions
of the photon shape variable.
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Figure 5: The top plots show the final γγ mass distribution for KL → π0γγ candidates
before and after background subtraction. The bottom plot shows the branching ratio
results for the previous KTeV result, the NA48 result and our new KTeV result. The
results have been rescaled using the latest PDG value for KL → π0π0.
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4 Measurement of KL → π0e+e−γ

The decay KL → π0e+e−γ produces two charged tracks in the spectrometer and three
photons in the CsI calorimeter. The three photons can be combined in three different
ways to form a neutral pion. We choose the combination that has the best π0 mass.
The neutral vertex is used to determine the decay position rather than the charged
vertex due to its better resolution.

Like the KL → π0γγ decay, the main backgrounds to this decay are from KL →
π0π0 and KL → π0π0π0. The difference is that one of the π0 undergoes Dalitz decay
to e+e−γ. To help reduce the background from KL → π0π0 decays, we formed a
neural net variable using the reconstructed masses mγγ and me+e−γ from the second
and third best combinations. We define the second and third best combinations by
how far from the nominal π0 mass the γγ combination reconstructs. The neural net
variable can be seen in Figure 6. In this plot the KL → π0π0 events are well-separated
from the signal KL → π0e+e−γ events. We require that the neural net variable be
greater than 0.5

To reduce KL → π0π0π0 backgrounds we also require that the photon shape
variable, defined above, be small for each photon candidate. We can use the decay
kinematics to help reduce the background from KL → π0π0π0 decays. We define a
variable p2

L, which is the longitudinal momentum squared of the missing π0 in the
kaon rest frame. We perform a two-dimensional cut on the p2

L variable versus the
three photon invariant mass, mγγγ . This distribution is shown in Figure 6. There
is good separation between the signal events, shown in blue, and the KL → π0π0π0

background. We use a polynomial to define the cut shown in Figure 6.

After applying all cuts, we find 139 events over a background of 14.4 events as
shown in Figure 7. We reconstructed 80,445 KL → π0π0 events used for normal-
ization. This allows us to determine the branching ratio for KL → π0e+e−γ to be
BR(KL → π0e+e−γ) = (1.90± 0.16± 0.12)× 10−8 where the first error is statistical
and the second is systematic. The results from the 1997 and 1999 data sets are shown
separately in Figure 7, along with the previously published result on KL → π0e+e−γ.
The published result and our new 1997 result use the same data set. Although the
branching ratio results for these two results differ, the two results are statistically
consistent with each other. We expect the two results to differ because of differences
in selection criteria and calibration constants. As in the KL → π0γγ, the normaliza-
tion mode branching ratio has decreased by approximately 8% from the value used in
the published KTeV result. The systematic uncertainties are listed in Table 4. The
largest systematics come from the limited Monte Carlo statistics and the dependence
of the result on the parameter aV .
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background (red) and the KL → π0e+e−γ signal Monte Carlo. The bottom plot
shows the missing momentum versus the γγγ mass distribution for KL → π0π0π0

background (red) and signal Monte Carlo (blue).
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Figure 7: The e+e−γγγ mass (top) for the combined 1997 and 1999 data sets. The
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π0π0π0 backgrounds. The bottom plot shows the branching ratio results for the KTeV
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Systematic Error (%)

MC Statistics 4.2
aV dependence 3.8
KL and π0 BR 2.8
3π0 bkg 0.8
acceptance 0.4
2π0 background 0.1
Total 6.4

Table 2: Systematic errors for the KL → π0e+e−γ measurement

5 Search for KL → π0π0γ

In this decay we use the π0 Dalitz decay for one of the neutral pions. We chose this
because the fully neutral mode trigger was heavily prescaled, whereas the KTeV two-
track trigger was not. The final state consists of an e+e− pair, and three photons in
the CsI calorimeter. As in the other analyses discussed in this paper, there are three
possible combinations of photons for each event. Again, we choose the combination
that reconstructs closest to the π0 mass.

The main background to this decay comes from KL → π0π0π0 events, since KL →
π0π0 cannot contribute to the background without the addition of accidental particles.
Two variables are effective in reducing the background to this mode. The first is to
employ the photon shape variable described above. This reduces events in which two
of the photons overlap in the calorimeter. The second varible used is the missing
momentum in the kaon rest frame, p2

L. Cutting on this variable significantly reduces
the KL → π0π0π0 background.

A unique feature of this analysis is that the normalization mode is not fully re-
constructed. Rather we use KL → π0π0π0 events in which one of the photons passes
through one of the beam holes in the CsI calorimeter. This photon is kinematically
constrained using the known kaon mass.

The final candidates are shown in Figures 8, where the reconstructed kaon mass
is shown along the x-axis and the kaon transverse momentum squared, p2

T , is shown
on the y-axis. For the 1997 sample we chose a square signal region, while for the 1999
sample we formed a likelihood from the product of the mK and p2

T probabilities. After
all cuts we found no events in the 1997 sample and one event in the 1999 sample. The
probability of this event to come from background is determined to be approximately
10%.

Using our KL → π0π0π0 normalization sample, we determine an upper limit of
BR(KL → π0π0γ) < 2.32× 10−7. This constitutes an improvement of about 20 over
the previous limit from NA31. However, this limit is well-above the predictions for
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this decay.

6 Summary and Conclusions

The KTeV experiment has presented three new results on KL → π0γγ, KL →
π0e+e−γ and KL → π0π0γ. The first result is competitive with the world’s best
result from NA48, while the other two represent the world’s best measurements on
these two decays. The measured branching ratios are both inconsistent with the
O(p4) predictions from chiral perturbation theory, and consistent with O(p6) chiral
perturbation theory.
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1 Introduction

The Tevatron collider at Fermilab, operating at a center-of-mass energy of
√
s = 1.96

TeV has a huge bb production cross section (≈ 1 nb), which is about five orders of
magnitude larger than the bb production rate at the B factories PEP and KEK, e+e−

colliders running on the Y (4S) resonance. In addition, only B+ and Bd mesons are
produced at Y (4S), while higher mass b hadrons such as Bs, Bc, b baryons, B∗ and
p-wave B mesons are currently produced only at the Tevatron. In order to exploit the
possibility to study those variety of heavy b hadrons in a busy hadronic environment,
dedicated detector systems, triggers and reconstruction are crucial.
Both D0 and CDF are multipurpose detectors featuring high resolution tracking in a
magnetic field and lepton identification. These detectors are symmetrical in polar and
azimuthal angles around the interaction point, with approximate 4π coverage [1, 2].
The CDF and D0 experiments are able to trigger at hardware level on large track im-
pact parameters. CDF exploits this trigger to collect a sample of fully reconstructed
B mesons, enhancing the potential of its B physics program. At D0 the displaced
track trigger is for the time being only used at lower bandwidth, e.g. for b tagging
of potential Higgs candidates. CDF has a dedicated particle identification system
composed of a time-of-flight detector and dE/dx measurements in the drift-chamber,
which allows kaon-pion separation of at least 1.5 σ throughout the whole momentum
range. D0 has an excellent muon system and a tracking coverage in the forward region
up to a pseudo-rapidity of η = 2.5.
About 2 fb−1 of data has been collected in the meantime by each of the both experi-
ments. About 8 fb−1 are expected till the shutdown of the Tevatron end of 2009. The
results presented here are unless otherwise specified based on 1 fb−1 of data.
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2 Bs Lifetime Difference & Mixing Phase

In the standard model (SM), the light (L) and heavy (H) eigenstates of the Bs system
are expected to mix in such a way that the mass and decay width differences between
them, ∆ms = mH −mL and ∆Γs = ΓL − ΓH , are sizeable. The mixing phase φSMs is
within the SM predicted to be small [3], and thus to a good approximation the two
mass eigenstates are expected to be CP eigenstates. New phenomena may introduce
a non-vanishing mixing phase φNPs , leading to a reduction of the observed ∆Γs com-
pared to the SM prediction: ∆Γs = ∆ΓSMs × | cos(φSMs + φNPs )| [3]. While the mass
difference ∆ms in the Bs system has been recently measured with a high precision, as
it will be described in the following section, the mixing phase has remained unknown
sofar.
Several analysis have been performed at the Tevatron, to access ∆Γs and/or φs:
Bs → K+K− is a pure CP even state. Assuming a small CP violating phase, the
measurement of the lifetime in this final state directly corresponds to the measure-
ment of the lifetime of the Bs(light), which can then be compared to measurements
of lifetimes in flavor specific eigenstates [5].
The untagged decay rate asymmetry in semileptonic Bs decays (AsSL) is another han-
dle on the mixing parameters of the Bs system [4]:

AsSL =
∆Γs
∆ms

tan(φs) (1)

Both analysis have been performed at the Tevatron and have been discussed in the
talk from Cano Ay at this conference.
A third approach is the measurement of the branching ration of Bs → D

(∗)
s D

(∗)
s .

This decay is predominantly CP even [6] and gives the largest contribution in the
lifetime difference between the Bs(heavy) and Bs(light). The following relation can
be obtained [3]:

2 ∗BR(Bs → D(∗)
s D

(∗)
S ) ≈ ∆Γs

cos(φs)Γs
[1 +O(

∆Γ

Γs
)], (2)

where Γs is the average Bs decay width. This analysis is describe in more detail in
the contribution from Manfred Paulini.

The decay Bs → J/Ψφ, through the quark process b→ ccs, gives rise to both CP
even and CP odd final states. It is possible to separate the two CP components of
this decay, and thus to measure the lifetime difference, through a simultaneous study
of the time evolution and the angular distributions of the decay products of the J/Ψ
and the φ mesons. Moreover, with a sizeable lifetime difference, there is a sensitivity
to the mixing phase through the interference terms between the CP even and CP
odd waves.
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Figure 1: Lifetime and transversity angle distribution for CP even and CP odd
Bs → J/Ψ Φ decays of the D0 analysis.

Based on 1 fb−1 of D0 analyzes about 23.000 Bs → J/Ψ(µ+µ−)φ(K+K−) can-
didates after selection cuts. A simultaneous unbinned likelihood fit is performed in
terms of invariant mass, proper decay length and transversity angular variables, de-
scribed in [7]. In Fig. 1 we show the projection of the fit result onto the proper
decay time distribution and the onto cos θ, one of the transversity angles. Similar
good agreement is observed in the projections onto the invariant mass and remaining
transversity angles. A fit to the data has been performed in two ways. First the
mixing phase φs has been fixed to zero, which assumes no significant New Physics
contribution in φs. A non-zero decay width difference of ∆Γs = 0.12 ± 0.08 (stat.)
± 0.03 (syst.) has been obtained. This result has been compared to the result of the
analysis of the Bs → K+K− lifetime and the branching ratio measurement, which
have been briefly described above (Fig. 2). The plot contains as well the result of the
angular analysis of the Bs → J/Ψφ mode performed by the CDF collaboration based
on 380 pb−1 of data.
In a second fit to the D0 data, both the decay width difference ∆Γs and φs where
floating parameters, which results in:

∆Γs = 0.17 ± 0.09 (stat.) ± 0.03 (syst.) ps−1 (3)

φs = −0.79 ± 0.56 (stat.) ± 0.01 (syst.) (4)

This is the first measurement of the mixing phase φs. The result is still dominated by
statistical uncertainties. But with increasing data samples, this is a very promising
analysis to probe the SM. Any sizeable phase would be a clear hint to New Physics.
A combined fit of ∆Γs and φs both in the Bs → J/Ψφ decays and in the untagged
semileptonic decay rate asymmetrie has been performed (Fig. 2).
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This combined fit slightly reduces the uncertainties on φs but still the analysis is
at this stage statistical dominated:

∆Γs = 0.15+0.09
−0.08 ps−1 (5)

φs = −0.56+0.44
−0.41 (6)

For the moment all results are consistent with the SM expectations.

3 Bs Mixing

The precise determination of the Bs − Bs oscillation frequency ∆ms from a time-
dependent analysis of the Bs − Bs system has been one of the most important goals
for heavy flavor physics at the Tevatron. This frequency can be used to strongly
improve the knowledge of the Cabbibo-Kobayashi-Maskawa (CKM) matrix, and to
constraint contributions from New Physics.
The probability P for a Bs meson produced at time t = 0 to decays as a Bs (Bs) at
proper time t > 0 is, neglecting effects from CP violation as well as possible lifetime
difference between the heavy and light B0

s mass eigenstates, given by

P±(t) =
Γs
2
e−Γst[1± cos ∆mst)], (7)

where the subscript “+” (“-”) indicates that the meson decays as Bs (Bs). Oscillation
have been observed and well established in the Bd system. The mass difference ∆md
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is measured to be [5]

∆md = 0.505 ± 0.005 ps−1. (8)

In the Bs system oscillation have also been established but till winter 2006 all attempts
to measure ∆ms have only yielded a combined lower limit on the mixing frequency of
∆ms > 14.5 ps−1 at 95% confidence level (C.L.). Indirect fits constraint ∆ms to be
below 24 ps−1 @ 95% C.L. within the SM. This spring the D0 experiment presented
the first double sided 90% C.L. limit [8] and CDF shortly afterwards presented the
first precision measurement on ∆ms, with a significance of the signal of about 3 σ at
that time [9]. Just a few months later the CDF collaboration updated their result
using the very same data, but improved analysis technics and where able to announce
the observation of the Bs −Bs mixing frequency [10].
The canonical B mixing analysis proceeds as follows. The b flavor (b or b of the
B meson at the time of decay) is determined from the charges of the reconstructed
decay products in the final state. The proper time at which the decay occurred is
determined from the transverse displacement of the Bs decay vertex with respect
to the primary vertex, and the Bs transverse momentum with respect to the proton
beam. Finally the production b flavor must be known in order to classify the B meson
as being mixed (production and decay b flavor are different) or unmixed (production
and decay b flavor are equal) at the time of its decay. Then the asymmetry can be
measured and thus ∆ms be determined:

A(t) ≡ N(t)unmixed −N(t)mixed
N(t)unmixed +N(t)mixed

= D cos(∆mst), (9)

where N(t) are the time-dependent rates for mixed and unmixed Bs decays. D is the
so-called dilution, a damping term which is related to the imperfect tagging. It is
defined as D = 1− Pw, where Pw is the probability for a wrong tag.
The significance S of a mixing signal is given by:

S =

√
ǫD2

2

√
S

S +B
e−

(∆msσct)
2

2 (10)

S and B are the rates of signal and background events respectively. ǫD2 is the figure
of merit for the flavor tagging, where ǫ is the efficiency to actually apply a tag to a
given Bs candidate. σct is the proper decay time resolution. Especially at large ∆ms

values a small σct resolution is crucial for this analysis.
We will in the following sections discuss those various ingredients to the mixing anal-
ysis and then present the result.
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Figure 3: Left: Invariant mass distribution of Bs → Ds(φπ)π candidates of the CDF
mixing analysis. Right: Ds invariant mass distribution of Bs → ℓDsX candidates.

3.1 Signal Yields

CDF analysis fully and partial reconstructed hadronic and semileptonic Bs candidates
in events collected by the displaced track trigger. About 2000 candidates are fully
reconstructed in the cleanest, so-called golden mode Bs → Ds(φπ)π. About 3200 par-
tially reconstructed Bs candidates coming from Bs → D∗

s(φπ)π and Bs → D∗
s(φπ)ρ

are reconstructed with the same signal signature. Those events have slightly worse
proper decay time resolution than the fully reconstructed ones due to γ or π0, which
escaped reconstruction. 3600 Bs candidates are fully reconstructed in additional
decay signatures such as Bs → Ds(K

∗K)π, Bs → Ds(3π)π, Bs → Ds(φπ)3π,
Bs → Ds(K

∗K)3π and Bs → Ds(3π)3π. Neural network technics have been used
to enhance signal yield and to improve signal/background ratio.
A large sample of 61.500 semileptonic Bs → ℓDsX candidates has been studied as
well. Due to the missing momentum of the non reconstructed particles in this decay
a correction factor derived in Monte Carlo, has been applied to scale the ℓDs mo-
mentum to match the Bs momentum, which is needed to compute the proper decay
time:

ct =
LxyM(Bs)

pT (Bs)
=
LxyM(B)

pT (ℓDs)
∗ k. (11)

It has turned out that the invariant ℓDs mass is a good variable, both to reject
background as well as to parameterize the k factor distribution. Low ℓDs values are
mainly background and the k factor distribution is rather broad which results in a
large proper decay time uncertainty. Events with ℓDs mass close to the Bs mass are
more valuable events. They are suffering from less background and their k factor
distribution is narrower.
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D0 studies exploits their excellent muon coverage and analyses a large sample of
semi-muonic decays. About 27.000 Bs → µDs(φπ)X, 12.600 Bs → µDs(K

∗K)X and
2.000 Bs → eDs(φπ)X candidates are analyzed. In order to get a handle on fully
reconstructed candidates it is planed to use events triggered with a single muon as
opposite-side tag and search for fully reconstructed Bs candidates on the non-trigger
side.

3.2 Decay Length Resolution

One of the critical input to the analysis is the proper decay time resolution. It is
the limiting factor of the sensitivity of the signal at large ∆ms values. For setting
a limit a too optimistic proper decay time resolution estimate could potentially lead
to the exclusion of ∆ms regions we are actually not sensitive to. Therefore σct has
been measured directly on data. CDF exploits prompt D decays plus tracks from
the primary vertex to mimic all B decay topologies studied in this analysis. On
an event-by-event basis, the decay time resolution is predicted, taking into account
dependences on several variables, such as isolation, vertex χ2 etc. D0 uses the negative
tail of the lifetime distribution of prompt J/Ψ events to fit for one average σct value
applied to all events. The mean < σct > for hadronic events at CDF is 26 µm
and for semileptonic events about 45 µm. The semileptonic events used in the D0
analysis have a resolution of a out 50-60 µm. The main difference between the D0
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and CDF semileptonic numbers is coming from the additional innermost silicon layer
at a distance of about 1.2 cm from the collision point, in the CDF detector. D0 has
added a similar layer to their detector recently, which is currently being commissioned.
Therefore improvements in the D0 decay length resolution are expected to come soon.

3.3 Flavor Tagging

While the flavor of the Bs candidate at decay time is unambiguously defined by the
charges of its daughter tracks, the flavor at production can be inferred, with a certain
degree of uncertainty, by flavor tagging algorithms.
Two type of flavor tags can be applied: opposite-side and same-side flavor tags.
Opposite-side tags infer the production flavor of the Bs from the decay products of
the b hadron produced from the other b quark in the event. Lepton tagging algorithms
are based on semileptonic b decays into an electron or muon (b→ ℓ−X). The charge
of the lepton is thus correlated to the charge of the decaying b hadron. Jet charge
tagging algorithms uses the fact that the charge of a b jet is correlated to the charge of
the b quark. Kaon tagging are based on the CKM favored quark level decay sequence
b → c → s . The charge of the kaon from opposite-side B decays is correlated
to the b flavor. CDF combines this three tagging technics using a Neural Network
approach. D0 exploits a combination of jet charge and lepton tags to determine the
Bs production flavor. The performance of the opposite-side flavor tagging algorithm
is measured in kinematically similar Bd and B+ samples. The following ∆md values
have been found,
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∆mD0
d = 0.506 ± 0.020 (stat.) ± 0.016 (syst.) ps−1 (12)

∆mCDF
d = 0.509 ± 0.010 (stat.) ± 0.016 (syst.) ps−1, (13)

which agree well with the world average [5].
CDF yields a combined opposite-side tagging performance of ǫD2 = 1.8%. Mainly due
to its excellent muon detector system, D0 yields a higher performance of ǫD2 = 2.5%.
Those values have to be compared to ǫD2 of about 30% at the B factories. B flavor
tagging in an hadronic environment is one of the main challenges of the ∆ms analysis.
Same-side flavor tags are based on the charges of associated particles produced in the
fragmentation of the b quark that produces the reconstructed Bs. Contrary to the
opposite-side tagging algorithms, the performance of this tagging algorithm can not
be calibrated on Bd and B+ data, but we have to rely on Monte Carlo samples until
a significant Bs mixing signal has been established.
CDF uses Neural Network technics to combined kaon particle-identification variables
from dE/dx measurements in the drift-chamber and time-of-flight measurements with
kinematic quantities of the kaon candidate into a single tagging variable. Tracks close
in phase space to the Bs candidate are considered as same-side kaon tag candidates,
and the track with the largest value of the tagging variable is selected as the tagging
track. We predict the dilution of the same-side tag using simulated data samples
generated with the PYTHIA [11] Monte Carlo program. Control samples of B+ and
Bd are used to validate the predictions of the simulation. The tagging power of this
flavor tag is ǫD2 = 3.7/4.8% for hadronic and semileptonic samples respectively. The
same-side tags enlarges the CDF tagging power by a factor of 3-4. This was one of the
key ingredients which pushed the analysis towards the observation of ∆ms. If both a
same-side tag and an opposite-side tag are present, we combine the information from
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both tags assuming they are independent.

3.4 Fit and Results

An unbinned maximum likelihood fit is utilized to search for Bs−Bs oscillations. The
likelihood combines mass, proper decay time, proper decay time resolution and flavor
tagging information for each candidate. Separate probability density functions are
used to describe signal and each type of background. The amplitude scan method [12]
was used to search for oscillations. The likelihood term describing the proper decay
time of tagged Bs meson candidates in Eq. 7 is modified by introducing the amplitude
A:

L ∼ 1±AD cos(∆mt). (14)

Then, a scan in ∆m is performed by fitting A for fixed values of ∆m. The dilution D
is fixed to the value obtained by the calibration process. This procedure corresponds
to a Fourier transformation of the proper time space into the frequency space. In
the case of infinite statistics and perfect resolution, it is expected to find A = 1 for
the true value of ∆m and A = 0 otherwise. In practice, the procedure consists in
recording (A, σA) for each ∆m hypothesis. A particular value of ∆m is excluded at
95% C.L. if A + 1.645 σA < 1 holds. The sensitivity of a mixing analysis is defined
as the lowest ∆m value for which 1.645 σA =1.

D0 ∆ms Results

The amplitude scan for the analysis of the semi-muonic Bs → Ds(φπ) candidates
is shown in Fig 7. The sensitivity is 14.1 ps−1, the lower 95 % C.L. is 14.8 ps−1.
Around ∆ms = 19.0 ps−1 the amplitude A is consistent with 1 but not with 0. To
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assess the significance of this deviation, the negative logarithm of the ratio of the
likelihood function for A = 1 (mixing hypothesis) and A = 0 (no-mixing hypothesis)
was utilized (Λ = − log(L)). D0 placed the first double sided limit on the mixing
frequency of 17 < ∆ms < 21 ps−1. Toy Monte Carlo studies determined the proba-
bility to find a minimum that deep in the Λ distribution in the ∆ms range 17-21 ps−1

for a no-mixing sample. It is found to be 5%. A preliminary update of this analysis
including as well Bs → µDs(K

∗K)X and Bs → eDs(φπ)X candidates was not able
to confirm this result.

CDF ∆ms Results

The amplitude scans for the analysis of the hadronic and semileptonic Bs candi-
dates and the combined result are shown separately in Fig 8. The combined sen-
sitivity is 31.3 ps−1. The value of the amplitude is consistent with unity around
∆ms = 17.75 ps−1, where A = 1.21 ± 0.20. For all other ∆ms values, the ampli-
tude is always consistent with zero (Fig. 8). The minimum likelihood ratio Λ is at
∆ms = 17.77 ps−1 and has a value of -17.26. The significance of the signal in the
amplitude is the probability that randomly tagged data would produce a value of Λ
lower than -17.26 at any value of ∆ms. Only 28 out of 350 million generated toy
experiments yielded a Λ value lower than that. This results in a p-value of 8 × 10−8,
which corresponds to a 5.4 σ signal. The fit for ∆ms, with A fixed to unity, finds

∆ms = 17.77 ± 0.10 (stat.) ± 0.07 (syst) ps−1. (15)

The dominant contributions to the systematic uncertainties comes from uncertainties
on the absolute scale of the decay-time measurement.
The Bs −Bs oscillations are displayed in Fig. 9. Candidates in the hadronic sample
are collected in five bins of proper decay time modulo 2π/∆ms. In each bin, a fit
for A is performed and the result is plotted. The curve corresponds to a cosine wave
with amplitude equal to 1.28, which is the fitted value in the hadronic sample. Data
are well represented by the curve.

4 Summary

Both D0 and CDF have measured the width difference ∆Γs between the light and
heavy Bs mass eigenstates, which in the limit of no CP violation, coincide with the
CP even and CP odd eigenstates of the Bs system. A non-zero value of ∆Γs has
been found. Additionally D0 has performed a simultaneous fit to ∆Γs and the CP
violating phase φs. For the time being the result of the φs is completely dominated by
statistical uncertainties and well consistent with the SM. Given the amount of data,
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expected to be collected in the next two years at the Tevatron, this analysis has the
potential of being an interesting test of the SM and/or a window to New Physics.
D0 has performed a study of Bs−Bs oscillations using Bs → µ+D−

s (φπ)X decays and
opposite-side flavor tagging algorithms. The expected limit at 95% C.L. is 14.1 ps−1.
Assuming Gaussian uncertainties, a 90 % C.L. interval of 17 < ∆ms < 21 ps−1 is set.
A preliminary analysis on the same dataset including as well Bs → µ+D−

s (K∗K+)X
and Bs → eDs(φπ)X decays was not able to confirm this result.
CDF has searched for Bs flavor oscillations using hadronic and semileptonic decays.
Opposite-side and for the first time at a hadron collider, same-side tags provide infor-
mation about the Bs production flavor. A significant peak (probability for background
fluctuation < 8 × 10−8) in the amplitude scan consistent with unity is observed. CDF
measures the oscillating frequency to be

∆ms = 17.77 ± 0.10 (stat.) ± 0.07 (syst.) ps−1 (16)

The Bs − Bs oscillation frequency is used to derive the ratio of |Vtd/Vts|,

|Vtd
Vts
| = ξ

√
∆mdMBs

∆msMBd

= 0.2061 ± 0.0007 (exp.) +0.0081
−0.0060 (theo.), (17)

where the following values have been used as inputs: MBd
/MBs = 0.98390 [5] with

negligible uncertainty, ∆md = 0.507± 0.005 ps−1 [5] and ξ = 1.21+0.047
−0.035 [13].
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1 Introduction

Semi-leptonic decays of B mesons play an important role in flavour physics. On one
hand they are relatively simple as far as the effects of strong interactions are concerned
(at least compared to non-leptonic decays), on the other hand they are an important
ingredient for the determination of the unitarity triangle. The radius of the so-called
“Unitarity Clock”, the circle around the origin in the ρ-η plane, is determined by the
ratio |Vub/Vcb| which is most cleanly determined from semi-leptonic decays.

The theoretical methods to evaluate the hadronic matrix elements have developed
tremendously over the past fifteen years [1]. With the advent of the 1/mb expansion
a systematic, QCD based theory could be set up which resulted in a drastic reduction
of model dependence in many theoretical calculations.

The 1/mb expansion can be set up for both exclusive and inclusive decays. Any
observable of a B meson decay can in general be written as

R = R0 +

(
ΛQCD

mb

)
R1 +

(
ΛQCD

mb

)2

R2 +

(
ΛQCD

mb

)3

R3 + · · · (1)

where the coeffcients are expressed in terms of a set of non-perturbative matrix el-
ements with computable prefactors. The strength of the method is that the leading
term may in many cases be fixed by heavy quark symmetries and hence hadronic
uncertainties enter the stage only at the level of corrections.

In the following I will give a short summary on the status of these methods for
inclusive as well as for exclusive decays. In the next section I shall consider exclusive
semi-leptonic decays for both heavy-to-heavy and heavy-to-light decays and discuss
the impact on the CKM matrix elements Vcb and Vub. In section 3 I will consider
inclusive decays and discuss the methods to extract the necessary infomation for the
1/mb expansion. Finally I give a few concluding remarks.
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2 Exclusive Decays

The main ingredient for a description of exclusive decays are the form factors for the
decays. In general, there are two independent form factors for a 0− → 0− transition

〈M(p′)|qγµ(1− γ5)b|B(p)〉 = f+(q2)(p+ p′)µ + f−(q2)qµ , q = p− p′ (2)

and another four independent form factors for the 0− → 1− transition.
We will concentrate here on the decay modes B → Dℓνℓ and B → D∗ℓνℓ for the

heavy-to-heavy (b→ c) case and on B → πℓνℓ for the heavy-to-light (b→ u) case.

2.1 B → Dℓνℓ and B → D∗ℓνℓ

In the heavy mass limit the relevant kinematic variable for a heavy meson is its four-
velocity vµ = P µ

H/MH . For a B meson the heavy b quark roughly moves with the
same velocity, i.e. its momentum p is

pµ = mbv
µ + kµ with vµ =

P µ
H

MH

(3)

The residual momentum k of the b quark is assumed to be small compared to mb and
hence an expansion in powers of k/mb is possible.

Using the four velocities of the initial and final state hadrons we may write the
differential rates as (ω = v · v′)

dΓ

dω
(B → D∗ℓνℓ) =

G2
F

48π3
|Vcb|2m3

D∗(ω2 − 1)1/2P (ω)(F(ω))2 (4)

dΓ

dω
(B → Dℓνℓ) =

G2
F

48π3
|Vcb|2(mB +mD)2m3

D(ω2 − 1)3/2(G(ω))2 (5)

where we have introduced the form factors F and G.
It is well known that heavy quark symmetries allow normalization statements

for the form factors in heavy-to-heavy transitions at the non-recoil point v = v′ or
ω = v · v′ = 1 [2–4]. In addition, effective-field-theory methods allow us to calculate
corrections to these normalization statements. One finds

F(ω) = ηQEDηA
[
1 + δ1/µ2 + · · ·

]
+ (1− ω)ρ2 +O((1− ω)2) (6)

G(1) = ηQEDηV

[
1 +O

(
mB −mD

mB +mD

)]
(7)

where µ = mcmb/(mb + mc) is the parameter of Heavy-Quark-Symmetry breaking,
which governs the leading non-perturbative corrections δ1/µ2 , ρ is a slope parameter
and ηA and ηV are the perturbative corrections to the Axial-Vector and the Vector
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current due to QCD effects and ηQED are the QED corrections. The radiative cor-
rections are known at the two-loop level [5], while the non-perturbative correction is
estimated on the basis of a sum rule [6]; the currently best values are

ηA = 0.960± 0.007 , ηV = 1.022± 0.004 ,

δ1/µ2 = −(8± 4)% , ηQED = 1.007 (8)

Thus from heavy-quark symmetries one can obtain the form-factor normalization
F(1) with an uncertainty of about 4%, while G(1) parametrically has a substantially
larger uncertainty.

However, all the calculations based on the heavy quark limit might become ob-
solete, since unquenched lattice calculations become available which do not refer to
the heavy mass limit [7]. These calculations compute the deviation of the two form
factor from unity and the current results are

F(1) = 0.91+0.03
−0.04 G(1) = 1.074± 0.018± 0.016 (9)

I is worth noticing that the uncertainty in G(1) is smaller than the one in F(1), which
is currently at the same level as the the one obtained from heavy-quark considerations.

The results for the form factors may be used to obtain value for Vcb by extrapo-
lating the data to the non-recoil point v = v′. Fig. 1 shows he current situation for
this extrapolation.
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Figure 1: Measurements of |Vcb|F(1) (left) and |Vcb|G(1) versus the from factor slope.
Plots are taken from [8].

From this input one extracts a value for Vcb from exclusive decays:

Vcb,excl = (39.4± 0.87+1.56
−1.24)× 10−3 (10)
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2.2 B → πℓνℓ

The rate for B → πℓνℓ for vanishing lepton mass is given in terms of only one form
factor

dΓ

dq2
=
G2
FVub

24π3
|~pπ|3|f+(q2)|2 (11)

Heavy Quark Symmetries cannot be used as efficiently as in the heavy-to-heavy
case and only relative normalization statements are possible. In this case it is more
convenient to make us of other methods.

Figure 2: Feynman diagrams for the sum rule evaluation of the B → π form factor.

One possibility is to use QCD (light cone) sum rules [9, 10] which use dispersion
relations and the light-cone expansion for the correlator

Fλ(p, q) = i

∫
d4x eipx〈π+(q)|T{uγλb(x) mbbiγ5d(0)}|0〉 (12)

which is evaluated in the deep euclidean region using the Feynman diagrams shown
in fig. 2. The imaginary part corresponding to the cut shown here is related to a sum
of hadronic states which contains also the desired state.

Applying this to the B → π form factor one obtains an estomate for fBf+(q2) in
the region of small q2. The method has quite a few sources of uncertainties, which
are from Higher Twists (≥ 4), from the b quark mass and renormalization scale,
from the values of the condensates from the sum rule parameters (Threshold and
Borel parameters) and finally from the Pion Distribution amplitude. Estimating the
resulting uncertainties by varying the parameters we find [9, 10]

f+(0) = 0.27×
[
1± (5%)tw>4 ± (3%)mb,µ ± (3%)〈qq〉 ± (3%)sB

0 ,M
± (8%)aπ

2,4

]
(13)

which adds up to an uncertainty of about 15%.
Complementary information may be obtained from the lattice, since lattice sim-

ulations are restricted to large values of q2 [11, 12]. Also for heavy-to-light decays
first unquenched results become available. In fig. 3 the latice data points are shown
together with a fit using a pole model [13].
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Figure 3: Lattice data for the two form factors involved in B → π transitions. The
solid line is a fit to the data using a pole model [13].

Lattice and QCD sum rules turn out to be nicely consistent, giving us some
confidence that the form factor in B → π is under reasonable control. Using the
lattice data one obtains for the rate above q2 = 16 GeV2

|Vub|2 × (1.31± 0.33) ps−1 HPQCD (14)

|Vub|2 × (1.80± 0.48) ps−1 Fermilab / MILC (15)

Gathering the information from the various methods we yield a consistent picture
for the value for Vub from exclusive decays. We quote the value from QCD sum rules
taken from [10]

|Vub| = (3.41± 0.12+0.56
−0.38)× 10−3 (16)

where the first uncertainty is experimental and the second one is theoretical.

3 Inclusive Decays

The 1/mb expansion for inclusive decays [14–16] is set up in a similar way as one
discusses deep inelastic scattering. The total rate is proportional to

Γ ∝
∑

X

(2π)4δ4(PB − PX)|〈X|Heff |B(v)〉|2 =

∫
d4x 〈B(v)|Heff(x)H†

eff(0)|B(v)〉

= 2 Im

∫
d4x 〈B(v)|T{Heff(x)H†

eff (0)}|B(v)〉

= 2 Im

∫
d4x e−imbv·x〈B(v)|T{H̃eff(x)H̃†

eff (0)}|B(v)〉 (17)
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where in the last step we have replaced the b quark field operator by b → b̃ =
exp(−imbv · v)b, which corresponds to the replacement pb = mbv + k.

The next step is to perform an operator product expansion (OPE), which is in
the case at hand not in the euclidean region, but rather in the minkowskian. One
obtains for the operator product

∫
d4xeimbvxT{H̃eff(x)H̃†

eff (0)} =

∞∑

n=0

(
1

2mQ

)n
Cn+3(µ)On+3 (18)

where Oj represents a set of local operators of dimension j and Cj are (perturbatively
computable) Wilson coefficients, encoding the short distance contributions.

Taking the forward matrix element of (18) yields an expansion for the total rate
of the form

Γ = Γ0 +
1

mQ
Γ1 +

1

m2
Q

Γ2 +
1

m3
Q

Γ3 + · · · (19)

where the non-perturbative contributions are encoded in the forward matrix elements
of the local operators. The general structure of such an expansion is

• Γ0 is the decay of a free quark (“Parton Model”)

• Γ1 vanishes due to “Luke’s theorem” [17]

• Γ2 is expressed in terms of two parameters

2MHµ
2
π = −〈H(v)|Qv(iD)2Qv|H(v)〉 (20)

2MHµ
2
G = 〈H(v)|Qv(−iσµν)(iDµ)(iDν)Qv|H(v)〉 (21)

where µπ is the kinetic energy parameter and µG is the chromomagnetic mo-
ment.

• Γ3 introduces two more parameters [18]

2MHρ
3
D = −〈H(v)|Qv(iDµ)(ivD)(iDµ)Qv|H(v)〉 (22)

2MHρ
3
LS = 〈H(v)|Qv(−iσµν)(iDµ)(ivD)(iDν)Qv|H(v)〉 (23)

where ρD is the so-called Darwin Term and ρLS is the spin-orbit term

• Recently the 1/m4
b contribution has been calculated at tree level for semileptonic

decays [19]. This introduces five more parameters which have a simple intuitive
interpretation:

〈 ~E2〉 : Expectation value of the Chromoelectric Field squared

〈 ~B2〉 : Expectation value of the Chromomagnetic Field squared

〈(~p2)2〉 : Fourth power of the residual b quark momentum

〈(~p2)(~σ · ~B)〉 : Mixed Chromomagnetic Moment and res. Momentum sqrd.

〈(~p · ~B)(~σ · ~p)〉 : Mixed Chromomagnetic field and res. helicity
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3.1 B → Xcℓνℓ

The total rate becomes schematically [20]

Γ = |Vcb|2Γ̂0m
5
b(µ)(1 + Aew)Apert(r, µ) (24)[

z0(r) + z2(r)

(
µ2
π

m2
b

,
µ2
G

m2
b

)
+ z3(r)

(
ρ3
D

m2
b

,
ρ3

LS

m2
b

)
+ ...

]

where Aew and Apert are the electroweak and the perturbative QCD corrections, r =
m2
c/m

2
b and zi(r) are the phase space correction factors appearing in the different

orders in 1/mb.
The state-of-the-art for this calculation includes the 1/mb Expansion at tree level

up to 1/m4
b , the complete O(αs) corrections for the partonic rate (1/m0

b) and the
partial O(α2

s), while the O(αs) for 1/m2
b terms under consideration.

The partonic rate has a significant scheme dependence, related to the strong de-
pendence on the heavy quark mass. It is well known that the calculation in the
pole mass scheme yields sizable QCD radiative corrections. However, switching to
a scheme with a suitably chosen short-distance mass reduces the size of the QCD
radiative corrections by absorbing them into the mass.

There are two schemes which are commonly used. The kinetic scheme [6] defines
the kinetic mass mkin(µ) from a sum rule for the kinetic energy of a heavy quark,
while the 1S scheme uses a mass definition derived from a perturbative calculation
of the Υ(1S) mass [21]. Both schemes yield a comparable precision; for simplicity I
will stick to the kinetic scheme in this talk.

The extraction of Vcb from (24) requires (aside from the quark masses mb and
mc) the knowledge of the Heavy Quark Expansion (HQE) parameters µπ, µG, ρD and
ρLS. These parameters are obtained from the analysis of the leptonic energy and the
hardonic invariant mass. It has been shown that the moments of these spectra can
be computed reliably in HQE and hence one considers

〈Mn
X〉 =

1

Γ

∫
dMXM

n
X

∫

Ecut

dEℓ
d2Γ

dMx dEℓ
(25)

〈En
ℓ 〉 =

1

Γ

∫
dMX

∫

Ecut

dEℓE
n
ℓ

d2Γ

dMx dEℓ
(26)

Aside from extracting the HQE parameters in this way one may in addition study
the dependence of the various moments on the cut energy Ecut which is the minimal
lepton energy included in the integration. The fits show a very good agreement with
the theoretical expectation [22], giving us some confidence that we do understand
inclusive semi-leptonic decays at a precision level. In table 1 we show the fit results
for the heavy quark parameters.

Using this method one can extract the value of Vcb to be

Vcb = 41.96± 0.23exp ± 0.35HQE ± 0.59Γsl
)× 10−3 (27)
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Quantity Value exp HQE

mb (GeV) 4.590 ± 0.025 ± 0.030
mc (GeV) 1.142 ± 0.037 ± 0.045
µ2
π (GeV)2 0.401 ± 0.019 ± 0.035

µ2
G (GeV)2 0.297 ± 0.024 ± 0.046
ρ3
D (GeV)3 0.174 ± 0.009 ± 0.022

ρ3
LS (GeV)2 -0.183 ± 0.054 ± 0.071

Table 1: Values of the HQE parameters [22]. The column “exp” contains the experi-
mental uncertainty, while “HQE” contains the remaining uncertainy from the heavy
quark expansion.

where the last uncertainty is from the experimental knowledge of the total semilep-
tonic rate. Note that the relative theoretical uncertainty in Vcb is currently at the level
of 2% and can possibly further reduced by including the newly calculated contribution
of order 1/m4

b

3.2 B → Xuℓνℓ

The extaction of Vub has to proceed along different lines due to the problem that
in most of the phase space the b → u transitions are completely obscured by the
much stronger b → c decays. Thus the analysis for Vub has to make use of small
corners of phase space in which the OPE described in the last section breaks down.
For example, the lepton energy spectrum (y = 2Eℓ/mb) close to the endpoint region
y → 1 becomes

dΓ

dy

y→1
=

G2
F |V 2

ub|m5
b

96π3

[
Θ(1− y) +

µ2
π − µ2

G

6m2
b

δ(1− y) +
µ2
π

6m2
b

δ′(1− y) + · · ·
]

(28)

where the singular terms indicate a breakdown of the OPE close to y = 1, which
yields in this case an expansion in terms of 1/[mb(1− y)]

It has been shown some time ago that thee singular terms can be resummed into
a non-perturbative function, the so called shape function which is formally defined
as [23–25]

2MBf(ω) = 〈B(v)|bvδ(ω + i(n ·D))|B(v)〉 (29)

where the second and the third moments of this function may be related to the HQE
parameters µπ and ρD

f(ω) = δ(ω) +
µ2
π

6m2
b

δ′′(ω)− ρ3
D

18m3
b

δ′′′(ω) + · · · (30)
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In terms of the shape function one may write the resummed rate as

dΓ

dy
=
G2
F |V 2

ub|m5
b

96π3

∫
dωΘ(mb(1− y)− ω)f(ω) (31)

and moment expansion of this expression yields (28).

In order to obtain a precise method for the extraction of Vub one needs aside from
some information on the shape function (this could be taken from the rare decay
B → Xsγ, which is governed by the same shape function) also to take into account
the radiative and the 1/mb corrections. In order to do this one has to use “Soft
Collinear Effective Theory” (SCET), since in the endpoint region the light degrees of
freedom become energetic [26, 27].

It has been shown the within SCET the inclusive rates in the endpoint can be
factorized according to [28]

dΓ = H ⊗ J ⊗ S (32)

where the symbol ⊗ means a convolution. The function H contains the hard con-
tribution related to scales of order mb, J is the “jet function” containing the scales√

ΛQCDmb and S is the shape function with the soft pieces with scales ΛQCD. Note

that both mb and
√

ΛQCDmb are perturbative scales and hence H and J are computed
in perturbation theory.

Without going into further details we only quote the state-of-the-art of this kind of
calculation. The next to leading terms in the 1/mb expansion have been investigated
in [29,30] and the QCD radiative corrections have been considered in [31]. Finally, in
order to obtain quantitative predictions one needs a model for the shape functions.
There are two approaches commonly used. One makes use of a model which is chosen
such that the first few moments coincide with what is known from the local OPE [31]
(BLNP). The second method [32] is based on the so called “dressed gluon exponenti-
ation” (DGE) which is a QCD based model for the shape function. The results which
are obtained from these two approaches are consistent [8]

Vub = (4.49± 0.19exp ± 0.27theo)× 10−3 BLNP

Vub = (4.46± 0.20exp ± 0.20theo)× 10−3 DGE

Aside from the shape function dependent methods there are also shape function
insensitive methods [33]. However, although these methods have a smaller theoretical
uncertainty, they are using a smaller part of the phase space and hence the experi-
mental uncertainties are larger. From this method one obtains [8]

Vub = (5.02± 0.26exp ± 0.37theo)× 10−3 (33)
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4 Conclusion

From all the checks that have been made it is fair to conclude that the theory of semi-
leptonic decays is in a mature state. Current methods allow us to extract Vcb with
an overall relative accuracy at the level of 2%. This is a remarkble progress in view
of the fact that the relative uncertainty of the Cabbibo angle is also not significantly
better.

For the calculations of the inclusive rates for the determination of Vcb only small
improvements are possible, e.g. by a calculation of the contributions of order αs/m

2
b

and by the inclusion of the newly calculated 1/m4
b terms. However, the progress in the

lattice calculations of the exclusive form factors is very promising and the precision of
these calculations is already in competition with the heavy quark expansion method.
In the near future one may expect that exclusive methods using lattice data will
become more precise than the heavy quark expansion method

The determination of Vub has currently a relative theoretical uncertainty of about
8%, and possible improvements of the inclusive methods are still limited either by
statistics or by model dependences for e.g. the subleading shape functions. Similar to
the exclusive methods are catching up due to more precise and more reliable lattice
data. On this basis a future improvement to a level of 5% relative uncertainty (or
maybe even better) seems to be possible.

There seems to be a systematic tendency that the exclusive values of both Vcb
and Vub come out to be lower that the inclusive values, where this effect is more
pronounced for the case of Vub. It is interesting to note that the somewhat lower
value of Vub is more compatible with the time dependent CP asymmetry measured in
B → J/ψKs. However, all these effects are well within the uncertainties, which may
have been estimated a bit too optimistic, since - in particular a theoretical uncertainty
- is hard to estimate.
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1 Introduction

Rare charmless hadronic B decays are a good testing ground for the standard model.
The dominant amplitudes contributing to this class of B decays are CKM suppressed
tree diagrams and b → s or b → d loop diagrams (‘penguins’). These decays can be
used to study interfering standard model (SM) amplitudes and CP violation. They
are sensitive to the presence of new particles in the loops, and they provide valuable
information to constrain theoretical models of B decays.

The B factories BABAR at SLAC and Belle at KEK produce B mesons in the
reaction e+e− → Υ (4S) → BB. So far they have collected integrated luminosities
of about 406 fb−1 and 600 fb−1, respectively. The results presented here are based on
subsets of about 200–500 fb−1 and are preliminary unless a journal reference is given.

2 ∆S from rare decays

The time-dependent CP asymmetry in B decays is observed as an asymmetry between
B0 and B0 decay rates into CP eigenstates f

Acp(∆t) =
Γ(B0 → f)− Γ(B0 → f)

Γ(B0 → f) + Γ(B0 → f)
= Sf sin ∆md∆t− Cf cos ∆md∆t,

where ∆md = 0.502 ± 0.007 ps−1 and ∆t is the time difference between the decays
of the two neutral B mesons in the event. The coefficients Sf and Cf depend on the
final state f ; for the ‘golden’ decay B0 → J/ψK0

S
, for example, which proceeds via

a b → ccs transition, only one weak phase enters, and SJ/ψK0
S

= sin 2β, CJ/ψK0
S

= 0.
Here, β ≡ φ1 is one of the angles of the unitarity triangle of the CKM matrix.

In general, the presence of more than one contributing amplitude for the decay can
introduce additional phases, so that Sf measured in such a decay deviates from the
simple sin 2β. Apart from standard-model amplitudes, particles beyond the standard
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model may contribute in loop diagrams. There are intriguing hints in experimental
data that Sf is smaller than sin 2β in B decays involving the transition b→ qqs, like
B0 → φK0, B0 → η′K0, or B0 → π0K0 (see Fig. 1). However, for each of these
final states the SM contribution to ∆Sf ≡ Sf − sin 2β from sub-dominant amplitudes
needs to be determined in order to draw a conclusion about the presence of any new
physics. Typically, models prefer ∆Sf > 0 [1, 2], while for the final state η′K0

S
, a

small, negative ∆Sf is expected [3]. Measuring B decays which are related to the
ones above by approximate SU(3) flavour or isospin symmetries helps to constrain
the standard-model expectation for ∆Sf .

sin(2βeff) ≡ sin(2φe
1
ff)

b→ccs

φ K0

η′ K0

KS KS KS

π0 KS

ρ0 KS

ω KS

f0 K
0

π0 π0 KS

K+ K- K0

-3 -2 -1 0 1 2 3

World Average 0.68 ± 0.03

Average 0.39 ± 0.18

Average 0.61 ± 0.07

Average 0.51 ± 0.21

Average 0.33 ± 0.21

Average 0.20 ± 0.57

Average 0.48 ± 0.24

Average 0.42 ± 0.17

Average -0.84 ± 0.71

Average 0.58 ± 0.13

H F A GH F A G
DPF/JPS 2006
PRELIMINARY

Figure 1: Average of Sf in the different b→ qqs decays [4].

2.1 B0 → φK0

The sub-dominant amplitudes contributing to B0 → φK0 can be constrained using
SU(3) flavor relations [5]. This requires branching fraction measurements for eleven
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decay channels (K∗0K0,K∗0K0, and hh′ with h = ρ0, ω, φ and h′ = π0, η, η′). BABAR

has measured an upper limit for the sum B(K∗0K0) +B(K∗0K0) < 1.9×10−6 [6] and
an updated upper limit for φπ0 of B(φπ0) < 2.8×10−7 [7]. Together with the already
known upper limits or branching fractions for the other decays in this list, this allows
one to place a bound on |∆SφK0| < 0.43 [6].

2.2 B0 → η′K0

The decays B0 → η(′)π0, η′η can be used to constrain the SM pollution in B0 → η′K0,
The expected branching fractions are between 0.2 and 1 × 10−6 for η(′)π0 and 0.3 -
2× 10−6 for η′η. Using 211 fb−1 of data, BABAR sets the following upper limits [8] at
90% confidence level (C.L.) in units of 10−6: B(B0 → ηπ0) < 1.3, B(B0 → η′η) < 1.7,
B(B0 → η′π0) < 2.1, while Belle [9] measures B(B0 → η′π0) = (2.79+1.02+0.25

−0.96−0.34)× 10−6

with 386× 106 analysed BB pairs. With these new upper limits, the standard model
expectation for ∆Sη′K0

S
is −0.046 < ∆Sη′K0

S
< 0.094 [10]. A similar improvement for

the measurement of sin 2α in B0 → π+π− is expected. Belle also measure B(B+ →
η′π+) = (1.76+0.67+0.15

−0.62−0.14) × 10−6 and a charge asymmetry in this channel of Ach =
0.20+0.37

−0.36 ± 0.04.

2.3 Pure penguin decays

There is special interest in decays which only proceed via the b → sss penguin
transitions. The b → u amplitudes can only contribute through rescattering. This
drastically reduces the standard model ‘pollution’ in these decays, making them a
very clean probe for the presence of new particles in the loop. An example for
this class of decays is B0 → K0

S
K0

S
K0

S
, in which the CP violating parameters S

and C have been measured by both BABAR [11] and Belle [12], with an average of
S = 0.51 ± 0.21, C = −0.23 ± 0.15. BABAR has also searched for the related decay
B0 → K0

S
K0

S
K0

L
. The non-resonant contribution (besides B0 → φ(K0

S
K0

L
)K0

S
) to this

final state has not been studied before and might be large [13]. Assuming a uniform
Dalitz distribution and analysing 211 fb−1, BABAR [14] sets a 90% CL upper limit of
B(B0 → K0

S
K0

S
K0

L
) < 7.4 × 10−6. Due to a low product of efficiency and daughter

branching fraction, this decay is therefore of limited use for the understanding of CP
violation in b→ qqs decays.

3 Measurements related to α

Decays containing a b→ u transition can be used to measure the angle α ≡ φ2 in the
unitarity triangle. In general several amplitudes with different weak phases contribute
to these decays, only allowing the direct measurement of an effective parameter αeff .
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There are several methods to extract the true angle α in presence of this ‘pollution.’
Updated results for the decays B → ρρ, have been presented by Christos Touramanis
at this conference.

Another new decay studied by BABAR and Belle is B0 → a±1 π
∓, from which α can

be extracted up to a four-fold ambiguity. Exploiting isospin or approximate SU(3) fla-
vor symmetries this ambiguity can be overcome [15]. This needs also the measurement
of related axial–vector decays, from which a model-dependent measurement of α can
be derived. BABAR searches for B0 → a±1 π

∓ in 211 fb−1 and measures [16] a branching
fraction of B(B0 → a±1 π

∓) = (33.2± 3.8± 3.0)× 10−6, assuming B(a+
1 → (3π)+) = 1.

With about the same luminosity, Belle measures a slightly larger branching fraction
of (48.6± 4.1± 3.9)× 10−6 [17]. The next step is to extend this analysis to measure
time-dependent CP violation in this decay.

BABAR also searched for the related decay B0 → a+
1 ρ

−, which also could be used to
measure α. In addition, B decays to 5π are an important background for the B → ρρ
analyses. In 100 fb−1 no significant signal was seen; assuming a fully longitudinal
polarisation, the analysis sets a 90% C.L. upper limit of B(B0 → a+

1 ρ
−)B(a+

1 →
(3π)+) < 61× 10−6 [18].

4 Charmless vector-vector decays

For tree-dominated B decays into two vector mesons, helicity conservation arguments
together with factorisation suggest that the longitudinal polarisation fraction fL is
fL ∼ 1 − m2

V /m
2
B, close to unity. Experimentally, this is seen in decays such as

B → ρρ, where fL ≈ 0.95 is observed. However, there seems to be a pattern emerging
where fL is smaller than the expectation in decays dominated by loop diagrams. This
was first seen in the decays B → φK∗, where fL is near 0.5 with an uncertainty of
about 0.04 [19, 20].

In the following sections, we describe a number of recent BABAR measurements for
several of these vector-vector decays.

4.1 Decays involving an ω meson

To establish whether tree-induced decays generally have a large fL, BABAR has searched
for the related decays B → ωV [21], where V = ρ,K∗, ω, φ. The results are sum-
marised in Table 1. The only decay with a significant observed yield is B+ → ωρ+

with B(B+ → ωρ+) = (10.6± 2.1+1.6
−1.0)× 10−6. The polarisation fL is floated in the fit

and a large value of fL = 0.82±0.11±0.02 is found, as expected for a tree-dominated
decay.
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4.2 B → ρK∗

Conversely, the decays B → ρK∗ are penguin-dominated; some are known to have
significant branching fractions and fL can be measured. BABAR has published updated
measurements of branching fractions, charge asymmetries and polarisation fractions
[22].

B+ → ρ+K∗0

The decay B+ → ρ+K∗0 is particularly interesting because no tree diagram is thought
to contribute to this decay. BABAR has a new measurement of the branching fraction,
CP asymmetry and polarisation for this decay. The measured branching fraction is
B(ρ+K∗0) = (9.6±1.7 m1.5)×10−6, Ach(ρ+K∗0) = −0.01±0.16±0.02. The observed
polarisation is fL = 0.52± 0.10± 0.04, as expected for a pure penguin decay and in
good agreement with φK∗.

B+ → ρ0K∗+ and B0 → ρ0K∗0

The decays B+ → ρ0K∗+ and B0 → ρ0K∗0 are theoretically less clean because there
is a Cabibbo-suppressed tree diagram contributing in addition to the penguin present
for allB → ρK∗ decays. In addition, B+ → ρ0K∗+ is experimentally more challenging
because of the smaller branching fraction.

For B+ → ρ0K∗+, BABAR measures a branching fraction of (3.6+1.7
−1.6 ± 0.8)× 10−6,

with a significance of only 2.6σ. The value of fL determined by the fit is fL = 0.9±0.2
although this is not considered a measurement for this decay, as the signal itself is
not significant.

B0 → ρ0K∗0 is observed with a significance of 5.3σ; the branching fraction is
(5.6± 0.9± 1.3)× 10−6 and fL = 0.57± 0.09± 0.08.

B(10−6) S(σ) B U.L ×10−6 fL Ach
ωK∗0 2.4± 1.1± 0.7 2.4 4.2 0.71+0.27

−0.24 –

ωK∗+ 0.6+1.4+1.1
−1.2−0.9 0.4 3.4 0.7 fixed –

ωρ0 −0.6 ± 0.7+0.8
−0.3 0.6 1.5 0.9 fixed –

ωf0(980) 0.9± 0.4+0.2
−0.1 2.8 1.5 – –

ωρ+ 10.6 ± 2.1+1.6
−1.0 5.7 – 0.82± 0.11 ± 0.02 0.04 ± 0.13 ± 0.02

ωω 1.8+1.3
−0.9 ± 0.4 2.1 4.0 0.79 ± 0.34 –

ωφ 0.1± 0.5± 0.1 0.3 1.2 0.88 fixed –

Table 1: Results of the BABAR ωX analysis: measured branching fraction B, sig-
nificance including systematic uncertainties S, 90% C.L. upper limit, measured or
assumed longitudinal polarisation fL, charge asymmetry Ach.
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B(10−6)
BABAR BELLE

B0 → ηK∗0 16.5± 1.1± 0.8 15.9± 1.2± 0.9
B+ → ηK∗+ 18.9± 1.8± 1.3 19.7+2.0

−1.9 ± 1.4
B+ → ηρ+ – 4.1+1.4

−1.3 ± 0.34
B0 → ηρ0 – < 1.9
B0 → η(Kπ)∗00 11.0± 1.6± 1.5 –
B+ → η(Kπ)∗+0 18.2± 2.6± 2.6 –
B0 → ηK∗0

2 9.6± 1.8± 1.1 –
B+ → ηK∗+

2 9.1± 2.7± 1.4 –

Table 2: Branching fractions for the decays B → ηK∗, ηρ, and η(Kπ).

5 B → η(′)K(∗)

In B decays to final states comprising η(′)K(∗), the effect of the η–η′ mixing angle
combines with differing interference in the penguin diagrams to suppress the final
states ηK and η′K∗, and enhance the final states η′K and ηK∗. This pattern has now
been experimentally established with rather precise measurements of the branching
fractions for η′K and ηK∗ and the observation of the decays η′K∗. These decays are
also important in light of measuring S in B0 → η′K0.

5.1 B → η′K

Belle’s measurements for the branching fractions of B → η′π [9] were already men-
tioned above. The same analysis also obtains updated branching fraction measure-
ments for the decays B → η′K, with the results B(B0 → η′K0) = (58.9+3.6

−3.5 ±
4.3) × 10−6, B(B+ → η′K+) = (69.2 ± 2.2 ± 3.7) × 10−6, Ach(B+ → η′K+) =
0.028± 0.028± 0.021.

5.2 B → ηK∗ and B → ηρ

BABAR [23] and Belle [24] have published updated results for the decays B → ηK∗(892).
Belle also observes the decay B+ → ηρ+ and obtains an upper limit for B0 → etaρ0.
These results confirm earlier measurements of B → ηK∗ and ηρ. BABAR also analyses
the mass region 1035 < mKπ < 1535 MeV of the Kπ system and obtains branching
fractions for the spin-0 (η(Kπ)∗0) and spin-2 (ηK∗

2 ) contributions. For these two final
states no predictions exist so far. The branching fraction results are summarised in
Table 2.
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BABAR BELLE
B(10−6) B(10−6)

π+ π− 5.4± 0.4± 0.3 5.1± 0.2± 0.2
K+ π− 18.6± 0.6± 0.6 20.0± 0.4+0.9

−0.8

K+ K− < 0.40 —
B0 → π0π0 1.48± 0.26± 0.12 2.3+0.4+0.2

−0.5−0.3

B+ → π+π0 5.12± 0.47± 0.29 6.6± 0.4+0.4
−0.5

B± → K±π0 13.3± 0.56± 0.64 12.4± 0.5+0.7
−0.6

B+ → K0π+ 23.9± 1.1± 1.0 22.9+0.8
−0.7 ± 1.3

B+ → K0K+ 1.61± 0.44± 0.09 1.22+0.33+0.13
−0.28−0.16

B0 → K0K0 1.08± 0.28± 0.11 0.86+0.24
−0.21 ± 0.09

B0 → K0
S
π0 10.5± 0.7± 0.5 9.2+0.7+0.6

−0.6−0.7

Table 3: Branching fraction results for B → ππ, πK,KK

5.3 B → η′K∗ and B → η′ρ

BABAR [25] finds evidence for the decays B → η′K∗ in 211 fb−1 and measures branch-
ing fractions of B(B+ → η′K∗+) = (4.9+1.9

−1.7 ± 0.8) × 10−6 and B(B0 → η′K∗0) =
(3.8± 1.1± 0.5)× 10−6. For the related decays into η′ρ, only B+ → η′ρ+ is seen with
B(B+ → η′ρ+) = (8.7+3.1

−2.8
+2.3
−1.3)×10−6, while B0 → η′ρ0 is small with a 90% C.L. upper

limit of B(B0 → η′ρ0) < 3.7× 10−6. The direct CP asymmetries in the decays with a
significant signal are compatible with zero. Theoretical predictions using SU(3) fla-
vor symmetry [26], QCD factorisation [27], and perturbative QCD factorisation [28]
agree within errors with the observed branching fractions. The observation of small
branching fractions for B → η′K∗ confirms the pattern of enhanced and suppressed
decays to η(′)K(∗).

6 B → ππ, πK,KK

Updated branching fraction measurements for the two-body decays B → ππ, πK,
and KK from BABAR [29–32] and Belle [33, 33–35] are summarised in Table 3. Both
experiments observe the decays B+ → K0K+ and B0 → K0K0 with a statistical
significance > 5σ; decays with b→ d hadronic penguins have now been observed.

BABAR also studied time dependent CP violation in B0 → K0K0 [31] (recon-
structed as B0 → K0

S
K0

S
) which is a pure b → dss penguin decay. Via flavour

SU(3) symmetry, this decay also allows an estimate of the penguin contribution in
B0 → π0π0. Direct CP asymmetry is expected to be zero. The result of the time-
dependent fit is S = −1.28+0.80+0.11

−0.73−0.16 and C = −0.40± 0.41± 0.06.
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6.1 B → η′η′K, φφK

Motivated by the large branching fraction for B → η′K and the observation that final
states P 0P 0X0 are CP eigenstates [36], BABAR searched for the decays B → η′η′K.
No significant signal was found in 211 fb−1, and the upper limits on the branching
fractions of B(η′η′K+) < 25× 10−6 and B(η′η′K0) < 31× 10−6 are set [37].

BELLE searched for the decays B → φφK. In these, direct CP violation could
be enhanced in the interference between decays via the ηc and non-SM decays. In
the analysis [38], charmless decays are selected by requiring that mφφ is below the
charm threshold. For these charmless decays, the observed branching fractions are
B(φφK+) = (3.2+0.6

−0.5 ± 0.3)× 10−6, B(φφK0) = (2.3+1.0
−0.7 ± 0.2)× 10−6. The measured

direct CP asymmetries are compatible with zero.

7 Summary

Charmless hadronic B decays provide a rich field for tests of QCD and the standard
model of electroweak interactions. They allow to constrain the SM contribution to
∆Sf in loop-dominated B decays and precision tests of QCD models. The B factories
have produced a large number of new and updated measurements. With the currently
analysed statistics, decays with branching fractions of the order of 10−6 are within
experimental reach.
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1 Introduction

The study of semileptonic and leptonic decays allows the determination of funda-
mental parameters of the Standard Model (SM), which are related to the elements of
the Cabibbo-Kabayashi-Maskawa matrix. Examples of these processes are shown in
Fig. 1.

Figure 1: Diagrams for the reactions D+ → µ+νµ and D+ → K
0
µ+νµ.

The strong interaction of the participating quarks introduces a complication be-
cause its effect is challenging to estimate accurately. Theory’s difficulty in calculating
phenomena rooted in strong physics seriously hamper some measurements related to
weak physics in the B sector that need such input, for example extracting Vub from
semileptonic and leptonic B decays, or Vtd from B0 − B0 mixing. Theory tools have
become available, but they require calibration or verification. The similarity of the
charm and the bottom quark allow to test the same methods in D decay, where the
quantities in question can be determined to excellent accuracy because the corre-
sponding CKM matrix elements are well-constrained from other sources. In addition
to being of interest in their own right, experimental charm results thus have a much
larger impact on the field.
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This presentation discusses leptonic and semileptonic D and Ds decays, where
results from the BaBar, Belle, CLEO, and FOCUS collaborations are reported. The
challenge in all these cases, aside from signal purity and background concerns in
general, is to cleanly identify decays with neutrinos and to determine the kinematic
properties of the undetected particle through external constraints.

The CLEO experiment benefits from the clean experimental environment that
arises from running at or slightly above production threshold, e+e− → ψ(3770) →
DD or e+e− → D∗

sDs → γDsDs. Identifying one of the D[s] by reconstructing its
decay to a well-identified final state (”tagging”) already guarantees a second D[s] in
the event, which is then analyzed for a particular reaction. Because of the known
final state in the first step, it is also possible to not require a tag, but to add all
reconstructed tracks and showers to infer the neutrino momentum. Finally, and of
particular importance, the experimental set-up also allows to count the number of
produced decays accurately, thereby facilitating absolute normalization.

The B factories usually use the continuum process e+e− → cc at center-of-mass
energies near the Υ (4S). They obtain D mesons via the decay chain D∗ → πsD,
where πs is a slow pion to mark the D flavor. It is possible to analyze both D+

and D0 in this way, but in practice, this method is mostly applied to D∗+ → π+
s D

0,
which also has the most favorable branching fraction. Since determining the number
of D decays produced in fragmentation is difficult, measurements are often performed
relative to another D[s] decay mode. Tagging in this case means that the presence of
one reconstructed D meson from e+e− → cc does imply a second charm particle in
the event (which then is the signal side). Even in the absence of a way to normalize
the rate, it is still possible to compare the shape of kinematic distributions with
theoretical predictions, for example form factor shapes (see below).

2 Leptonic Decays

Leptonic D decays proceed through annihilation of the constituent quarks into a W ,
followed by its decay into a lepton and the corresponding neutrino. The partial width
for ℓ = e, µ, and τ is given by

Γ(D+ → ℓ+νℓ) =
1

8π
G2
Ff

2
Dm

2
ℓMD

(
1− m2

ℓ

M2
D

)2

|Vcd|2, (1)

where fD is the D meson decay constant and mℓ and MD are the lepton and D meson
masses. GF is the Fermi coupling constant. For Ds decay, the mass of the Ds,
the decay constant of fDs, and Vcs are used instead. A similar formula applies for
B[s] decays. The quantities determined in leptonic D[s] decays are the charm decay
constant, given that the masses and the CKM elements are well-measured. The
decay constant describes the strong interaction surrounding the annihilation process.
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Experimental accuracy in the few-percent range is crucial to validate calculations of
the decay constant in both the charm and the bottom sector. Further goals are:
comparing the lepton species to put limits on physics beyond the Standard Model,
and determining fDs/fD, where some technical uncertainties cancel. The Standard
Model predicts the following ratios for the production rate of τ : µ : e:

D → ℓνℓ : 9.72 : 1 : 0.00002, Ds → ℓνℓ : 2.65 : 1 : 0.00002. (2)

In principle, it is possible to determine the decay constants from decays to all
three lepton species. A few experimental considerations to take into account: D+

[s] →
e+νe is beyond current experimental reach (low branching fraction due to helicity
suppression). D+

[s] → τ+ντ is most copiously produced, but the observed rate is
lowered, and the measurement complicated by, the subsequent decay of the τ , which
involves at least one more neutrino. D+

[s] → µ+νµ is therefore the experimentally
accessible.

2.1 Leptonic D decays

CLEO studied the decay D+ → µ+νµ in 281 pb−1 of ψ(3770) data using the tagging
technique [1]. The decay is identified with a single muon-like track on the signal
side, and candidate events are required to have a missing mass squared near zero.
The missing mass squared is calculated using the beam energy Ebeam, the muon
energy and momentum Eµ+ and pµ+ , and the momentum pD of the D: MM2 =
(Ebeam −Eµ+)2− (−pD− − pµ+)2, which for signal events corresponds to the neutrino
mass. The signal distribution is shown in Fig. 2. Fifty signal candidates are found,
with 2.8 background events (mostly D+ decay to π+π0, τ+(→ π+ν), and K0π+ tails
from the well-separated peak at higher MM2) expected. This allows measurement
of the branching fraction B(D+ → µ+νµ) = (4.4 ± 0.7 ± 0.1) × 10−4 and hence
fD = (222.6 ± 16.7+2.8

−3.4) MeV, with Vcd as an external input. With the SM ratios
from Eqn. 2 applied to the measured branching fraction B(D+ → µ+νµ), one expects
B(D+ → e+νe) ∼ 1 × 10−8 and B(D+ → τ+ντ ) ∼ 2 × 10−3. Slight modification
of the signal side selection criteria gives access to ℓ = e, τ , by asking for either an
electron-like track (no events seen, B(D+ → e+νe) < 2.4× 10−5), or by asking for a
pion track and a missing mass shifted away from zero, signalling the decay τ → πν
(no significant signal, B(D+ → τ+ντ ) < 3.1× 10−3).

2.2 Leptonic Ds decays

Both BaBar and CLEO have recently studied leptonic Ds decays. BaBar bases their
study on 230 fb−1 of data in the Υ (4S) region. They use kinematic constraints, require
an identified D0, D+, D∗+, or D+

s , and use the signal side decay chain D∗+
s → γD+

s ,
D+
s → µ+νµ to provide a clean Ds sample [4] (extra particles may be present in

181



H. Mahlke Leptonic and Semileptonic D-Decays

Figure 2: D+ → µ+νµ: reconstructed neutrino mass for signal events [1].

the event). The neutrino momentum is inferred from all other measured reaction
products. The signal distribution is the D∗

s−Ds mass difference m(γµ+νµ)−m(µ+νµ),
shown in Fig. 3. Since theD∗

s production rate is not precisely known, BaBar determine
the ratio relative to D+

s → (K+K−)π+ with m(K+K−) in the φ mass region (±2Γφ),
Γ(D+

s → µ+νµ)/Γ(D+
s → φπ+). With B(D+

s → φπ+) = (4.71±0.46)% [5] they arrive
at B(D+

s → µ+νµ) = (6.74± 0.83± 0.26± 0.66)× 10−3, where the third error is due
to the normalization uncertainty. This leads to fDs = (283± 17± 7± 14) MeV.

Figure 3: BaBar’s signal distribution ∆M = m(γµ+νµ) − m(µ+νµ) for the decay
D+
s → µ+νµ detected in D∗

s → γDs [4]. The structure at ∆M ∼ 0.07 MeV/c2 is due
to the decay D∗

s → π0Ds; the peak underneath the signal in the background shape is
due to D+

s → τντ .

CLEO’s analysis relies on ∼ 200 pb−1 of data taken at a center-of-mass energy of
4170 MeV. The decay chain is e+e− → D∗

sDs → (γDs)Ds. One Ds is tagged, the
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other is analyzed for the signal decay. Two strategies are used.

A. As above, the missing mass squared is examined to identify the signal. The
lone signal side track is required to not be an electron but instead to be muonic or
pionic. An energy requirement of 300 MeV accepts 99% of all muon tracks and 60% of
all pion tracks. We distinguish cases with an energy deposition below 300 MeV in the
calorimeter (typical for D+

s → µ+νµ, but possible for τ → πντ ) from those that have
above 300 MeV (in which case the track is likely to be a pion from τ → πντ ). The data
show a clear enhancement in the expected D+

s → µ+νµ signal region. The D+
s → τντ

events are more spread out due to the presence of the additional, unreconstructed,
neutrino, but signal events are seen as well. The signatures for ℓ = µ and τ overlap,
hence the summed distribution is fit for the two branching fractions, where the SM
ratio for the two is assumed. CLEO’s preliminary result, combining the two, is
B(D+

s → µ+νµ) = (0.664± 0.076± 0.028), or fDs = (282± 16± 7) MeV. If the track
is required to be consistent with an electron, no candidates are found, resulting in an
upper limit of B(D+

s → e+νe) < 3.1× 10−4.
B. The second approach, based on the same data, uses the decay chain τ → eνeντ .

Its product with the D+
s → τ+ντ branching fraction (∼ 6− 7%) is about 1.3%, to be

compared with the inclusive semileptonic branching ratio D+
s → Xe+νe ∼ 8%. The

analysis procedure demands a sole electron-like track on the signal side, and limits
the energy not associated with the other identified decay products in the calorimeter
to be less than 400 MeV. No additional energy deposition is expected for signal events
other than the transition photon from D∗

sDs → (γDs)Ds, upon which no selection
requirements are placed, and showers resulting from interactions of the decay products
of the tag side with the detector material. The signal distribution, together with
background estimates from Monte Carlo simulations, is presented in Fig. 4. This
analysis leads to B(D+

s → τ+ντ ) = (6.3± 0.8± 0.5)% and fDs = (278± 17± 12) MeV
(both preliminary). Since the two measurements are complementary, one can form
the average fDs = (280±12±6) MeV and also use them to measure the ratio B(D+

s →
τ+ντ ) : B(D+

s → µ+νµ) = (9.9± 1.9), consistent with the SM expectation of 9.72.

2.3 Leptonic Decays: Summary

A visual comparison of current experimental and theoretical progress on the decay
constants is given in Fig. 5. In summary: fD from D+ → µ+νµ is measured to a
total relative error of 8%; the decays to e and τ are presently not experimentally
accessible, although the current upper limit gives rise to the hope that a signal will
soon be within reach for τ . The decay constant fDs has been measured in D+

s → µ+νµ
(BaBar, CLEO) and D+

s → τ+ντ (CLEO) to an accuracy of 5-8%. The precision of
theoretical calculations are in this region as well. However, the dominant experimental
uncertainty is still statistical, which is – in principle – much easier to improve upon
than systematic errors such as those theory is in the process of overcoming.
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Figure 4: CLEO data on leptonic Ds decays (preliminary). Left: Missing-mass-
squared distributions from data corresponding to (i) D+

s → µ+νµ + τ+ντ , (ii) D+
s →

τ+ντ , (iii) D+
s → eνe. Right: D+

s → τ+ντ : Energy deposited in the calorimeter for
tagged Ds events and a single electron-like track on the signal side not accounted
for by the tag or the electron candidate. The circles are data; the curves are MC
predictions for signal as well as several semileptonic background sources.

3 Semileptonic Decays

Semileptonic decays D → hℓνℓ provide yet another scenario within which to study the
impact of strong force. The underlying weak process at the quark level, for instance
c → W ∗q with W ∗ → eν, can be calculated, but the observed rate is modified by
the QCD interaction between the participant as well as the spectator quarks, which
clouds the simple picture.

3.1 Branching fractions

The current experimental uncertainty on the D → K, πeν branching fractions is
in the percent regime, thereby posing a challenge to the precision of the LQCD
predictions [12].

The search is on for rarer modes, and CLEO have improved considerably upon
previously achieved accuracy in many modes (Table 1). D+ → ηe+ν has been ob-
served for the first time (> 5σ), as has the first multi-body semileptonic decay: D0 →
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Figure 5: Recent experimental and theoretical results on fD and fDs.

K−π+π−e+νe (> 4σ), which is found to mostly proceed via K1(1270)− → K−π+π−.
The uncertainties on D+ → ωe+ν branching fraction have been halved, and the upper
limits on the branching fractions D+ → η′, φe+ν have been tightened by two orders
of magnitude. Once an η′eνe signal is observed this will allow a comparison with
predictions for the ratio D → η : D → η′.

3.2 Form factors

Decay to a pseudoscalar

The dynamics of semileptonic D → hℓνℓ decays can for the case of a pseudoscalar
hadron in the final state in the limit of small lepton masses be described as follows:

dΓ

dq2
∝
∣∣fh+(q2)

∣∣2 × p3
h × |Vcq|2, (3)
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Figure 6: Preliminary CLEO results: Signal distributions for D+ → ηe+ν for η → γγ
(left) and η → π+π−π0 (middle); D0 → K−π+π−e+ν.

where q2 is the momentum transfer to the W ∗, fh+(q2) is the form factor function
describing the probability to end up with a hadron of type h in the final state for
a given q2, ph is the momentum of the outgoing hadron, and Vcq is the appropriate
CKM matrix element.

Theoretical predictions for the form factor shape can be tested against the q2 dis-
tribution in data, corrected for the q2-dependent detection efficiency. This is detailed
further below. The normalization is determined by the product |Vcq| × f+(0). Due to
the precision with which Vcs and Vcd are determined in other experiments (2− 4%),
a measurement of |Vcq| × f+(0) determines f+(0).

Examples of form factor determinations are displayed in Fig. 7. The simplest
reasonable parametrization of the pseudoscalar form factor is the single pole shape,
∼ 1/(1 − q2/M2

pole) [10], where the nominal setting of the parameter is Mpole =
M(D∗

s)[M(D∗)] for h = K[π]. More sophisticated models are the modified pole
model,

fh+(q2) =
fh+(0)

(1− αq2/M2
pole)× (1− q2/M2

pole)
, (4)

or, recently, the Hill series parametrization [11]. BaBar [13], Belle [15], CLEO [6],
and FOCUS [14] compare their various results for D → π,Kℓν data for D = D+,0

with the models and find reasonable agreement with all of them. In particular the
Belle and CLEO measurements boast superb statistics and an excellent q2 resolution.
In general it is found that unquenched LQCD predicts the form factor shape a little
too high especially for D → π [6,15], but has achieved useful uncertainty, as visually
evident from the agreement between the data points and the curve obtained from an
interpolation between LQCD predictions at several q2 points, Fig. 7. Fitting the pre-
dicted LQCD data points to the modified pole model shape, thereby extracting f+(0)
and α, allows a comparison within this model between theory and the experiments.
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This is presented for f+(0) in Fig. 8.

Figure 7: Form factor shapes. Left (from Ref. [13]): BaBar (D → Keνe, points) and
FOCUS [14] (triangles, D → Kµνµ) data and an unquenched LQCD calculation [12]
(band). Right (from Ref. [15]): Belle results on D → K (top) and D → π (bottom),
with unquenched [12] and quenched [16] LQCD predictions overlaid.

Alternatively, using fD→π
+ = 0.64 ± 0.03 ± 0.06 and fD→K

+ = 0.73 ± 0.03 ± 0.07
from LQCD [12], the CKM matrix elements are found to be in good agreement with
current world averages. However, the uncertainties (∼ 10% relative) on the form
factor magnitudes dominate. This constitutes a check of the LQCD calculation.

Decay to a vector

For a vector hadron in the final state, such as D → K∗eν (Cabibbo-favored) or D →
ρeν (Cabibbo-suppressed), more form factor functions enter the stage. The decay
amplitude can be described in a parameter-free way using helicity basis form factors
as specified in Ref. [17]. However, the helicity form factors are hard to calculate; a
more traditional approach is to just assume spectroscopic pole dominance and cast
the expression for the amplitude into linear combinations of the following functions:

Ai(q
2) =

Ai(0)

1− q2/M2
Ai

(i = 1, 2), V (q2) =
V (0)

1− q2/M2
V

. (5)

The pole masses are often fixed to be MV = 2.1 GeV, MA1,2 = 2.5 GeV. If one then
defines RV = V (0)/A1(0) and R2 = A2(0)/A1(0), one ends up with only two free
parameters, albeit at the expense of an assumed shape. The parameter-free approach
in Ref. [17] circumvents this.
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Figure 8: Comparison of form factor normalization for D → K and D → π obtained
by unquenched LQCD [12], two CLEO [6] analyses, and Belle [15].

An analysis of D+ → K−π+e+ν CLEO data uses a projective weighting technique,
by which the expected shapes from helicity form factor contributions are fit to the
data, thereby extracting the (bin-wise) amplitude for each of the form factors [18].
When the spectroscopic form factors as given in Eqn. 5, translated into helicity form
factors, are overlaid, good agreement is found (Fig. 9). Additional conclusions are
that a term describing interference with a non-resonant s-wave Kπ component is
necessary, and that no evidence is found for d- or f -wave contributions.

A recent preliminary study by BaBar [19] of D+
s → φe+ν, using about 13 × 103

signal events in 78.5 pb−1, not only exhibits a beautifully precise measurement but also
confirms an earlier FOCUS result. This actually resolves a controversy: The ratios
RV and R2 for D+ → K∗e+ν and D+

s → φe+ν are expected to be similar because the
CKM matrix element involved is Vcs in both cases, and the only remaining difference
is then the spectator quark flavor (d vs. s). Agreement within 10% is expected. This
was not borne out by earlier data, which was not inconsistent for RV but disagreed
for R2, except for a FOCUS measurement [20] that had Rφ

2 in agreement with the
world average of RK∗

2 .
CLEO has presented preliminary results for the first Cabibbo-suppressed pseu-

doscalar→ vector form factor measurement, D → ρeν. A clear signal for both isospin
states is observed, making it possible to bin in kinematic distributions. The branching
fractions from the 281 pb−1 data sample are found to be in good agreement with pre-
vious results (which are dominated by the CLEO-c results from the 56 pb−1 sample,
see Table 1), as is the partial width D0 → ρ−e+ν = (0.41 ± 0.03 ± 0.02) × 10−2. A
simulatenous fit to D+ → ρ0e+νe and D0 → ρ−e+νe (linked through isospin) results
in the following determinations: Rρ

V = 1.40± 0.25± 0.03, Rρ
2 = 0.57± 0.18± 0.06.

D → ρeν and D → K∗eν studies are important to the B sector for example by
aiding in the extraction of |Vub|2/|Vts|2 through dΓ(B → ρeν) : dΓ(B → K∗ℓℓ) [9],
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Figure 9: D → Kπeν [18]: Four parameter-free helicity-basis form factor products as
extracted in CLEO data, overlaid with form factors constructed from spectroscopic
pole model shapes using R0 = 1.505, R2 = 0.875, and s-wave parameters A = 0.33
and δ = 39◦.

which requires either measurement of the B → ρ and B → K∗ form factors or a
calculation validated by the corresponding D decays.

3.3 Inclusive semileptonic decays

CLEO has determined the semileptonic inclusive branching fraction D → Xe+νe for
both charged and neutral D mesons [21]. The measured branching fractions B(D0 →
Xe+νe) = (6.46±0.17±0.13)%, B(D+ → Xe+νe) = (16.13±0.20±0.33)% agree well
with the sum of all exclusive modes, although there is room for as-yet-unobserved
exclusive decays at the level of B ∼ 10−3. Isospin symmetry is observed within errors
for the inclusive semileptonic partial widths, ΓD+/ΓD0 = 0.985± 0.028± 0.015.

Aside from the branching fraction, a quantity of interest is the electron momentum
spectrum. Without weak annihilation contributions (D+ → gW+ → Xe+ν) agree-
ment between the spectra from D+ and D0 is expected. Weak annihilation would
modify the upper end of the electron spectrum. Within uncertainties, the D0 and
D+ distributions agree (Fig. 11).

3.4 Semileptonic decays: Summary

Many new results on D branching fractions and D → P, V and Ds → V form factors
have become available. Of particular interest are the shape and the normalization of
the form factor functions. Experimental accuracy is at present still consistent with
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Figure 10: Comparison of form factor parameters R2 (left) and RV (right) forD → K∗

and Ds → φ semileptonic decays, from Ref. [19]. The data points all represent Ds → φ
analyses. The lines give the ±1σ band for an average of experimental D → K∗ results.

most calculations on the market; this may change as the experimental and theoretical
uncertainties decrease.

Figure 11: Electron momentum spectrum in D → Xe+νe for charged and neutral
D mesons [21].
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4 Conclusions

Precise results in the D sector have improved our comprehension of the QCD effects
accompanying weak interactions and allowed to sharpen theoretical tools. Thanks
to the similarity of the heavy quarks c and b, common calculation techniques can
be applied to the estimation of D and B decay properties. Further progress in the
D sector and consequently the B sector is in sight as data samples with modern
detectors are being enlarged.
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Decay result (10−2) PDG06 (10−2) PDG04 (10−2)

D+ → K
0
ℓ+ν T: 8.86± 0.17± 0.20 8.9± 0.4 6.8± 0.8

U: 8.75± 0.13± 0.30
D0 → K−ℓ+ν T: 3.58± 0.05± 0.05 3.41± 0.09 3.43± 0.14

U: 3.56± 0.03± 0.11
Belle: 3.45± 0.07± 0.20

D+ → π0ℓ+ν T: 0.397± 0.027± 0.028 0.44± 0.07 0.31± 0.15
U: 0.383± 0.025± 0.016

D0 → π+ℓ+ν T: 0.309± 0.012± 0.006 0.27± 0.02 0.36± 0.06
U: 0.301± 0.011± 0.010

Belle: 0.255± 0.019± 0.016
D+ → ρ0ℓν T: 0.232± 0.020± 0.012 0.24± 0.04 0.31± 0.06
D0 → ρ+ℓν T: 0.156± 0.016± 0.009 0.19± 0.04 –

Decay CLEO result (10−4) PDG06 (10−4) PDG04 (10−4)

D+ → ωℓ+ν 14.9± 2.7± 0.5 16+7
−6 –

D+ → φℓ+ν < 2 (90% CL) < 209 < 209
D+ → ηℓ+ν 12.9± 1.9± 0.7 < 70 < 50
D+ → η′ℓ+ν < 3 (90% CL) < 110 < 110

D0 → K−π+π−ℓ+ν 2.9+1.9
−1.0 ± 0.5 < 12 < 12

D0 → K1(1270)ℓ+ν 2.2+1.4
−1.0 ± 0.2 – –

Table 1: CLEO’s preliminary [6] and Belle’s published [15] measurements for
D semileptonic branching fractions, and comparison with PDG06 [7] as well as
PDG04 [8]. The PDG06 results include CLEO’s published numbers based on 56 pb−1

of data taken at the ψ(3770). “T” and “U” stand for CLEO’s “tagged” and “un-
tagged” analyses, respectively, and the corresponding entries are not to be averaged
because of sample overlap. CLEO’s results are all obtained with ℓ = e, Belle’s with
ℓ = e or µ, and the PDG numbers are averaged over e and µ, where available.
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Review of Exclusive B → D(∗,∗∗)lν Decays –

Branching Fractions, Form-factors and |Vcb|

A. E. Snyder
Stanford Linear Accelerator Center (SLAC)
Menlo Park, CA, USA 94041

1 Introduction

This paper reviews semileptonic decays of B-mesons to states containing charm
mesons, i.e., D, D∗, D∗∗ and possible non-resonant D(∗)nπ states as well. The paper
covers measurement of branching fractions, form-factors and, most importantly, the
magnitude of the CKM matrix element Vcb.

I will not attempt a comprehensive review, but will concentrate on reasonably
fresh results and consider mostly exclusive measurements. I will also comment on the
consistency of the results and what needs to be done to resolve the apparent conflicts.

2 Physics and motivation

At the parton level (see Figure 1) the decay rate is simply related to |Vcb| by

Γ =
G2
F

192π3
m5
b |Vcb|2 (1)

at tree level. A slightly more complicated formula applies if higher order QCD (loop
corrections) are considered [1]. It’s still thought to be theoretical clean at the parton
level, but the parton level process cannot be measured.

Experiment can only measure at the hadron level. There are two general ap-
proaches to measuring the decay rate: inclusive measurements in which one sums
over the possible final states Xc and exclusive in which one selects a particular state,
such as Xc = D∗+. In the latter case one has to account for the probability (repre-
sented by form-factors) that the c-quark and the spectator quark combine to form
the selected final state particle. The form-factors depend on the momentum transfer
q2 = (Pl + Pν)

2 and the formula that relates the decay rate to |Vcb| depends on the
final state selected.
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Figure 1: Parton level and hadronic level diagrams for semi-leptonic B decay.

3 B → Dlν

The decay rate for B → Dlν is given by

dΓ

dw
=

G2
F

48π3
|Vcb|2(mB +mD)2m3

D(w2 − 1)
3
2F2

D(w) (2)

where the convention is to use

w =
m2
B +m2

D − q2

2mBmD
=
E∗
D

mD
(3)

instead of q2 and FD is the form-factor. Because this is 0− → 0− transition only one
form-factor is needed.

In the heavy quark symmetry (HQS) limit (i.e. for infinite c- and b-quark masses)
FD(w = 1) = 1. However, as quarks are not infinitely heavy, a correction is needed.
Lattice QCD calculations of Hashimoto and collaborators finds FD(w = 1) = 1.069±
0.026 [2]. Because FD(1) may change as theory matures, it is common practice to
give the experimentally measured quantity FD(1)× |Vcb|.

To extrapolate to w = 1 (or equivalently integrate over the full w range with
normalization at w = 1 imposed) the shape of FD(w) is also needed. In principle this
could be measured, but the rate at w = 1 vanishes, so some theoretical input that
constrains the form-factor shape has to be deployed.

The most popular (though not the first) FD parameterization is that of Caprini,
Lelloch and Neubert (CLN) [3] based on Heavy Quark Effective Theory (HQET) and
using dispersion relations to constrain the parameterization. The CLN parametriza-
tion for FD(w) is

FD(w) = FD(1)× (1− 8ρ2z + (51ρ2 − 10)z2 + (252ρ2 − 84)z3 (4)
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where z ≡ (
√
w + 1 −

√
2)/(
√
w + 1 +

√
2) is an improved expansion variable (that

converges faster than w − 1).
Some other parameterizations are provide by Boyd, Grinstein and Lebid (BGL) [4]

and LeyYaonac, Oliver and Raynal (LeYor) [5].
In all these parameterizations we are left with only one parameter to fit – ρ2 –

which is the derivative of FD(w) w.r.t. w at w = 1.
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Figure 2: Background subtracted w-distribution (called ŷ here) as measured by
BELLE. Points are data and histograms are fits.

The D → Dlν analysis has been carried out by the CLEO [6] and BELLE [7]

collaborations. CLEO used both B
− → D0l−ν and B− → D+l−ν modes, while

BELLE only used the B− → D+l−ν. Figure 2 shows the background subtracted
w-distribution obtained by BELLE (note in BELLE’s notation w is called ŷ). The
signal is extracted using the discriminating variable cosθBY defined and described in
detail in section 4.

They fit by minimizing χ2 given by

χ2 =
∑

i

(
Nobs
i −

∑
j εijNj(N, ρ

2)

σi

)2

(5)

where Nj is the number predicted based on Eq.(2) and εij is the efficiency for an event
truly in bin i to be detected in bin j. The errors σi includes both the uncertainty in
the observation and the uncertainty in the efficiency matrix εij
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Exp B(B− → D0l−ν)(%) ρ2(CLN) F(1)× |Vcb|(10−3)

CLEO 2.21± 0.13± 0.19 1.27± 0.25 44.8± 5.8± 3.
BELLE 2.13± 0.12± 0.39 1.12± 0.22 41.1± 4.4± 5.1

HFAG 2.12± 0.20 1.17± 0.18 42.4± 4.5

Table 1: CLEO and BELLE results for branching fraction, ρ2 and |Vcb| and HFAG
averages

The fit parameters are the number of events N and the slope parameter ρ2. The
fit using the CLN parameterization (Eq.(4)) is shown as solid histogram in the figure.
The dashed histogram represents the result when a simple linear parameterization is
used instead of CLN. The two fits are not distinguishable.

CLEO does something similar. The results of both experiments is given table 1
along with the HFAG averages1 as of summer 2006.

The BELLE and CLEO results are consistent. The uncertainties are large and
BELLE assigns a more conservative systematic than CLEO.

4 B → D∗lν

The analysis of B → D∗lν is more complex than Dlν. There are three form-factors
called A1, A2 and V . To separate them an analysis in the three angles (θl, θV and
χ) and w is needed. The angles are defined in Figure 3.

The decay rate in terms of the four kinematic variables w, θl, θV and χ is given
by

dΓ

dw dcosl dcosV dχ
= K|Vcb|2q2pD∗× (6)

{H2
+(1− cosθl)2sin2θV +H2

−(1 + cosθl)
2sin2θV + 4H2

0sin
2θlcos

2θV

−2H+H−sin
2θlsin

2θV cos2χ−4H0(H+ (1− cosθl)−H−(1 + cosθl)) sinθV cosθV cosχ}
(7)

where H± and H0 are helicity amplitudes related to the form-factors by

H± = −(mB +mD∗)A1(w)± 2pD∗mB

mB +mD∗

V (w) (8)

H0 = −mB +mD∗

mD∗

√
q2

(mD∗(wmB −mD∗)A1(w)− 4m2
Bp

2
D∗

(mB +mD∗)2
)A2(w). (9)

1HFAG averages in includes older result from ALEPH
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Figure 3: Definition of the angles θl, θV and χ that describe the decay B → D∗lν.

In principle, by doing a spin-parity analysis in bins of w the form-factors could be
measured without any model dependence. In practice the statistics are inadequate
and we have to resort to some parameterization.

HQET relates the three form-factors describing the decay to a single common
form-factor called the Isgur-Wise function. The relationships are

A2(w) =
R2(w)

R2
∗

2

w + 1
A1(w) (10)

V (w) =
R1(w)

R2
∗

2

w + 1
A1(w) (11)

A1(w) = R∗
w + 1

2
hA1(w)→ R∗

w + 1

2
ξ(w) (12)

where R∗ = 2
√
mBmD∗/(mB +mD∗).

The CLN [3] formalism is again the most popular. They provide the w dependence
of R1(w) and R2(w) and a parameterization in terms of the slope ρ2 at w = 1
of the common form-factor hA1(w). In fitting for the form-factors the intercepts
R1(w = 1), R2(w = 1) and ρ2 are taken as the independent parameters.

The CLN parameterizations are

R1(w) = 1.27− 0.12(w − 1) + 0.05(w − 1)2, (13)

R2(w) = 0.79 + 0.15(w − 1)− 0.04(w − 1)2 (14)
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for the form-factor ratio parameters and

hA1(w) = hA1(1)(1− 8ρ2z + (53ρ2 − 15)z2 − (231ρ2 − 91)z3 (15)

for the common ‘Isgure-Wise’ like form-factor.
Outside the heavy quark limit where hA1(w) = ξ(w) and the value at w = 1 is

1.0, hA1(w = 1) has to be taken from theory. The best estimate comes from lattice
QCD [2]. It is 0.919+0.030

−0.035.
BABAR measures the decay rates as function of θl, θV , χ and w. Because of the

missing neutrino these cannot be directly obtained from the measured tracks. Thus, a
partial reconstruction technique, (illustrated in Figure 4), which allows a reasonable
accurate approximation to be made, is used. Using the kinematic constraints ex-
pressed in Figure 4 the cosine of the angle between the B direction and the direction
of the lepton-D∗ system (PY = PD∗ + Pl) can be obtained as follows:

cosθBY =
2EBED∗+l −m2

B −m2
D∗+l

2|PD∗|PY |
(16)

where lepton and D∗ momenta are measured and |PB| can be estimated from the
beam energies. Note the same construction is used for Dlν with, of course, D → D∗

Figure 4: Kinematics of B → D∗lν that allow cosθBY to be reconstructed.

The azimuthal angle φBY of PB around the Y direction is undetermined. The
kinematic variables cosθl, cosθV , χ and w can be calculated for any choice of φBY .
Averaging over φBY gives reasonable estimators of their values. BABAR uses points
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at φBY = 0, π, ±π/2 weighted by the B production angular distribution (∝ sin2θB)
to perform this average.

Only and CLEO [9] and BABAR [10, 11] have attempted form-factor measure-
ments. BABAR uses two method: a likelihood fit to the full 4− d distribution of the
kinematics variables (w, θl, θV , χ) and a simultaneous fit to the one-dimensional w,
cosθl and cosθV projections. CLEO also does a 4-d likelihood fit. I’ll describe the
BABAR methods in some detail.

For the 4 − d likelihood fit it’s difficult to construct the full, correlated PDF
(including efficiency and resolution) for the measured variables w, θl, θV and χ, so
BABAR resorts to the ‘integral method’ that avoids the need to know this complicated
PDF. With the integral method only the integral of the efficiency and the theoretical
PDF Eq.(6) are needed.

The extended likelihood (include resolution) is given by

logL =
∑

e

logF̃ (Ω̃e|µ)−
∫
dΩ̃F̃ (Ω̃|µ) (17)

where Ω̃ represents measured quantities and F̃ (Ω̃|µ) represents their PDF for param-
eters µ. The sum is over events. Using the approximation

F̃ (Ω̃|µ) ≈ F (Ω̃|µ)× F̃ (Ω̃|µmc)
F (Ω̃|µmc)

(18)

we obtain
logL ≈

∑
logF (Ω̃e|µ)− Ĩ(µ, µmc) (19)

with

Ĩ(µ, µmc) =

∫
dΩ̃F (Ω̃, µ)×

(
F̃ (Ω̃|µmc)
F (Ω̃|µmc)

)
(20)

which can be obtained by Monte Carlo integration as

Ĩ(µ, µmc) ≈
1

Nmc

∑ F (Ω̃imc|µ)

F (Ω̃imc|µmc)
. (21)

It can be shown that for µtrue equal µmc, the result of this approximation is unbiased.
The procedure can be iterated by re-weighting to get µmc ≈ µfit which is close
enough. Extra contributions to the error from MC statistics need to be evaluated,
but knowledge of 4− d efficiency-resolution function is not required. Background is
subtracted event-by-event using MC events to avoid breaking the factorization that
leads to Eq.(19).

Since there is no explicit PDF F̃ constructed, the MC is re-weighted to fitted
values of R1(1), R2(1) and ρ2 (histogram) and compared to the data (points) to see
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Figure 5: Distribution of w, cosθl, cosθV , χ as well as lepton momentum pl and
“slow” pion momentum pt(πs).
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Figure 6: Distribution of χ for six cuts on cosθV .
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if fit is good. Figure 5 shows the four projects and Figure 6 shows the χ projection
for six bins of cosθV . The agreement with the fit represented by re-weight MC is
excellent and reproduces even the details of the interference in the χ vs. cosθV plots.

The results2 are

R1(w) = 1.396± 0.046± 0.027 (22)

R2(w) = 0.885± 0.046± 0.013 (23)

ρ2 = 1.145± 0.066± 0.035 (24)

The BABAR results are consistent with the pioneering CLEO measurement of
R1 = 1.18 ± 0.30 ± 0.12, R2 = 0.71 ± 0.22 ± 0.07. The slope parameter ρ2 also
agrees when equivalent parameterizations of hA1(w) are used. The values are also
consistent with theoretical expectations. Since, |Vcb| is highly sensitive to R1 and R2,
this measurement leads to substantial reduction in the error achievable on it.

The second BABAR method works with projections in w, cosθl and cosθV . The
dihedral angle χ is not used because it has little sensitivity when one integrates over
the other angles. The projection method is not as statistical powerful for the form-
factors as the full 4 − d fit, however, it has the advantage that the background can
be estimated and removed in a manner that is nearly independent of the MC. This
allows higher multiplicity D-decays to be used. The 4 − d method only used the
D → Kπ in order to keep the systematic error from dependence on MC simulation
of the background shape under control.

The projection method divides each variable into ten bins and fits the cosθBY
distribution in each bin to obtain estimates of the signal and background in that
bin. The shape of the cosθBY distribution for background and signal is taken from
MC and whenever possible from data control samples, but no assumption about the
shape of the background distributions in w, cosθl or cosθV is used. Thus the resulting
projection plots are only weakly dependent on the MC simulation.

Figure 7 shows the results of simultaneous fits to the projection plots. The pro-
jection distributions are correlated since they share the same events; this correlation
is taken into account in the fitting procedure. The triangles represent that data, the
yellow the signal and the other colors the results of the cos θBY fits for the background.
The χ projection is not fit, but is only shown for completeness. The fits look good.

For BABAR’s final result they combine the results of the two method. The results
are

F(1)|Vcb = (34.68± 0.32± 1.15)× 10−3 (25)

2These are for so called baseline case where R1(w) = R1(1) and R2(w) = R2(1) are taken to be
constant. The results using the CLN or other predictions for the w dependence of R1 and R2 are
not much different.
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205



A. Snyder Review of Exclusive B → D(∗,∗∗)lν Decays – BRs, Form-factors and |Vcb|

ρ2 = 1.179± 0.048± 0.028 (26)

R1 = 1.417± 0.061± 0.044 (27)

R2 = 0.836± 0.037± 0.022 (28)

where errors are statistical and systematic respectively. In this case the CLN form
(Eqs. 13-14) for R1(w) and R2(w) has been used.

This currently yields the best exclusive measurement of |Vcb| = (37.74 ± 0.35 ±
1.24+1.32

−1.44)× 10−3. The additional error is from the theoretical predictions of F(1).
HFAG has averaged the |Vcb|−ρ2 results from six experiments. The summer 2006

average, which includes the BABAR improvement of R1 and R2 to the results of
other experiments, is shown in Figure 8. The poor χ2 (28/14) is mostly due to the
CLEO and ALEPH measurements. While BABAR is the single best measurement,
the others make a significant contribution to the world average.

There is a persistent conflict between the D∗lν branching fraction measured with
charged and neutral B-mesons. In PDG 2006 average is 5.34±0.20% for neutrals and
6.5 ± 0.5% for charged B’s. This difference would represent isospin violation, which
is apriori very unlikely. At this point it’s only ∼ 2σ, so we can hope the difference
will “regress-to-the-mean” as new measurements come in.

BELLE [12] has used a “recoil” technique to measure both D∗0l+ν and D∗0lν

recoiling against a fully reconstructed B− or B
0
. While the sample is quite small,

this method substantially reduces the background and thus potentially the system-
atic errors. BELLE has not yet fully exploited this potential as they do not give a
systematic error on these branching fractions.

Figure 9 shows BELLE’s missing mass plots. The branching fractions they obtain
are

B(B
0 → D∗lν) = 4.7± 0.24%, B(B+ → D∗lν) = 6.06± 0.25% (29)

which is ∼ 4σ discrepancy, ...but of course only the statistical error is taken into
account. This method has the potential to shed considerable light on the issue, if the
systematic uncertainties can be understood.

5 Higher mass states: D∗∗, D(∗)π, etc.

One might ask w.r.t the semi-leptonic decays to the higher mass charm states “why
bother?” It seems unlikely anything very exciting will be found.

One answer might be simply “because they’re there.” In general, it’s good idea
to try to understand the decay modes of particles like the B as completely as possi-
ble...and you’ll never know what might be lurking there, if you don’t look...we need
to see what we can see (see Figure 10).

A more practical answer is “engineering.” The so-called D∗∗ states and D∗nπ are
the dominant backgrounds to Dlν and D∗lν and the lack of understanding of these
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(right).

Figure 10: “...to see what he could see...and high mass charm states we might see...
[13]
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backgrounds is a major source of systematic error for Vcb, ρ
2 and the form-factor

ratios R1 and R2.
HQET also makes predictions about the form-factors of excited D-mesons and

perhaps lattice QCD can too. Measurements in the high mass sector can test the
theory that underlies the extraction of |Vcb| and are of some interest in themselves.

What could be there? In terms of resonance, this also shown in Figure 10 where
the predictions for the resonant structure based on HQET are given. There are two
narrow resonances – the D1(2420) and the D∗

2(2460) which should be relatively easy
to detect and, in fact, are already seen in semi-leptonic B-decay. The wide D∗

0 and
D∗

1 will be hard to distinguish from the non-resonant D(∗,∗∗)nπ contributions.
The D0 experiment [14] has observed the narrow states in B → D∗πlν +X. The

measurement does not strictly correspond to exclusive D∗π though that’s likely to
be a major component of the signal. The D∗π mass plot is displayed in Figure 11.
The D2(2460) corresponds to the shoulder on the right side of the bump. Only the
product production×branching fraction are directly measured, they are

B → D1lν, D
0

1 → D∗−π+ = 0.087± 0.007± 0.014, (30)

B → D2lν, D
∗0

2 → D∗−π+ = 0.035± 0.007± 0.008, (31)

ratio D
∗0

2 /D
0

1 = 0.39± 0.09± 0.12. (32)

Using b → B− = 0.39 ± 0.09 ± 0.12 and isospin symmetry, the absolute branching
fractions can be estimated as 0.33± 0.06% for the D1 and 0.44± 0.16% for the D∗

2.
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Figure 12: Illustration of reconstruction missing mass Mmiss in the system recoiling
against a fully reconstructed B and some hadrons (represented by MX). For the
exclusive channels of interest MX is composed of D(∗)π and Mmiss = Mν = 0 for
signal.

The OPAL [15] collaboration does a similar measurement, but is unable to see the
D2. They get

B(b→ B)× B(D0
1l

−ν)× B(D∗+π−) = (2.64± 0.79± 0.39)× 10−3. (33)

For the D2 they get (0.26± 0.59± 0.35)× 10−3 which is consistent with zero.
BABAR [16] also makes a measurement of the higher mass states using an inclusive

method that also yields estimate of Dlν and D∗lν. This is done looking at the semi-
leptonic decays recoiling against a fully reconstructed B.

Using a recoil tagged sample, the distributions of the missing mass against Dl,
shown in Figure 13, can be constructed. The decay modes Dlν, D∗lν and the modes
D(∗)nπ have different shapes in missing mass, so the missing mass distribution can
be used to disentangle them. Roughly speaking, Dlν is peaked at zero, D∗lν peaks a
bit higher (∼ 0.8GeV ) and the rest is broad.

While missing mass is the most powerful variable for discriminating these decay
contributions, there is also discriminating power in the lepton momentum (pl) spec-
trum and in the number of extra tracks not used reconstructing the Dl. BABAR
extracts the relative branching fractions of these three components by fitting simulta-
neously to the missing mass, pl and extra-track distributions using PDFs determined
by the data and validated with the Monte Carlo. The results are normalized to the
semi-leptonic decay rate (B → DXlν). Small contributions from baryons in the final
state are missing.

The results are summarized in Table 5. If I use semi-leptonic branching fractions
from the 2006 PDG (neglecting small non-DXlν contributions) to estimate absolute
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Figure 13: Missing mass against Dl in full recoil tagged events. Left is B0 decays
and right charged B decays.

branching fractions for D∗lν, I get 6.34 ± 0.2% for charged B’s and 5.58 ± 0.32%
for the neutrals. I’ve only kept the statistical errors. Under the assumption that
most systematics are common, this is again a ∼ 2σ descrepency...however not all the
systematics are common so the discrepancy may not really be that large.

The BELLE paper [12] also contains results on the higher mass states Dπlν and
D∗πlν. In fact, these are the main results of their paper and the D∗lν decays are
not the focus of the analysis. This technique also employs recoil tagged sample (see
Figure 12 again), but looks at the missing mass recoiling against the specific states.
Figure 14 show the missing mass distribution obtained for the four D(∗)π modes
reconstructed. The signal in these plots appears at zero. There is little background
in the D∗π modes and even in the Dπ modes the signals are evident.

The branching fractions obtained are

B(D+π−l−ν) = 0.54± 0.07± 0.07± 0.06%, (34)

B(D0π+l−ν) = 0.33± 0.06± 0.06± 0.03%, (35)

B(D∗+π−l−ν) = 0.67± 0.11± 0.09± 0.03%, (36)

B(D∗0π+l−ν) = 0.65± 0.12± 0.08± 0.05%, (37)

where in addition to the usual systematic uncertainties there is an additional con-
tribution from using the Dlν and D∗lν to normalize the results. The higher mass
contribution to the total branching fraction should be ∼ 10.4 − 2.1 − 5.3 = 3%.
BELLE’s observed D∗π contribution to B0 decays is ≈ (0.98 ± 0.13%) which ac-
counts for only ∼ 1/3. If we assume 3 the total isospin of the Dπ system is 1/2 then

3This is in fact a good assumption, no other isospin is possible given the cq produced must be
I = 1/2.
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Figure 14: Missing mass against D∗π in full recoil tagged events. The modes consid-
ered are (a) D+π−l−ν, (b) D0π+l−ν, (c) D∗+π−l−ν and (d) D∗0πl−ν.
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Ratio B−(%) B0(%)

Dlν 22.7± 1.4± 1.5 21.5± 1.6± 1.3
D∗lν 58.2± 1.8± 3.0 53.7± 3.1± 3.6

D∗,∗∗nπlν 19.1± 1.3± 1.9 24.8± 3.2± 3.0

Table 2: Ratios of Dlν, D∗lν and D∗,∗∗nπ to DXlν for charged and neutral B-mesons.

there should be 1/2 as many again in the unobserved charge D with π0 modes for a
total, of 1.5 ± 0.2 thus accounting for ∼ 1/2 of the missing modes. The same argu-
ment applies to the charged B, where the estimate Dπ branching fraction corrected
for isospin is 1.8±0.20. So it seems, like there must be some contribution from states
with two pions. Both of these are consistent with BABAR’s estimate using the Dl
missing mass.

Using isospin to relate B0 and B+ modes we could average to produce a somewhat
more accurate estimate. However, considering the unsettled state of D∗lν branching
fractions, it’s probably best to just settle for the statement that D(∗)π can account
for ∼ 1/2 the decays with hadronic masses mhad > mD∗ .

Another interesting number is the ratio R = Dπ/D∗π. To estimate this I average
the BELLE’s numbers for B0 and B+ and assume systematics cancel in the ratio. I
find R = 1.58± 0.26 (stat error only).

Using D0’s estimate of the branching fraction to the narrow state D0
1 (see above),

I find that ∼ 35% of D∗π are from this narrow state. This suggest that some narrow
states might be visible in BELLE’s recoil samples.

These are very beautiful measurements. Given that there’s still a percent of so in
other modes it would be interesting to measure modes like D∗ππ.

6 What to do?

• We need to resolve the discrepancy between D∗lν measured in B0 and B+

decays!

– Isospin violation is most unlikely

– It’s only ∼ 2σ, so may be we’re just chasing a fluctuation

– Could there be high-spin, high-mass states that can mimic D∗0lν modes?

∗ Try to get solid theory predictions for spin 2 states implemented in MC
and seek parameters that might cause such a problem, i.e., investigate
the theoretical constraints on the high mass states.

∗ Example of “D∗∗” faking D∗lν is shown in Figure 15
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Figure 15: Possible fake D∗lν from a D∗∗lν decay – a neutrino goes “forward” and π
goes “backward” the missing mass gets small and the event mimics D∗lν. Any decay
with ν and π moving the same direction will produce a successful cosθBY construction
with just a slightly higher neutrino momentum. The number of D∗∗ decays near this
configuration will be influenced by the D∗∗ form-factors.

– Maybe slow pions from D∗ → Dπ decays not well understood?

∗ This is not a likely explanation as there aren’t many events produced
at low w (high q2) so they should not affect branching fraction too
much

∗ Try using D+π0 decay instead of D0π+ to see if the same answer is
obtained with a different slow π efficiency

∗ Repeat BELLE style missing mass analysis for D∗lν with careful at-
tention to systematics and background. Hopefully many systematics
would cancel in the charge to neutral B ratios

• Dπlν accounts for about half the missing modes. What is the rest?

– Measure D∗ππ. Is this possible with current statistics?

– Wide states are hard. They need a full spin-parity analysis to extract
phase shifts – an analysis that is not feasible with the current generation
of B factories

• Test HQET. Needs higher precision form-factor measurements and ultimately
model independent measurements
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7 Summary

We already know quite a bit. The HFAG world average is F(1)cb is 36.2±0.6×10−3.
The form-factor parameters R1 andR2 have been measured to be 1.42±0.07 and 0.84±
0.043, respectively. Two narrow contributions to the high mass region are known at
the 10− 20% level. It’s been established that Dπ (resonant+wide+nonresonant) can
account of ∼ 1/2 of the branching fraction to higher mass states.

The biggest outstanding problem is tensione between the D∗lν decay in B0 (∼ 5%)
and B+ decay (∼ 6%). However, it’s only ∼ 2σ, so it probably will resolve itself in
due course – which is not to say we shouldn’t look for a systematic problem in the
meanwhile.

While R1−R2 are well enough measured for current |Vcb| measurements given the
other errors and the theory errors. Improved measurements could probe the HQET
based theoretical assumptions.
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1 Introduction

The parameter |Vub| is one of the smallest and least known elements of the Cabibbo-
Kobayashi-Maskawa (CKM) quark-mixing matrix. A precise determination of |Vub|
would significantly improve the constraints on the unitarity triangle and provide a
stringent test of the Standard Model mechanism for CP violation. With the CKM
angle φ3, |Vub| can constrain the unitarity triangle from tree level processes alone.

Experimental studies of charmless semileptonic B decays can be broadly catego-
rized into inclusive and exclusive measurements depending on how the final states
are treated. The inclusive method measures the decay rate Γ(B → Xuℓν), where Xu

is known as the hadronic system that does not contain charm-quark. On the other
hand, the exclusive method measures the decay rates for exclusive final states such
as B → πℓν and ρℓν. Two methods give not only different efficiencies and signal-to-
background ratios, but also different theoretical calculations to be used in order to
extract |Vub|. Using both approaches and comparing the results will help us verify
the robustness of the theoretical error estimation, which dominates the current un-
certainty in the determination of |Vub|. Progress in last few years will be summarized
in this presentation.

2 Inclusive determination of |Vub|
The inclusive semileptonic decay rates in the quark level depend only on CKM matrix
element and the quark mass, as shown in the following equation

Γ(b→ uℓν) =
G2
F

192π2
|Vub|2m5

b (1)

where GF is the Fermi constant and mb is the b-quark mass. The hadronic level is
easy to calculate with the framework of operator product expansion (OPE) [1] and
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the |Vub| can be parametrized as

|Vub| = 0.00424

{B(B → Xuℓν)

0.02

1.61ps

τb

} 1
2

× (1.0± 0.012QCD ± 0.022HQE) (2)

where the first error comes from the uncertainty in the calculation of quantum chro-
modynamics (QCD), perturbative and non-perturbative quantities and the 2nd from
the uncertainty in the heavy quark expansion (HQE), sensitive to mb. This formula-
tion [2] has been updated in ICHEP06. The main problem in the inclusive method
is the background from the b to c decays because the rate is approximately 50 times
larger, namely

Γ(b→ cℓν) ∼ 50Γ(b→ uℓν). (3)

One may attempt to remove this large background by applying kinematic selection
criteria but once the signal to background ratio becomes controllable, the OPE is
known to fail in such limited phase space. In the theory side, in order to overcome
this problem, various different techniques have been developed. For example, a non-
perturbative shape function [3] (SF) is developed to extrapolate to the full phase
space. The shape function is the lightcone momentum distribution function of the
b-quark inside the meson. The detailed shape is not known theoretically from the first
principle and even phenominologically, the low-tail part is least known. The shape
function is needed to be determined from experimental data. The other approach is
called dressed gluon exponentiation (DGE) [4] according to the factorization proper-
ties of the fully differential width in inclusive decays Sudakov logarithms exponentiate
in moment space. The third approach [5] measures the ratio of |Vub|/|Vts| with the
photon energy spectrum in b→ sγ decay mode. This technique is interesting as the
only residual shape function dependence remain at the end.

• Lepton Endpoint Analysis

The theoretical calculations allow for the extraction of the observed partial B → Xuℓν
decay rate above a certain lepton momentum to the total inclusive B → Xuℓν decay
rate using the measured shape function parameters and a subsequent translation of
the total decay rate to |Vub|. The experimental study was pioneered by the CLEO
collaboration [6] and the recent work was carried out by the BaBar collaboration [7].
Fig. 1 (a), (b), and (c) show the electron energy spectra for various cases. Open circles
in Fig. 1 (a) show the on-resonance data and closed circles with a curve in Fig. 1 (a)
show the off-resonance data where non-BB background is included. The triangles in
Fig. 1 (b) show the data after the non BB background subtraction and the histogram
in Fig. 1 (b) show the simulated BB background. Closed squares and the histogram
in Fig. 1 (c) show the data and the simulated signal after all background subtraction,
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respectively. It is obvious that the subtraction of backgrounds is extremely crucial in
this kind of analysis. The shaded region in Fig. 1 (c) is used for the final extraction
of the |Vub|. In the mean time, the partial branching fraction can be obtained from
the background subtracted data and the summary from three experiment is listed in
Table 1. Note that the Belle’s result has the lowest cut on Eℓ.
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Figure 1: The distribution of electron momentum is shown [7]. Open circles in
(a) show the on-resonance data and closed circles with a curve in (a) show the off-
resonance data where non-BB background is included. The triangles in (b) show
the data after the non BB background subtraction and the histogram (b) show the
simulated BB background. Closed squares and the histogram in (c) show the data
and the simulated signal after all background subtraction, respectively.

• Measurements of mX , P+, and q2

In this analysis, the measurements are made with a sample of events where the
hadronic decay mode of the tagging side B meson, Btag, is fully reconstructed, while
the semileptonic decay of the signal side B meson, Bsig, is identified by the presence
of a high momentum electron or muon. B denotes both charged and neutral B
mesons. This method allows the construction of the invariant masses of the hadronic
(MX) and leptonic (

√
q2) system in the semileptonic decay, and the variable P+ =

219



E. Won Semileptonic b to u transition

Table 1: Summary of the partial branching fraction of B → Xuℓν given the lepton
energy cut.

data ∆B(10−4) El (GeV)
CLEO 9/fb 2.30 ± 0.15 ± 0.35 2.1
Belle 27/fb 8.47 ± 0.37 ± 1.53 1.9

BaBar 80/fb 5.72 ± 0.41 ± 0.65 2.0

EX − |~pX | where EX is the energy and |~pX | the magnitude of the three-momentum
of the hadronic system. These inclusive kinematic variables can be used to separate
the B → Xuℓν decays from the much more abundant B → Xcℓν decays. Three
competing kinematic regions were proposed by theoretical studies [3,8], based on the
three kinematic variables, and are directly compared by this analysis.
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Figure 2: The P+ distribution (symbols with error bars) after subtracting B → Xcℓν
background, with fitted B → Xuℓν contribution (histogram).

The value of |Vub| is extracted using recent theoretical calculation [3,8] that include
all the current known contributions. Results from the Belle experiment using a data
set of 253/fb [9] is the first one to use P+. Figure 2 show the distribution of the
variable P+. Signal region is defined by PX < 0.66 GeV and shows a clear indication
of enhancement of the signal in Fig. 2. BaBar did also similar analysis but only with
MX and q2 [10]. The measured partial branching fractions from both experiments
for different phase space values are summarized in Table 2. Note that the errors are

220



E. Won Semileptonic b to u transition

Table 2: Summary of the partial branching fraction of B → Xuℓν given the lepton
energy cut.

data Phase Space ∆B (10−4)
MX < 1.7 12.4 ± 1.1 ± 1.0

Belle 253/fb MX < 1.7, q2 > 8 8.4 ± 0.8 ± 1.0
P+ < 0.66 11.0 ± 1.0 ± 1.6

BaBar 211/fb MX < 1.7, q2 > 8 8.7 ± 0.9 ± 0.9
(preliminary)

larger than those appeared in the endpoint analyses results.

• Extraction of |Vub|

In order to extract the |Vub| from the partial branching fraction measurements
described so far, one has to know the distribution of the shape function. The photon
energy spectrum in B → Xsγ provides access to such distribution function of the
b quark inside the B meson [11]. The knowledge of this shape function is a crucial
input to the extraction of |Vub| from inclusive semileptonic B → Xuℓν measurements.
Both Belle and Babar fit the spectrum to theoretical predictions in order to extract
the |Vub|.

Using the heavy quark parameter values mb(SF) = 4.60 ± 0.04 GeV and µ2
π(SF)

= 0.20 ± 0.04 GeV2, the value of |Vub| from various experimental results is extracted
within “BLNP” framework [3]. This is done by the heavy flavour averaging group [12]
(HFAG) and the result is

|Vub|BLNP = (4.49± 0.19exp ± 0.27theory)× 10−3. (4)

Note that the total error in percentage is

δ|Vub|BLNP = ±7.3% (5)

and the result indicates that the precision of the measurement is still limited by
theoretical uncertainty but the value of the error is not far from the experimental
error. The individual result from experiments is shown in Fig. 3. Note that the
best measurement is from the endpoint analysis at present. Contributions to the
experimental and theoretical errors can be found in Table 3. The contribution from
sub-leading SF, for example, is known to be hard to reduce from the present value.

One can also extract |Vub| using the DGE framework [4]. This is also done by
HFAG and the result is

|Vub|DGE = (4.46± 0.20exp ± 0.20theory)× 10−3. (6)
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Figure 3: Summary of the measurements of |Vub| within BLNP framework from var-
ious experiments are shown. The averaged value is |Vub|BLNP = (4.49± 0.19exp±
0.27theory) ×10−3.

with the parameter mb(MS) = 4.20 ± 0.04 GeV. Note that the result is in good
agreement with the result with BLNP method, and is remarkable as two theoretical
methods use rather different approach in their calculations. The contribution of the
error is also listed in Table 4. The sharing of the error is also similar to the case of
the BLNP framework. One thing to note is that the weak annihilation is not taken
into account in this case.

On the other hand, BaBar explored alternative methods in obtaining |Vub|. Lei-
bovich, Low, and Rothstein (LLR) [5] have presented a prescription to extract |Vub|
with reduced model dependence from either the lepton energy or the hadronic mass
mX [13]. The calculations of LLR are accurate up to corrections of order α2

s and
(ΛmB/(ζmb))

2, where ζ is the experimental maximum hadronic mass up to which
the B → Xuℓν decay rate is determined and Λ ∼ ΛQCD. This method combines the
hadronic mass spectrum, integrated below ζ , with the high-energy end of the mea-
sured differential B → Xsγ photon energy spectrum via the calculations of LLR. The
measured |Vub| as a function of ζ is shown in Fig. 4. The small arrow indicates the
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Table 3: Summary of the contributions to the experimental and theoretical errors of
|Vub| in the BLNP framework.

Source contribution (%)
statistical 2.2

Expt. systematic 2.8
b→ cℓν model 1.9
b→ uℓν model 1.6
HQ parameters 4.2
sub-leading SF 3.8

Weak Annihilation 1.9

Table 4: Summary of the contributions to the experimental and theoretical errors of
|Vub| in the DGE framework.

Source contribution (%)
statistical 1.8

Expt. systematic 2.5
b→ cℓν model 2.3
b→ uℓν model 2.3
mb (R CUT) 1.2
αs (R CUT) 1.0

Total semiloptonic width 3.0
DGE theory 2.9
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value of ζ that is used for the cut, ζ = 0.67 GeV/c2. At this point, the measured
value becomes

|Vub| = (4.43± 0.38stat ± 0.25syst ± 0.29th)× 10−3. (7)

]2 [GeV/c
1 2 3

3
 1

0
×| 

ub
|V

2

4

6

8 LLR Full
Rate

ζ

Figure 4: |Vub| as a function of ζ with the LLR method (left) and for the determi-
nation with the full rate measurement (right). The error bars indicate the statistical
uncertainty. They are correlated between the points and get larger for larger ζ due
to larger background from B → Xcℓν. The total shaded are illustrates the theoret-
ical uncertainty; the inner light shaded area indicates the perturbative share of the
uncertainty. The arrow indicates ζ = 1.67 GeV/c2.

Another approach that BaBar chooses to reduce the model dependence is to mea-
sure the B → Xuℓν rate over the entire MX spectrum. Since no extrapolation is
necessary to obtain the full rate, systematic uncertainties from mb and Fermi mo-
tion are much reduced. Perturbative corrections are known to order αs. The rate
of B → Xuℓν is extracted from the hadronic mass spectrum up to ζ = 2.5 GeV/c2

which corresponds to about 96 % of the simulated hadronic mass spectrum, and find
|Vub| = (3.84 ± 0.70stat ± 0.30syst ± 0.10th) × 10−3, using the average B lifetime of
τB = (1.604 ± 0.012) ps. The current uncertainties on the B → Xsγ photon en-
ergy spectrum limit the sensitivity with which the behavior at high ζ can be probed.
These two new results are consistent with previous measurements but have substan-
tially smaller uncertainties from mb and the modeling for Fermi motion of the b quark
inside the B meson. Both techniques are based on theoretical calculations that are
distinct from other calculations normally employed to extract |Vub| and, thus, provide
a complementary determination of |Vub|.
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3 Exclusive determination of |Vub|
In this section, we discuss the extraction of |Vub| from exclusive decays such as B →
(π, ρ, ω)ℓν. For B0 → π−ℓ+ν decays, the differential decay rate becomes

dΓ(B → πℓν)

dq2
=

G2
F

24π3
|Vub|2p3

π|f+(q2)|2 (8)

where f+(q2) is a form factor and q2 is the squared invariant mass of the ℓ+ν system.
Only shape of f+(q2) can be measured experimentally. Its normalization is provided
by theoretical calculations which currently suffer from relatively large uncertainties
and, often, do not agree with each other. As a result, the normalization of the
f+(q2) form factor is the largest source of uncertainly in the extraction of |Vub| from
the B0 → π−ℓ+ν branching fraction. Values of f+(q2) for B0 → π−ℓ+ν decays are
provided by unquenched [14,15] and quenched [16] lattice QCD calculations, presently
reliable only at high q2 (> 16 GeV2/c4), and by Light Cone Sum Rules calculations [17]
(LCSR) based on approximations only valid at low q2 (< 16 GeV2/c4), as well as by
a quark model [18]. The QCD theoretical predictions are at present more precise for
B0 → π−ℓ+ν decays than for other exclusive B → Xuℓν decays. Experimental data
can be used to discriminate between the various calculations by measuring the f+(q2)
shape precisely, thereby leading to a smaller theoretical uncertainty on |Vub|.

Figure 5: Fit to dΓ/dq2 on exclusive B → π−ℓ+ν decays.

For the recoiling the other side of the B meson, we may require nothing (untagged)
or require indication of semileptonic decay (D(∗)ℓν tag), and require hadronic decay
(full reconstruction tag). We review recent progress on experimental studies with
different tagging methods listed above.
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• Untagged B → πℓν

CLEO pioneered the measurement of Vub with exclusive decays [19]. They perform
a simultaneous maximum likelihood fit in ∆E and Mmℓν to seven sub-modes: π±,
π0, ρ±, ω/η → pi+π−π0 , and η → γγ. In the fit they used isospin symmetry to
constrain the semileptonic widths ΓSL(π±) = 2ΓSL (π0) and ΓSL(ρ±) = 2ΓSL (ρ0)
∼ 2ΓSL (ω), where the final approximate equality is inspired by constituent quark
symmetry. Signals for π and ρ are extracted separately in three q2 bins. Given form
factors from theory, they extracted |Vub| from a fit to dΓ/dq2, and it is shown in Fig. 5.
From their fit, we see that ISGW2 [18] is least favored. Combining B → πℓν and
B → ρℓν results, CLEO found that

|Vub| = (3.17± 0.17(stat)+0.16
−0.17(syst)+0.53

−0.39(theo)± 0.03FF)× 10−3. (9)

BaBar also did similar but improved analysis [20]. More accurate value of q2

was obtained in the so-called Y -average frame where the pseudo-particle Y has a
four-momentum defined by PY ≡ (Pπ + Pℓ). The angle θY T between the directions
of the p∗B and p∗Y momenta in the Υ (4S) rest frame can be determined assuming
energy-momentum conservation in a semileptonic B → Y ν decay. The use of the
Y -averaged frame yields a q2 resolution that is approximately 20 % bettern than
what is obatined in the usual Υ (4S) frame where the B meson is assumed to be at
rest. They also fit the ∆B/B spectrum using a probability density function based on
the f+(q2, α) parametrization of Becirevic-Kaidalov [21] (BK). The normalized ∆B/B
distribution is shown in Fig. 6, together with the result of a f+(q2) shape fit using
the BK parametrization and theoretical prediction. The obtain a value of α = 0.53
± 0.05 ± 0.04. BaBar data are clearly incompatible with the ISGW2 quark model,
which is in agreement with what CLEO data indicated before. The extraction of |Vub|
is carried out from the partial branching fractions using |Vub| =

√
∆B/(τ 0

B∆ζ), where
τ 0
B = (1.536 ± 0.014) ps is the B0 lifetime and ∆ζ is the normalized partial decay rate

predicted by various form factor calculations. For the LCSR calculations with q2 <
16 GeV2/c4, |Vub| = (3.6 ± 0.1 ± 0.1 +0.6

−0.4) × 10−3 is obtained. For the HPQCD and
and FNAL lattice calculations with q2 > 16 GeV2/c4, |Vub| = (4.1 ± 0.2 ± 0.2 +0.6

−0.4)
× 10−3 and |Vub| = (3.6 ± 0.2 ± 0.2 +0.6

−0.4) × 10−3 are obtained, respectively. Note
that all are in good agreement within given uncertainty and this gives us confidence
in exclusive measurement of |Vub|.

• D(∗)ℓν tag

Belle presented measurements of B0 → π−/ρ−ℓ+ν and B+ → π0/ρ0ℓ+ν decays
using B → D(∗)ℓν tagging [22]. They reconstruct the entire decay chain from the
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Figure 6: Differential decay rate formula fitted to the normalized partial ∆B/B spec-
trum in 12 bins of q2. The smaller error bars are statistical only while the larger error
bars include statistical and systematic uncertainties. The BK parametrization (solid
black curve) reproduces the data quite well (χ2=8.8 for 11 degrees of freedom) with
the parameter α = 0.53 ± 0.05 ± 0.04. The data are also compared to LCSR cal-
culations (dotted line), unquenched LQCD calculations (long dashed line and short
dashed line) and the ISGW2 quark model (dash-dot line).

Υ (4S)→ BsigBtag, Bsig → π/ρℓν and Btag → D(∗)ℓν tag with several D(∗) sub-modes.
The back-to-back correlation of the two B mesons in the Υ (4S) rest frame allows us to
constrain the kinematics of the double semileptonic decay. The signal is reconstructed
in four modes, B0 → π−/ρ−ℓ+ν and B+ → π0/ρ0ℓ+ν. Yields and branching fractions
are extracted from a simultaneous fit of the B0 and B+ samples in three intervals of q2,
accounting for cross-feed between modes as well as other backgrounds. Belle applied
this methods to B → π/ρℓν decays for the first time, and have succeeded in recon-
structing these decays with significantly improved signal-to-noise ratios compared to
the ν-reconstruction method. With the data of 253 fb−1, Belle extracted branching
fractions and |Vub|. Figure 7 shows the q2 distribution for the decay B0 → π−/ρ−ℓ+ν.
The error bars are too large to reject any of form factor models for the moment. Ta-
ble 5 summarized the results with two different lattice calculations. This gives about
13 % experimental uncertainty on |Vub|, currently dominated by the statistical error
of 11 %. By accumulating more integrated luminosity, a measurement with errors
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Table 5: Summary of |Vub| measurements by the Belle collaboration with different
lattice calculations.

q2 GeV2/c4 |Vub| × 10−3

FNAL > 16 3.60 ± 0.41 ± 0.20 ± 0.62
−0.41

HPQCD > 16 4.03 ± 0.46 ± 0.22 ± 0.59
−0.41

below 10 % is feasible. With improvements to unquenched LQCD calculations, the
present method may provide a precise determination of |Vub|.

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20

q
2
(GeV

2
/c

2
)

d
Γ

/d
q

2
 /
 Γ

to
t 
x
 1

0
-4

LCSR
ISGW2
UKQCD
FNAL
HPQCD

π
-
l
+
ν

Figure 7: Extracted q2 distribution for B0 → π−ℓ+ν decays. Data points are shown
for different form factor models used to estimate the detection efficiency. Lines are
for the best fit of the form factor shapes to the obtained q2 distribution.

The BaBar collaboration also did similar analysis [23] based on 211 fb−1 of data.
They also included the hadronic decay of B mesons for tagging. The detailed tech-
niques are similar to what to be explained later. The summary of the measurement of
|Vub| can be found in Table 6. All the results are in good agreement with the results
from the Belle experiment.

• Full reconstruction tag

In this method [25], Belle fully reconstructs one of the two B mesons from Υ (4S)
decay (Btag) in one of the following hadronic decay modes, B− → D(∗)0π−, B− →
D(∗)0ρ−, B− → D(∗)0a−1 , B− → D(∗)0D

(∗)−
s , B0 → D(∗)+π−, B0 → D(∗)+ρ−, B0 →

D(∗)+a−1 , or B0 → D(∗)+D
(∗)−
s . As was done in other B meson analyses, decays are

identified on the basis of the proximity of the beam-energy constrained mass Mbc
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Table 6: Summary of |Vub| measurements by the BaBar collaboration with different
theoretical calculations.

q2 GeV2/c4 |Vub| × 10−3

Ball-Zwicky < 16 3.2 ± 0.2 ± 0.1 +0.5
−0.4

HPQCD > 16 4.5 ± 0.5 ± 0.3 +0.7
−0.5

FNAL > 16 4.0 ± 0.5 ± 0.3 +0.7
−0.5

APE [24] > 16 4.1 ± 0.5 ± 0.3 +1.6
−0.7

and ∆E to their nominal values of the B meson rest mass and zero, respectively.
If multiple tag candidates are found, the one with values of Mbc and ∆E closest to
nominal is chosen. Events with a Btag satisfying the selections Mbc > 5.27 GeV/c2 and
−0.08 < ∆E < 0.06 GeV are retained. The charge of the Btag candidate is necessarily
restricted to Qtag = 0 or Qtag ± 1 by demanding that it is consistent with one of the
above decay modes. Reconstructed charged tracks and electromagnetic clusters which
are not associated with the Btag candidate are used to search for the signal B meson
decays of interest recoiling against the Btag. After all cuts to enhance the signal are
applied, remaining data are projected as a function of missing mass squared (Mmiss),
as shown in Fig. 8. As is demonstrated in the figure, a high purity signal can be
obtained with this method. A preliminary branching fractions are obtained as

B(B → π−ℓν) = 1.49± 0.26(stat)± 0.06(syst)× 10−4, (10)

B(B → π0ℓν) = 0.86± 0.17(stat)± 0.06(syst)× 10−4. (11)

Whilst the statistical precision of these measurements is limited at present, the po-
tential power of the full reconstruction tagging method, when it can be used with
larger accumulated B-factory data samples in the future, can clearly be seen.

4 Conclusions

We have discussed recent progress in measurements of |Vub|. At present, the total
error from the inclusive measurement is approximately 7 %. The theoretical uncer-
tainty in it is still larger than the experimental uncertainty, but not by a lot anymore.
The shape function, describing the Fermi motion of the b-quark inside the meson still
remains a big issue in extracting |Vub|, but different approaches produce consistent
numerical values indicating the problem is well understood. Also, BaBar’s new ap-
proach based on Leibovich, Low and Rothstein [5] may look promising in future as it
has residual SF dependence only.

The exclusive measurements of |Vub| gives the total error to be greater than 10 %
at present and the form factor is the main issue in this field. The untagged analyses
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Figure 8: Missing mass squared (M2
miss) distributions after all cuts, for B → π+ℓν

on the left and B → π0ℓν on the right. Data is indicated by the points with error
bars. The blue histogram (lightest shade in greyscale) show the fitted prediction
based on the LCSR model. The green histogram (middle shade in greyscale) shows
the fitted b → uℓν background contribution. The crimson histogram (darkest shade
in greyscale) shows the fitted background contribution from other sources.

are the most precise ones at present. The theoretical uncertainty is still dominant in
exclusive measurements.

I am grateful to Masahiro Morii from the BaBar experiment who kindly provided
complete information on their experimental results.
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Flavour Physics in the Littlest Higgs Model with

T-Parity
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D-85748 Garching, Germany

We present the results of an extensive analysis of flavour physics in both quark
and lepton sectors, in the Littlest Higgs model with T-parity (LHT). In the quark
sector, we identify some interesting scenarios for new mirror quark masses and VHd
mixing matrix that satisfy the existing experimental constraints fromK andB physics
and simultaneously allow large New Physics effects in rare decays and CP-violating
observables. In the lepton sector, where flavour violation in the Standard Model is
highly suppressed by small neutrino masses, LHT effects turn out to be naturally
huge and could be seen in the near future measurements of lepton flavour violating
decays.

1 The LHT Model

The Standard Model (SM) is in excellent agreement with the results of particle physics
experiments, in particular with the electroweak (ew) precision measurements, thus
suggesting that the SM cutoff scale is at least as large as 10 TeV. Having such a
relatively high cutoff, however, the SM requires an unsatisfactory fine-tuning to yield a
correct (≈ 102 GeV) scale for the squared Higgs mass, whose corrections are quadratic
and therefore highly sensitive to the cutoff. This little hierarchy problem has been
one of the main motivations to elaborate models of physics beyond the SM. While
Supersymmetry is at present the leading candidate, different proposals have been
formulated more recently. Among them, Little Higgs models play an important role,
being perturbatively computable up to about 10 TeV and with a rather small number
of parameters, although their predictivity can be weakened by a certain sensitivity to
the unknown ultra-violet (UV) completion of these models.

In Little Higgs models [1] the Higgs is naturally light as it is identified with a
Nambu-Goldstone boson (NGB) of a spontaneously broken global symmetry. An
exact NGB, however, would have only derivative interactions. Gauge and Yukawa
interactions of the Higgs have to be incorporated. This can be done without gener-
ating quadratically divergent one-loop contributions to the Higgs mass, through the
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so-called collective symmetry breaking. Collective symmetry breaking (SB) has the
peculiarity of generating the Higgs mass only when two or more couplings in the
Lagrangian are non-vanishing, thus avoiding one-loop quadratic divergences. This
mechanism is diagrammatically realized through the contributions of new particles
with masses around 1 TeV, that cancel the SM quadratic divergences.

The most economical, in matter content, Little Higgs model is the Littlest Higgs
(LH) [2], where the global group SU(5) is spontaneously broken into SO(5) at the
scale f ≈ O(1 TeV) and the ew sector of the SM is embedded in an SU(5)/SO(5) non-
linear sigma model. Gauge and Yukawa Higgs interactions are introduced by gauging
the subgroup of SU(5): [SU(2) × U(1)]1 × [SU(2) × U(1)]2, with gauge couplings
respectively equal to g1, g

′
1, g2, g

′
2. The key feature for the realization of collective SB is

that the two gauge factors commute with a different SU(3) global symmetry subgroup
of SU(5), that prevents the Higgs from becoming massive when the couplings of one
of the two gauge factors vanish. Consequently, quadratic corrections to the squared
Higgs mass involve two couplings and cannot appear at one-loop. In the LH model, the
new particles appearing at the TeV scales are the heavy gauge bosons (W±

H , ZH, AH)
the heavy top (T ) and the scalar triplet Φ.

In the LH model, significant corrections to ew observables come from tree-level
heavy gauge boson contributions and the triplet vacuum expectation value (vev)
which breaks the custodial SU(2) symmetry. Consequently, ew precision tests are
satisfied only for quite large values of the New Physics (NP) scale f ≥ 2−3 TeV [3,4],
unable to solve the little hierarchy problem. Motivated by reconciling the LH model
with ew precision tests, Cheng and Low [5] proposed to enlarge the symmetry struc-
ture of the theory by introducing a discrete symmetry called T-parity. T-parity acts
as an automorphism which exchanges the [SU(2)×U(1)]1 and [SU(2)×U(1)]2 gauge
factors. The invariance of the theory under this automorphism implies g1 = g2 and
g′1 = g′2. Furthermore, T-parity explicitly forbids the tree-level contributions of heavy
gauge bosons and the interactions that induced the triplet vev. The custodial SU(2)
symmetry is restored and the compatibility with ew precision data is obtained already
for smaller values of the NP scale, f ≥ 500 GeV [6]. Another important consequence
is that particle fields are T-even or T-odd under T-parity. The SM particles and
the heavy top T+ are T-even, while the heavy gauge bosons W±

H , ZH, AH and the
scalar triplet Φ are T-odd. Additional T-odd particles are required by T-parity: the
odd heavy top T− and the so-called mirror fermions, i.e., fermions corresponding
to the SM ones but with opposite T-parity and O(1 TeV) mass. Mirror fermions
are characterized by new flavour interactions with SM fermions and heavy gauge
bosons, which involve two new unitary mixing matrices, in the quark sector, analo-
gous to the Cabibbo-Kobayashi-Maskawa (CKM) matrix VCKM [7]. They are VHd and
VHu, respectively involved when the SM quark is of down- or up-type, and satisfying
V †
HuVHd = VCKM [8]. Similarly, two new mixing matrices, VHℓ and VHν , appear in

the lepton sector, respectively involved when the SM lepton is charged or a neutrino
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and related to the PMNS matrix [9] through V †
HνVHℓ = V †

PMNS. Both VHd and VHℓ
contain 3 angles, like VCKM and VPMNS, but 3 (non-Majorana) phases [10], i.e. two
additional phases relative to the SM matrices, that cannot be rotated away in this
case.

Because of these new mixing matrices, the LHT model does not belong to the
Minimal Flavour Violation (MFV) class of models [11, 12] and significant effects in
flavour observables are possible. Other LHT peculiarities are the rather small number
of new particles and parameters (the SB scale f , the parameter xL describing T+ mass
and interactions, the mirror fermion masses and VHd and VHℓ parameters) and the
absence of new operators in addition to the SM ones. On the other hand, one has
to recall that Little Higgs models are low energy non-linear sigma models, whose
unknown UV-completion introduces a theoretical uncertainty reflected by a left-over
logarithmic cut-off dependence [13, 14] in ∆F = 1 processes.

2 LHT Flavour Analysis

Several studies of flavour physics in the LH model without T-parity have been per-
formed in the last four years [15]. Without T-parity, mirror fermions and new sources
of flavour and CP-violation are absent, the LH model is a MFV model and NP con-
tributions result to be very small.

More recently, flavour physics analyses have been also performed in the LHT
model, for both quark [8,14,16] and lepton sectors [17,18]. In this model, new mirror
fermion interactions can yield large NP effects, mainly in K and B rare and CP-
violating decays and in lepton flavour violating decays.

2.1 LHT Analysis in the Quark Sector

In [14,16] we have studied in the LHT model B and K meson mixings, CP-violation,
rare decays and the radiative decay B → Xsγ. We have imposed well known ex-
perimental constraints and estimated LHT effects in those observables that are not
yet measured or still very uncertain. We have considered several scenarios for the
structure of the VHd matrix and the mass spectrum of mirror quarks in order to gain
a global view over possible LHT signatures. The parameters f and xL have been
fixed to f = 1 TeV and xL = 0.5 in accordance with ew precision tests [6]. The CKM
parameters entering the analysis have been taken from tree level decays only, where
NP effects can be neglected. In order to simplify the numerical analysis we have
set all non-perturbative parameters to their central values, while allowing ∆MK , εK ,
∆Md, ∆Ms, ∆Ms/∆Md and SψKS

to differ from their experimental values by ±50%,
±40%, ±40%, ±40%, ±20% and ±8%, respectively. This rather conservative choice
guarantees that important effects are not missed.
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Figure 1: Br(KL → π0νν) as a function of Br(K+ → π+νν). The shaded area
represents the experimental 1σ-range for Br(K+ → π+νν). The model-independent
Grossman-Nir bound [19] is displayed by the dotted line, while the solid line separates
the two areas where Br(KL → π0νν) is larger or smaller than Br(K+ → π+νν).

Two interesting scenarios have been identified. In the first one (B-scenario) large
enhancements in B physics are possible, while in the second one (K-scenario) impor-
tant effects appear in K observables. They are both characterized by the quasi-
degeneracy of the first two mirror quark generations (mH1 ≃ mH2 ≃ 500 GeV,
mH3 ≃ 1000 GeV), as required by ∆MK and εK constraints. The new mixing an-
gles in VHd are chosen to satisfy the hierarchy sd23lls

d
13 ≤ sd12 in B-scenario and the

hierarchy sd23 ≃ sd13 < sd12 = 1/
√

2 in K-scenario. Moreover, the two additional phases
of VHd, whose impact is numerically small, have been set to zero. In addition, in or-
der to explore all possible LHT effects, we have performed a general scan over mirror
quark masses and VHd parameters. In the following scatter plots, B- and K-scenarios
and general scan are respectively displayed as green, brown and blue points, while red
points correspond to a less general scan over VHd parameters at fixed mirror masses
(mH1 = 400 GeV, mH2 = 500 GeV, mH3 = 600 GeV).

The main results of our LHT analysis [14, 16] in the quark sector are:

• The most evident departures from the SM predictions are found for CP-violating
observables that are strongly suppressed in the SM. These are the branching
ratio for KL → π0νν (Fig. 1) and the CP-asymmetry Sψφ, that can be enhanced
by an order of magnitude relative to the SM predictions. Large departures from
SM expectations are also possible for Br(KL → π0ℓ+ℓ−) (Fig. 2), Br(K+ →
π+νν) (Fig. 1) and the semileptonic CP-asymmetry AsSL, that can be enhanced
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Figure 2: Br(KL → π0µ+µ−) as a function of Br(KL → π0e+e−).

by an order of magnitude w.r.t the SM.

• The branching ratios forBs,d → µ+µ− andB → Xs,dνν, instead, are modified by
at most 50% and 35%, respectively, and the effects of new electroweak penguins
in B → πK are small, in agreement with the recent data. The new physics
effects in B → Xs,dγ and B → Xs,dℓ

+ℓ− turn out to be below 5% and 15%,
respectively, so that agreement with the data can easily be obtained.

• Small, but still significant effects have been found in Bs,d mass differences. In
particular, a 7% suppression of ∆Ms is possible, thus improving the compati-
bility with the recent experimental measurement [20].

• The possible “discrepancy” [21–23] between the values of sin 2β following di-
rectly from ACP(Bd → ψKS) and indirectly from the analysis of the unitarity
triangle involving only tree-level processes, and in particular |Vub|, can be cured
within the LHT model thanks to a new phase ϕBd

≃ −5o.

• The universality of new physics effects, characteristic for MFV models, can
be largely broken, in particular between K and Bs,d systems. NP effects, in
fact, are typically larger in K system where the SM contribution is CKM-
suppressed. In particular, sizable departures from MFV relations between
∆Ms,d and Br(Bs,d → µ+µ−) and between SψKS

and the K → πνν decay
rates are possible.
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decay f = 1000 GeV f = 500 GeV exp. upper bound

µ→ eγ 1.2 · 10−11 (1 · 10−11) 1.2 · 10−11 (1 · 10−11) 1.2 · 10−11 [24]
µ− → e−e+e− 1.0 · 10−12 (1 · 10−12) 1.0 · 10−12 (1 · 10−12) 1.0 · 10−12 [25]
µTi→ eTi 2 · 10−10 (5 · 10−12) 4 · 10−11 (5 · 10−12) 4.3 · 10−12 [26]
τ → eγ 8 · 10−10 (7 · 10−10) 2 · 10−8 (2 · 10−8) 1.1 · 10−7 [27]
τ → µγ 8 · 10−10 (8 · 10−10) 2 · 10−8 (2 · 10−8) 4.5 · 10−8 [28]

τ− → e−e+e− 7 · 10−10 (6 · 10−10) 7 · 10−8 (7 · 10−8) 2.0 · 10−7 [29]
τ− → µ−µ+µ− 7 · 10−10 (6 · 10−10) 7 · 10−8 (6 · 10−8) 1.9 · 10−7 [29]
τ− → e−µ+µ− 5 · 10−10 (5 · 10−10) 6 · 10−8 (6 · 10−8) 2.0 · 10−7 [30]
τ− → µ−e+e− 5 · 10−10 (5 · 10−10) 6 · 10−8 (5 · 10−8) 1.9 · 10−7 [30]
τ− → µ−e+µ− 5 · 10−14 (3 · 10−14) 5 · 10−14 (5 · 10−14) 1.3 · 10−7 [29]
τ− → e−µ+e− 5 · 10−14 (3 · 10−14) 5 · 10−14 (4 · 10−14) 1.1 · 10−7 [29]

τ → µπ 2 · 10−9 (2 · 10−9) 2 · 10−7 (1 · 10−7) 4.1 · 10−7 [31]
τ → eπ 2 · 10−9 (2 · 10−9) 2 · 10−7 (1 · 10−7) 1.9 · 10−7 [31]
τ → µη 6 · 10−10 (6 · 10−10) 6 · 10−8 (5 · 10−8) 1.5 · 10−7 [31]
τ → eη 6 · 10−10 (6 · 10−10) 6 · 10−8 (5 · 10−8) 2.4 · 10−7 [31]
τ → µη′ 7 · 10−10 (7 · 10−10) 8 · 10−8 (8 · 10−8) 4.7 · 10−7 [31]
τ → eη′ 7 · 10−10 (7 · 10−10) 8 · 10−8 (7 · 10−8) 1.0 · 10−6 [31]
KL → µe 4 · 10−13 (2 · 10−13) 3 · 10−14 (3 · 10−14) 4.7 · 10−12 [32]
KL → π0µe 4 · 10−15 (2 · 10−15) 5 · 10−16 (5 · 10−16) 6.2 · 10−9 [33]
Bd → µe 5 · 10−16 (2 · 10−16) 9 · 10−17 (9 · 10−17) 1.7 · 10−7 [34]
Bs → µe 5 · 10−15 (2 · 10−15) 9 · 10−16 (9 · 10−16) 6.1 · 10−6 [35]
Bd → τe 3 · 10−11 (2 · 10−11) 3 · 10−10 (2 · 10−10) 1.1 · 10−4 [36]
Bs → τe 2 · 10−10 (2 · 10−10) 3 · 10−9 (2 · 10−9) —
Bd → τµ 3 · 10−11 (3 · 10−11) 3 · 10−10 (3 · 10−10) 3.8 · 10−5 [36]
Bs → τµ 2 · 10−10 (2 · 10−10) 3 · 10−9 (3 · 10−9) —

Table 1: Upper bounds on LFV decay branching ratios in the LHT model, for two
different values of the scale f , after imposing the constraints on µ → eγ and µ− →
e−e+e−. The numbers given in brackets are obtained after imposing the additional
constraint R(µTi→ eTi) < 5 ·10−12. The current experimental upper bounds are also
given.
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1. ´ 10-15 1. ´ 10-13 1. ´ 10-11 1. ´ 10-9
BrHΜ®eΓL1. ´ 10-15

1. ´ 10-13

1. ´ 10-11

1. ´ 10-9

BrHΜ-®e-e+e-L

Figure 3: Correlation between the branching ratios for µ → eγ and µ− → e−e+e−

from a general scan over the LHT parameters. The shaded area represents present
experimental upper bounds.

2.2 LHT Analysis in the Lepton Sector

In contrast to rare K and B decays, where the SM contributions play an important
and often dominant role in the LHT model, the smallness of ordinary neutrino masses
assures that mirror fermion contributions to lepton flavour violating (LFV) processes
are by far the dominant effects. Moreover, the absence of QCD corrections and
hadronic matrix elements allows in most cases to make predictions entirely within
perturbation theory.

In [18] we have studied the most interesting LFV processes: ℓi → ℓjγ, τ → ℓP
(with P = π, η, η′), µ− → e−e+e−, the six three-body decays τ− → l−i l

+
j l

−
k and the

rate for µ− e conversion in nuclei. We have also calculated the rates for KL,S → µe,
KL,S → π0µe, Bd,s → µe, Bd,s → τe and Bd,s → τµ.

At variance with meson decays, the number of flavour violating decays in the
lepton sector, for which significant experimental constraints exist, is rather limited.
Basically only the upper bounds on Br(µ → eγ), Br(µ− → e−e+e−), Br(KL → µe)
and R(µTi→ eTi) can be used in our analysis. The situation may change significantly
in the coming years thanks to near future experiments [26, 37–39]. Meanwhile, we
have estimated LHT effects, imposing the experimental bounds mentioned above and
scanning over mirror lepton masses in the range [300 GeV, 1500 GeV] and over the
parameters of the VHℓ mixing matrix, with the symmetry breaking scale f fixed to
f = 1 TeV or f = 500 GeV in accordance with ew precision tests [6].

We have found that essentially all the rates considered can reach or approach
present experimental upper bounds, as shown in table 1. In particular, in order to
suppress the µ → eγ and µ− → e−e+e− decay rates below the experimental upper
bounds (see Fig. 3), the VHℓ mixing matrix has to be rather hierarchical, unless mirror

239



C. Tarantino Flavour Physics in the Littlest Higgs Model with T-Parity

ratio LHT MSSM (dipole) MSSM (Higgs)

Br(µ−→e−e+e−)
Br(µ→eγ)

0.4. . . 2.5 ∼ 6 · 10−3 ∼ 6 · 10−3

Br(τ−→e−e+e−)
Br(τ→eγ)

0.4. . . 2.3 ∼ 1 · 10−2 ∼ 1 · 10−2

Br(τ−→µ−µ+µ−)
Br(τ→µγ)

0.4. . . 2.3 ∼ 2 · 10−3 < 0.2

Br(τ−→e−µ+µ−)
Br(τ→eγ)

0.3. . . 1.6 ∼ 2 · 10−3 < 0.1

Br(τ−→µ−e+e−)
Br(τ→µγ)

0.3. . . 1.6 ∼ 1 · 10−2 ∼ 1 · 10−2

Br(τ−→e−e+e−)
Br(τ−→e−µ+µ−)

1.3. . . 1.7 ∼ 5 0.1. . . 5

Br(τ−→µ−µ+µ−)
Br(τ−→µ−e+e−)

1.2. . . 1.6 ∼ 0.2 0.2. . . 20

R(µTi→eTi)
Br(µ→eγ)

10−2 . . . 102 ∼ 5 · 10−3 > 5 · 10−3

Table 2: Comparison of various ratios of branching ratios in the LHT model and in
the MSSM without and with significant Higgs contributions.

leptons are quasi-degenerate.
Moreover, following the strategy proposed in [40–42] in the supersymmetric frame-

work, we have identified certain correlations between branching ratios that are less
parameter dependent than the individual branching ratios and could provide a clear
signature of the model. In particular, we find that the ratios Br(ℓi → ℓjℓjℓj)/Br(ℓi →
ℓjγ), Br(ℓi → ℓjℓjℓj)/Br(ℓi → ℓjℓkℓk) and Br(ℓi → ℓjℓkℓk)/Br(ℓi → ℓjγ) could allow
for a transparent distinction between the LHT model and the MSSM (see Table 2).

Finally, we have studied the muon anomalous magnetic moment finding that, even
for values of the NP scale f as low as 500 GeV, aLHT

µ < 1.2·10−10. This value is roughly
a factor 5 below the current experimental uncertainty [43], implying that the possible
discrepancy between the SM prediction and the data cannot be solved in the LHT
model.

I would like to thank the organizers of the interesting and pleasant conference
Heavy Quarks and Leptons realized in Munich. Special thanks go to the other authors
of the work presented here: Monika Blanke, Andrzej J. Buras, Björn Duling, Anton
Poschenrieder, Stefan Recksiegel, Selma Uhlig and Andreas Weiler.
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Abstract
Recently a lot of new experimental results on open charm hadrons have appeared. In
particular many D meson resonances have been discovered. We discuss strong decays
of positive and negative parity charmed mesons within heavy meson chiral pertur-
bation theory and study the impact of excited charm states on the determination of
the effective meson couplings [1]. Motivated by recent experimental results we also
reconsider semileptonic D → P lνl and D → V lνl decays within a model which com-
bines heavy quark symmetry and properties of the chiral Lagrangian. Using limits
of soft collinear effective theory and heavy quark effective theory we parametrize the
semileptonic form factors. We include excited charm meson states in our Lagrangians
and determine their impact on the charm meson semileptonic form factors. In some
scenarios of new physics an up-like heavy quark appears, which induces FCNC at
tree level for the c → uZ transitions. We investigate FCNC effects in D rare de-
cays in particular the c → ul+l− transition which might occur in D+ → π+l+l− and
D0 → ρ0l+l−.

1 Strong decays of positive and negative parity

charmed mesons

The strong and electromagnetic transitions of positive and negative parity charmed
mesons have already been studied within a variety of approaches (see references [8] -
[23] given in [1]). In ref. [2] the chiral loop corrections to the D∗ → Dπ and D∗ → Dγ
decays were calculated and a numerical extraction of the one-loop bare couplings was
first performed. Since this calculation preceded the discovery of even-parity meson
states, it did not involve loop contributions containing the even-parity meson states.
The ratios of the radiative and strong decay widths, and the isospin violating decay
D∗
s → Dsπ

0 were used to extract the relevant couplings. However, since that time,
the experimental situation has improved and therefore we consider the chiral loop
contributions to the strong decays of the even and odd parity charmed meson states

1talk given by S. Fajfer

245



S. Fajfer D Physics

πi(q)

Ha(v)Ha(v)Ha(v) Hb(v)Hb(v)

πi(k)

Hc(v) Hd(v)

πj(q)

Figure 1: Sunrise (left) and sunrise road (right) topology diagrams

using HHχPT. In our calculation we consider the strong decay modes D∗+, D∗0, D∗+
0

D∗0
0 and D

′0
1 (given in Table 1 of [1])

The existing data on the decay widths enable us to constrain the leading order
parameters: the D∗Dπ coupling g, D∗

0Dπ coupling h, and the coupling g̃ which enters
in the interaction of even parity charmed mesons and the light pseudo-Goldstone
bosons. Although the coupling g̃ is not yet experimentally constrained, it moderatelly
affects the decay amplitudes which we investigate.

Due to the divergences coming from the chiral loops one needs to include the
appropriate counterterms. Therefore we construct a full operator basis of the relevant
counterterms and include it into our effective theory Lagrangian. The details of the
Heavy hadron chiral perturbation theory HHχPT we use is given in [1]. First we
determine wavefunction renormalization of the relevant heavy meson fields considering
the effects of the chiral loops given by the left diagram in Fig. 1. Then we calculate
loop corrections for the PP ∗π, P0P

∗
1 π and P0Pπ vertexes. At zeroth order in 1/mQ

expansion these are identical to the P ∗P ∗π, P ∗
1P

∗
1 π and P ∗

1P
∗π couplings respectively

due to heavy quark spin symmetry (right diagram in Fig. 1).
Using known experimental values for the decay widths of D+∗, D+∗

0 , D0∗
0 and D

′

1,
and the upper bound on the width of D0∗ one can extract the values for the bare
couplings g, h and g̃ from a fit to the data. The decay rates are namely given by

Γ(P ∗
a → πiPb) =

|geff.
P ∗

aPbπi |2
6πf 2

|~kπi|3, (1)

and a similar expression (up to polarization averaging phase space factors) for Γ(P0 →
πP ) and Γ(P ∗

1 → πP ∗) with g coupling replaced by h and |~kπ|3 replaced by E2
π|~kπ|.

Here ~kπ is the three-momentum vector of the outgoing pion and Eπ its energy. The
renormalization condition for the couplings can be written as

geff.
P ∗

aPbπi = g

√
Z2Pa

√
Z2P ∗

b

√
Z2πi

√
Z1PaP ∗

b π
i

= gZg
P ∗

aPbπi (2)
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Calculation scheme g |h| g̃
Leading order 0.61 0.52 −0.15
One-loop without positive parity states 0.53
One-loop with positive parity states 0.66 0.47 −0.06

Table 1: Summary of our results for the effective couplings as explained in the text.
The listed best-fit values for the one-loop calculated bare couplings were obtained by
neglecting counterterms’ contributions at the regularization scale µ ≃ 1 GeV.

with similar expressions for the h and g̃ couplings.
We perform a fit with a renormalization scale set to µ ≃ 1 GeV [2] and we neglect

counterterm contributions altogether. Our choice of the renormalization scale in
dimensional regularization is arbitrary and depends on the renormalization scheme.
Therefore any quantitative estimate made with such a procedure cannot be considered
meaningful without also thoroughly investigating counterterm, quark mass and scale
dependencies. We perform a Monte-Carlo randomized least-squares fit for all the
three couplings in the prescribed regions [1] using the experimental values for the
decay rates to compute χ2 and using values from PDG [6] for the masses of final state
heavy and light mesons. In the case of excited D∗

0 and D′
1 mesons, we also assume

saturation of the measured decay widths with the strong decay channels to ground
state charmed mesons and pions (D∗

0 → Dπ and D′
1 → D∗π).

Due to the rather large mass splitting between positive in negative parity states
∆SH , we find that the perturbative expansion holds for scales below µ ≤ 1 GeV, while
these new strongly scale dependent corrections become large at higher renormalization
scales. From the data for the four decay widths we obtain the best-fitted values for
the bare couplings, which we summarize in Table 1. We are able to determine all
the three couplings since the contributions proportional to the coupling g̃ appear
indirectly, through the loop corrections.

Since we consider decay modes with the pion in the final state, we do not expect
sizable contribution of the counterterms. Namely, the counterterms which appear in
our study are proportional to the light quark masses, and not to the strange quark
mass [2]. The effects of counterterm contributions in the decay modes we analyze, are
nevertheless estimated by making the random distribution of the relevant counterterm
couplings (see [1]). The counterterm contributions of order O(1) can spread the best
fitted values of g, |h| by roughly 15% and g̃ by as much as 60%. Similarly, up to 20%
shifts in the renormalization scale modify the fitted values for the g and |h| by less than
10% while g̃ may even change sign at high renormalization scales. Combined with the
estimated 20% uncertainty due to discrepancies in the measured excited heavy meson
masses, we consider these are the dominant sources of error in our determination of
the couplings. One should keep in mind however that without better experimental
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data and/or lattice QCD inputs, the phenomenology of strong decays of charmed
mesons presented above ultimately cannot be considered reliable at this stage.

A full calculation of the strong decay couplings should also contain, in addition
to the calculated contributions, the relevant 1/mH corrections as discussed in ref [3].
There, the next to leading terms (1/mH) were included in the study of charm meson
mass spectrum. Due to the very large number of unknown couplings the combination
of 1/mH and chiral corrections does not seem to be possible for the decay modes we
consider. In addition, recent studies of the lattice QCD groups [4, 5] indicate that
the 1/mH corrections do not contribute significantly to their determined values of the
strong couplings, and we therefore assume the same to be true in our calculations of
chiral corrections.

Due to computational problems associated with the chiral limit, lattice QCD
studies perform calculations at large light quark masses and then employ a chiral ex-
trapolation mπ → 0 of their results. Our analysis of such chiral extrapolation of the
coupling g shows that the full loop contributions of excited charmed mesons give siz-
able effects in modifying the slope and curvature in the limit mπ → 0. We argue that
this is due to the inclusion of hard pion momentum scales inside chiral loop integrals
containing the large mass splitting between charmed mesons of opposite parity ∆SH

which does not vanish in the chiral limit. If we instead impose physically motivated
approximations for these contributions - we expand them in terms of 1/∆SH - the
effects reduce mainly to the changes in the determined values of the bare couplings,
used in the extrapolation, with explicit h contributions shrinking to the order of 5%.
Consequently one can infer on the good convergence of the 1/∆SH expansion.

As a summary of our results, we point out that chiral loop corrections in strong
charm meson decays can be kept under control, but they give important contributions
and are relevant for the precise extraction of the strong coupling constants g, h and
g̃.

2 Charm meson resonances in D semileptonic de-

cays

The knowledge of the form factors which describe the weak heavy → light semilep-
tonic transitions is very important for the accurate determination of the CKM param-
eters from the experimentally measured exclusive decay rates. Usually, the attention
has been devoted to B decays and the determination of the phase of the Vub CKM
matrix element. At the same time in the charm sector, the most accurate determi-
nation of the size of Vcs and Vcd matrix elements is not from a direct measurement,
mainly due to theoretical uncertainties in the calculations of the relevant form factors’
shapes.

Recently, there have been new interesting results on D-meson semileptonic decays.
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The CLEO and FOCUS collaborations have studied semileptonic decays D0 → π−ℓ+ν
and D0 → K−ℓ+ν [7, 8]. Their data provide new information on the D0 → π−ℓ+ν
and D0 → K−ℓ+ν form factors. Usually in D semileptonic decays a simple pole
parametrization was used in the past. The results of Refs. [7, 8] for the single pole
parameters required by the fit of their data, however, suggest pole masses, which are
inconsistent with the physical masses of the lowest lying charm meson resonances.
In their analyses they also utilized a modified pole fit as suggested in [9] and their
results indeed suggest the existence of contributions beyond the lowest lying charm
meson resonances [7].

In addition to these results new experimental studies of charm meson resonances
have provided a lot of new information on the charm sector [10–13] which we can
now apply to D and Ds semileptonic decays.

The purpose of our studies [14–16] is to accommodate contributions of the newly
discovered and theoretically predicted charm mesons in form factors which are parametrized
using constraints coming from heavy quark effective theory (HQET) limit for the re-
gion of q2

max and in the q2 ≃ 0 region using results of soft collinear effective theory
(SCET). We restrain our discussion to the leading chiral and 1/mH terms in the
expansion.

The standard decomposition of the current matrix elements relevant to semilep-
tonic decays between a heavy pseudoscalar meson state |H(pH)〉 with momentum pνH
and a light pseudoscalar meson state |P (pP )〉 with momentum pµP is in terms of two
scalar functions of the exchanged momentum squared q2 = (pH − pP )2 – the form
factors F+(q2) and F0(q2). Here F+ denotes the vector form factor and it is dom-
inated by vector meson resonances, while F0 denotes the scalar form factor and is
expected to be dominated by scalar meson resonance exchange [17,18]. In order that
the matrix elements are finite at q2 = 0, the form factors must also satisfy the relation
F+(0) = F0(0).

The transition of |H(pH)〉 to light vector meson |V (pV , ǫV )〉 with momentum pνV
and polarization vector ǫνV is similarly parameterized in terms of four form factors V ,
A0, A1 and A2, again functions of the exchanged momentum squared q2 = (pH−pV )2.
Here V denotes the vector form factor and is expected to be dominated by vector
meson resonance exchange, the axial A1 and A2 form factors are expected to be
dominated by axial resonances, while A0 denotes the pseudoscalar form factor and
is expected to be dominated by pseudoscalar meson resonance exchange [18]. As in
previous case in order that the matrix elements are finite at q2 = 0, the form factors
must also satisfy the well known relation A0(0)+A1(0)(mH+mV )/2mV −A2(0)(mH−
mV )/2mV = 0.

Next we follow the analysis of Ref. [9], where the F+ form factor in H → P
transitions is given as a sum of two pole contributions, while the F0 form factor is
written as a single pole. This parametrization includes all known properties of form
factors at large mH . Using a relation which connects the form factors within large
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energy release approach [19] the authors in Ref. [9] propose the following form factor
parametrization

F+(q2) =
F (0)

(1− x)(1− ax)
, F0(q

2) =
F (0)

1− bx, (3)

where x = q2/m2
H∗ .

Utilizing the same approach we propose a general parametrization of the heavy
to light vector form factors, which also takes into account all the known scaling and
resonance properties of the form factors [15, 16] As already mentioned, there exist
the well known HQET scaling laws in the limit of zero recoil [20] while in the SCET
limit q2 → 0 one obtains that all four H → V form factors can be related to only two
universal SCET scaling functions [19].

The starting point is the vector form factor V , which is dominated by the pole
at t = m2

H∗ when considering the part of the phase space that is close to the zero
recoil. For the heavy → light transitions this situation is expected to be realized
near the zero recoil where also the HQET scaling applies. On the other hand, in the
region of large recoils, SCET dictates the scaling described in [19]. In the full analogy
with the discussion made in Refs. [9,21], the vector form factor consequently receives
contributions from two poles and can be written as

V (q2) =
V (0)

(1− x)(1− ax)
, (4)

where x = q2/m2
H∗ ensures, that the form factor is dominated by the physical H∗

pole, while a measures the contribution of higher states which are parametrized by
another effective pole at m2

eff = m2
H∗/a.

An interesting and useful feature one gets from the SCET is the relation between
V and A1 [19, 22–24] at q2 ≈ 0. When combined with our result (4), it imposes a
single pole structure on A1. We can thus continue in the same line of argument and
write

A1(q
2) = ξ

V (0)

1− b′x. (5)

Here ξ = m2
H/(mH + mV )2 is the proportionality factor between A1 and V from the

SCET relation, while b′ measures the contribution of resonant states with spin-parity
assignment 1+ which are parametrized by the effective pole at m2

H′∗
eff

= m2
H∗/b′. It

can be readily checked that also A1, when parametrized in this way, satisfies all the
scaling constraints.

Next we parametrize the A0 form factor, which is completely independent of all
the others so far as it is dominated by the pseudoscalar pole and is proportional to a
different universal function in SCET. To satisfy both HQET and SCET scaling laws
we parametrize it as

A0(q2) =
A0(0)

(1− y)(1− a′y)
, (6)
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where y = q2/m2
H ensures the physical 0− pole dominance at small recoils and a′

again parametrizes the contribution of higher pseudoscalar states by an effective pole
at m2

H′
eff

= m2
H/a

′. The resemblance to V is obvious and due to the same kind of

analysis [9] although the parameters appearing in the two form factors are completely
unrelated.

Finally for the A2 form factor, due to the pole behavior of the A1 form factor
on one hand and different HQET scaling at q2

max on the other hand, we have to go
beyond a simple pole formulation. Thus we impose

A2(q
2) =

A2(0)

(1− b′x)(1− b′′x)
, (7)

which again satisfies all constraints. Due to the relations between the form factors we
only gain one parameter in this formulation, b′′. This however causes the contribution
of the 1+ resonances to be shared between the two effective poles in this form factor.

At the end we have parametrized the four H → V vector form factors in terms
of the six parameters V (0), A0(0), a, a′, b′ and b′′ (A2(0) is fixed by the kinematical
constraint).

In our heavy meson chiral theory (HMχT) calculations we use the leading order
heavy meson chiral Lagrangian in which we include additional charm meson reso-
nances. The details of this framework are given in [14] and [15]. We first calculate
values of the form factors in the small recoil region. The presence of charm meson
resonances in our Lagrangian affects the values of the form factors at q2

max and in-
duces saturation of the second poles in the parameterizations of the F+(q2), V (q2)
and A0(q2) form factors by the next radial excitations of D∗

(s) and D(s) mesons re-
spectively. Although the D mesons mat not be considered heavy enough, we employ
these parameterizations with model matching conditions at q2

max. Using HQET pa-
rameterization of the current matrix elements [14,15], which is especially suitable for
HMχT calculations of the form factors near zero recoil, we are able to extract consis-
tently the contributions of individual resonances from our Lagrangian to the various
D → P and D → V form factors. We use physical pole masses of excited state
charmed mesons in the extrapolation, giving for the pole parameters a = m2

H∗/m2
H′∗ ,

a′ = m2
H/m

2
H′ , b′ = m2

H∗/m2
HA

. Although in the general parameterization of the
form factors the extra poles in F+, V and A0,1,2 parametrized all the neglected higher
resonances beyond the ground state heavy meson spin doublets (0−, 1−), we are here
saturating those by a single nearest resonance. The single pole q2 behavior of the
A1(q2) form factor is explained by the presence of a single 1+ state relevant to each
decay, while in A2(q

2) in addition to these states one might also account for their
next radial excitations. However, due to the lack of data on their presence we assume
their masses being much higher than the first 1+ states and we neglect their effects,
setting effectively b′′ = 0.

251



S. Fajfer D Physics

The values of the new model parameters appearing in D → P lνl decay ampli-
tudes [14] are determined by fitting the model predictions to known experimental

values of branching ratios B(D0 → K−ℓ+ν), B(D+ → K
0
ℓ+ν), B(D0 → π−ℓ+ν),

B(D+ → π0ℓ+ν), B(D+
s → ηℓ+ν) and B(D+

s → η′ℓ+ν) [6]. In our calculations of
decay widths we neglect the lepton mass, so the form factor F0, which is proportional
to qµ, does not contribute. For the decay width we then use the integral formula
proposed in [25] with the flavor mixing parametrization of the weak current defined
in [14].

Similarly in the case of D → V lνl transitions we have to fix additional model
parameters [15] and we again use known experimental values of branching ratios
B(D0 → K∗−ℓ+ν), B(D+

s → Φℓ+ν), B(D+ → ρ0ℓ+ν), B(D+ → K∗0ℓ+ν), as well as
partial decay width ratios ΓL/ΓT (D+ → K∗0ℓ+ν) and Γ+/Γ−(D+ → K∗0ℓ+ν) [6].
We calculate the decay rates for polarized final light vector mesons using helicity
amplitudes H+,−,0 as in for example [26]. By neglecting the lepton masses we again
arrive at the integral expressions from [25] with the flavor mixing parametrization of
the weak current defined in [15].

We first draw the q2 dependence of the F+ and F0 form factors for the D0 →
K−, D0 → π− and Ds → K0 transitions. The results are depicted in Fig. 2. Our
model results, when extrapolated with the double pole parameterization, agree well
with previous theoretical [27, 28] and experimental [7, 8] studies whereas the single
pole extrapolation does not give satisfactory results. Note that without the scalar
resonance, one only gets a soft pion contribution to the F0 form factor. This gives for
the q2 dependence of F0 a constant value for all transitions, which largely disagrees
with lattice QCD results [28] as well as heavily violates known form factor relations.

We also calculate the branching ratios for all the relevant D → P semileptonic
decays and compare the predictions of our model with experimental data from PDG.
The results are summarized in Table 2. For comparison we also include the results
for the rates obtained with our approach for F+(q2

max) but using a single pole fit. It
is very interesting that our model extrapolated with a double pole gives branching
ratios for D → Pℓνℓ in rather good agreement with experimental results for the
already measured decay rates. It is also obvious that the single pole fit gives the rates
up to a factor of two larger than the experimental results. Only for decays to η and
η′ as given in Table 2, an agreement with experiment of the double pole version of
the model is not better but worse than for the single pole case.

We next draw the q2 dependence of all the form factors for the D0 → K−∗, D0 →
ρ− and Ds → φ transitions. The results are depicted in Fig. 3. Our extrapolated
results for the shapes of the D → V semileptonic form factors agree well with existing
theoretical studies [26, 27, 29, 30], while currently no experimental determination of
the form factors’ shapes in these decays exists.

We complete our study by calculating branching ratios and partial decay width
ratios also for all relevant D → V ℓνℓ decays. They are listed in Table 3 together with
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Figure 2: q2 dependence of the D0 → K− (upper left), D0 → π− (upper right) and
Ds → K0 (lower) transition form factors.

Decay B (Mod. double pole) [%] B (Mod. single pole) [%] B (Exp. PDG) [%]
D0 → K− 3.4 4.9 3.43± 0.14
D0 → π− 0.27 0.56 0.36± 0.06
D+
s → η 1.7 2.5 2.5± 0.7

D+
s → η′ 0.61 0.74 0.89± 0.33

D+ → K
0

9.4 12.4 6.8± 0.8
D+ → π0 0.33 0.70 0.31± 0.15
D+ → η 0.10 0.15 < 0.5
D+ → η′ 0.016 0.019 < 1.1
D+
s → K0 0.20 0.32

Table 2: The branching ratios for the D → P semileptonic decays. Comparison of
our model fit with experiment as explained in the text.

known experimentally measured values.
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Figure 3: q2 dependence of the D0 → K∗− (upper left), D0 → ρ− (upper right) and
Ds → φ (lower) transition form factors.

3 Search for new physics in rare D decays

At low-energies new physics is usually expected in the down-like quark sector. Nu-
merous studies of new physics effects were performed in the s→ d, b→ s(d), sd↔ ds,
bd↔ db and bs↔ sb transitions.

Decay B (Mod.) [%] B (Exp.) [%] ΓL/ΓT (Mod.) Γ+/Γ− (Mod.)
D0 → K∗ 2.2 2.15± 0.35 [6] 1.14 0.22
D0 → ρ 0.20 0.194± 0.039± 0.013 [31] 1.11 0.14
D+ → K∗

0 5.6 5.73± 0.35 [6] 1.13 0.22
D+ → ρ0 0.25 0.25± 0.08 [6] 1.11 0.14
D+ → ω 0.25 0.17± 0.06± 0.01 [31] 1.10 0.14
Ds → Φ 2.4 2.0± 0.5 [6] 1.08 0.21
Ds → K∗

0 0.22 1.03 0.13

Table 3: The branching ratios and partial decay width ratios for the D → V semilep-
tonic decays. Comparison of our model fit with experiment as explained in the text.

254



S. Fajfer D Physics

However, searches for new physics in the up-like quark sector at low energies were
not so attractive. Reasons are following: a)flavor changing neutral current processes
at loop level in the standard model suffer from the GIM cancellation leading to very
small effects in the c→ u transitions. The GIM mechanism acts in many extensions
of the standard model too, making contributions of new physics insignificant. b) Most
of the charm meson processes, where c→ u and cu↔ cu transitions might occur are
dominated by the standard model long-distance contributions [33] - [41].

On the experimental side there are many studies of rare charm meson decays. The
first observed rare D meson decay was the radiative weak decay D → φγ. Its rate
BR(D → φγ) = 2.6+0.7

−0.6 × 10−5 has been measured by Belle collaboration [42] and
hopefully other radiative weak charm decays will be observed soon [43].

In the standard model (SM) [33] the contribution coming from the penguin dia-
grams in c→ uγ transition gives branching ratio of order 10−18. The QCD corrected
effective Lagrangian [44] gives BR(c→ uγ) ≃ 3× 10−8. A variety of models beyond
SM were investigated and it was found that the gluino exchange diagrams [45] within
general minimal supersymmetric SM (MSSM) might lead to the enhancement

BR(c→ uγ)MSSM

BR(c→ uγ)SM
≃ 102. (8)

Within SM the c → ul+l− amplitude is given by the γ and Z penguin diagrams
and W box diagram. It is dominated by the light quark contributions in the loop. The
leading order rate for the inclusive c→ ul+l− calculated within SM [39] was found to
be suppressed by QCD corrections [34]. The inclusion of the renormalization group
equations for the Wilson coefficients gave an additional significant suppression [40]
leading to the rates Γ(c → ue+e−)/ΓD0 = 2.4 × 10−10 and Γ(c → uµ+µ−)/ΓD0 =
0.5 × 10−10. These transitions are largely driven by virtual photon at low dilepton
mass mll.

The leading contribution to c→ ul+l− in general MSSM with conserved R parity
comes from the one-loop diagram with gluino and squarks in the loop [34, 39, 45]. It
proceeds via virtual photon and significantly enhances the c → ul+l− spectrum at
small dilepton mass mll. The authors of Ref. [34] have investigated supersymmetric
(SUSY) extension of the SM with R parity breaking and they found that it can modify
the rate. Using most resent CLEO [43] results for the D+ → π+µ+µ− one can set
the bound for the product of the relevant parameters entering the R parity violating
λ̃′22kλ̃

′
21k ≃ 0.001 (assuming that the mass of squark MD̃k

≃ 100 GeV). This bound
gives the rates BRR(c→ ue+e−) ≃ 1.6× 10−8 and BRR(c→ uµ+µ−) ≃ 1.8× 10−8.

Some of models of new physics (NP) contain an extra up-like heavy quark inducing
flavor changing neutral currents at tree level for the up-quark sector [32,46,47,49,50].
The isospin component of the weak neutral current is given in [32] as

JµW 3 =
1

2
U
m

L γ
µΩUm

L −
1

2
D
m

L γ
µDm

L (9)
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with L = 1
2
(1− γ5) and mass eigenstates Um

L = (uL, cL, tL, TL)T , Dm
L = (dL, sL, bL)T .

The neutral current for the down-like quarks is the same as in the SM, while there are
tree-level flavor changing transitions between up-quarks if Ω 6= I. The elements of
4× 4 matrix Ω can be constrained by CKM unitarity violations currently allowed by
experimental data. Even more stringent bound on cuZ coupling Ωuc comes from the

present bound on ∆m in D0 −D0
transition. It gives |Ωuc| ≤ 0.0004 and we use the

upper bound to determine the maximal effect on rare D decays in what follows. In
this case the dilepton mass distribution of the c→ ul+l− differential branching ratio
can be enhanced by two orders of magnitude in comparison with SM (see Fig. 4).

A particular version of the model with tree-level up-quark FCNC transitions is the
Littlest Higgs model [51]. In this case the magnitude of the relevant c→ uZ coupling
Ωcu = |Vub||Vcb|v2/f 2 ≤ 10−5 is even further constrained via the scale f ≥ O(1 TeV)
by the precision electro-weak data. The smallness of Ωuc implies that the effect of this
particular model on c→ ul+l− decay and relevant rare D decays is insignificant [32].

The study of exclusive D meson rare decay modes is very difficult due to the
dominance of the long distance effects [33] - [38]. The inclusive c → ul+l− can be
tested in the rare decays D → µ+µ−, D → P (V )l+l− [34, 35, 39].

The branching ratio for the rare decay D → µ+µ− is very small in the SM. The
detailed treatment of this decay rate [34] gives Br(D → µ+µ−) ≃ 3 × 10−13 [34].
This decay rate can be enhanced within a study which considers SUSY with R parity
breaking effects [34, 41]. Using the bound λ̃′22kλ̃

′
21k ≃ 0.001 one obtains the limit

Br(D → µ+µ−)R ≃ 4× 10−7.
The D → P (V )l+l− decays offer another possibility to study the c → ul+l−

transition in charm sector. The most appropriate decay modes for the experimental
searches are D+ → π+l+l− and D0 → ρ0e+e−. In the following we present the possible
maximal effect on these decays coming from a general class of models with tree level
cuZ coupling at its upper bound |Ωuc| = 0.0004. We already pointed out that in the
Littlest Higgs model, which is a particular version of these models, the coupling Ωuc

is constrained to be smaller and the effects on rare D decays are insignificant [32].
The calculations of the long distance contributions in the decays D+ → π+l+l−

and D0 → ρ0l+l− are presented in Refs. [32, 38, 39]. The contributions of the in-
termediate vector resonances V0 = ρ0, ω, φ with V0 → l+l− constitute an important
long-distance contribution to the hadronic decay, which may shadow interesting short-
distance contribution induced by c→ ul+l− transition.

Our determination of short and long distance contributions to D+ → π+l+l− takes
advantage of the available experimental data [32]. This is a fortunate circumstance
for this particular decay since the analogous experimental input is not available for
determination of the other D → Xl+l− rates in a similar way. The rate resulting
from the amplitudes (14) and (19) of [32] with |Ωuc| = 0.0004 are given in Fig. 5 and
Table 4.

We are unable to determine the amplitude of the long-distance contribution to
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Figure 4: The dilepton mass distribution dBr/dm2
ee for the inclusive decay c→ ul+l−

as a function of the dilepton mass square m2
ee = (p+ + p−)2.

D0 → ρ0V0 → ρ0l+l− using the measured rates for D0 → ρ0V0 since only the rate of
D0 → ρ0φ is known experimentally. We are forced to use a model [38], developed to
describe all D → V l+l− and D → V γ decays, and the resulting rates are presented
in Fig. 6 and Table 4.

Therefore, the total rates for D → Xl+l− are dominated by the long distance
resonant contributions at dilepton mass mll = mρ, mω, mφ and even the largest
contributions from new physics are not expected to affect the total rate significantly
[34, 39]. New physics could only modify the SM differential spectrum at low mll

below ρ or spectrum at high mll above φ. In the case of D → πl+l− differential decay
distribution there is a broad region at high mll (see Fig. 5), which presents a unique
possibility to study c→ ul+l− transition [32, 39].

The non-zero forward-backward asymmetry in D → ρl+l− decay arises only when
C10 6= 0 (assuming ml → 0). The enhancement of the C10 in the NP models [32] is
due to the tree-level uLγµcLZ

µ coupling and leads to nonzero asymmetry AFB(m2
ll)

shown in Fig. 7. The forward-backward asymmetry for D0 → ρ0l+l− vanishes in SM
(C10 ≃ 0), while it is reaching O(10−2) in NP model with the extra up-like quark as
shown in Fig. 7. Such asymmetry is still small and difficult to be seen in the present
or planned experiments given that the rate itself is already small.

We have investigated impact of the tree-level flavor changing neutral transition
c → uZ on the rare D meson decay observables. However, the most suitable D+ →
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π+l+l− and D0 → ρ0l+l− decays are found to be dominated by the SM long distance
contributions. Only small enhancement of the differential mass distribution can be
seen in the case of D+ → π+l+l− decay at high dilepton mass and tiny forward
backward asymmetry can be induced by new physics in D0 → ρ0l+l− decay.

We conclude that the NP scenarios which contain an extra singlet heavy up-like
quark, have rather small effects on the charm meson observables.

Br short distance total rate ≃ experiment
contribution only long distance contr.
SM SM + NP

D+ → π+e+e− 6× 10−12 8× 10−9 1.9× 10−6 < 7.4× 10−6

D+ → π+µ+µ− 6× 10−12 8× 10−9 1.9× 10−6 < 8.8× 10−6

D0 → ρ0e+e− negligible 5× 10−10 1.6× 10−7 < 1.0× 10−4

D0 → ρ0µ+µ− negligible 5× 10−10 1.5× 10−7 < 2.2× 10−5

Table 4: Branching ratios for the decays in which c→ ul+l− transition can be probed.
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Figure 6: The dilepton mass distribution for D0 → ρ0e+e−.
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The phenomenology of D0−D0 mixing and CP violation is briefly described.
Recent experimental results from BABAR, Belle, CDF, and CLEO-c are reviewed.
No evidence for mixing or CP violation is found, and limits are set for the mixing
parameters x, y, x′, y′, and several CP-violating parameters. Results are compared
to theoretical predictions. Finally, future prospects at BESIII, LHC-b and a Super
B-factory are discussed.

1 BRIEF HISTORY

The search for D0–D0 mixing began following the discover of the D0 meson at
SPEAR [1]. The earliest searches for charm mixing were ‘indirect’, searching for
like-sign muons rather than fully reconstructing D0 mesons. The first direct searches
recontructed the D0, usually from a D∗+ to tag the initial flavor, and searched for the
wrong-sign final state K+π−. After experimental sensitivity to the expected doubly-
Cabibbo suppressed (DCS) decay D0 → K+π− was attained the search for charm mix-
ing required a time-dependent analysis to disentangle the DCS decay (D0 → K+π−)
and mixing followed by Cabibbo favored decay (D0 → D0 → K+π−) amplitudes.

1.1 Indirect Searches for D0–D0

Inclusive measurements of lepton pairs at muon or neutrino, or beam dump exper-
iments can be used as a probe of charm mixing. Following the subtraction of the
number of like-sign leptons from background sources and estimating the amount of
charm produced these experiments constrain the amount of mixing. The results of
indirect searches for D0–D0 are summarized in Tab. 1. The best indirect limits were
obtained by the experiment E615 where a 225 GeV pion beam was incident on a
tungsten target. They searched for the reaction

πN→D0D0→(K−µ+ν)D0→(K−µ+ν)2 (1)
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Table 1: Indirect Searches for D0–D0.

Experiment Mixing Technique 90% C.L.

EMC (1981) [2] µ+N → µ+(µ+µ+)X 20%

CCFRS (1982) [3] π−Fe→ µ+µ+ 4.4%

BDMS (1985) [4] µ+N → µ+µ−µ−X 1.2%

CDHS (1985) [5] νN → µ−µ− 5.1± 2.3%

νN → µ+µ+ 3.2± 1.2%

E615 (1986) [6] π−W → µ−µ− 0.56%

E744 (1988) [7] νN → µ−µ−, < 9%

νN → µ+µ+

where only the final state muons were detected. The largest source of background was
random µ pairs produced by other pion interactions in the same rf bucket. The angle
between the π beam and one of the µ+ distinguishes this background from D0–D0

mixing. E615 observed 3973 like sign muon pairs with invariant mass greater than
2.0 GeV/c2. Using their model of the angular dependence of charm hadroproduction,
they set an upper limit on the contribution due to mixing of 63 events at the 90%
confidence level. The estimate ofDD production cross section is obtained by assuming
that each D0 is accompanied by a D0 or a D+ with equal probability. Therefore
σ(D0D0) = 1

2
σ(D0) = 3.8 ± 0.5µb/nucleon where σ(D0) is an average of published

cross sections from other hadroproduction experiments. The final limit obtained is
RM < 0.56% which corresponds to x, y < 11%, all at the 90% confidence level.

1.2 Earlier Studies of D0→K+π−

Experiments performed at e+e− storage rings or using photon or pion beams have
used the decay chain D∗+ → D0π+, D0 → K∓π± where the charge of the pion from
D∗+ decay tags the production flavor of the D0. Prior to the first reliable observation
of D0→K+π− by CLEO II.V [8] many experiments searched for the ‘wrong sign’
decay. The limits from several experiments are given in Tab. 2.

The CLEO collaboration reported first observation of D0→K+π− in 1993 [19],
however the decay-time resolution was not sufficient to distinguish DCS decay from
mixing. In 1997, the E791 collaboration reported the first study of the time evolution
of D0 → K+π− and K+π−π+π− [20]. The sensitivity to the time-integrated rate
is somewhat less than the CLEO result but precise decay time resolution allows
constraints to be placed on D0–D0 mixing. The constraints on mixing parameters
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Table 2: Experimental Searches for D0→K+π−. The number of Cabibbo-favored
(CF) D∗+→D0π+, D0→K−π+ is given in the second column. In the third column
the limits on the mixing rate RM before (after) 1990 are at 90% (95%) C.L.

Experiment #CF RM

SPEAR (1977) [9] ∼ 250 < 16%
SPEAR (1977) [10] ∼ 150 < 18%
E87 (1980) [11] ∼ 143 < 11%
ACCMOR (1983) [12] ∼ 10’s < 7%
DELCO (1985) [13] ∼ 100 < 8.1%
HRS (1986) [14] ∼ 70 < 4%
ARGUS (1987) [15] 224 < 1.4%
CLEO I.5 [16] 420 R < 1.1%
E691 (1988) [17] ∼ 1550 < 0.65%
E687 (1994) [18] ∼ 1000 -
CLEO II (1993) [19] ∼ 6600 R = 0.77± 0.35%
E791 (1997) [20] ∼ 5200 0.21±0.09
Aleph (1998) [21] ∼ 1000 < 3.6%
CLEO II.V (2000) [8] ∼ 13500
FOCUS (2001) [22, 23] ∼ 37k < 0.61%
BaBar (2003) [24] ∼ 120k < 0.16%
Belle (2005) [26] ∼ 227k < 0.046%
CDF (2006) [27] ∼ 495k -

obtained without the assumption of CP conservation were considerably weaker.
In 1999, E791 published [28] the first measurement of y = (0.83 ± 2.9 ± 1.0)%

using the decays D0→K+K−. Both CLEO II.V and the E831/FOCUS collaboration
accumulated about 10 times the statistics of E791 in the singly-Cabibbo suppressed
decay mode, D0 → K+K−. E831/FOCUS and CLEO II.V achieved a statistical
precision of ∼ 1.4% [29] and ∼ 2.5% [30], respectively

2 CPV IN CHARM SECTOR

The violation of charge-parity (CP) in charm decay requires two amplitudes with
different strong and weak phases that interfere to produce CP violating effects. There
are three distinct types of CP violation: (1) CP violation from a non-vanishing relative
phase between the mass and width components of the mixing matrix usually called
“indirect”; (2) Direct CP violation due to the two decay amplitudes having different
weak phases; (3) Interference between decays with and without mixing. The CP
conserving phase shift is usually generated by QCD final state interactions (FSI) which
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Table 3: CP Violation Results for D0: All numbers are given in percent.

D0 ACP E791 FOCUS CLEO BaBar Belle CDF

K+π− 18±14±4 2+19
−20 9.5±10.3 2.3±4.7

[8,23–25]

K+π−π0 9+25
−22 −0.6±5.3

[35,36]
K−K+ −1.0±4.9±1.2 −0.1±2.2±1.5 0.0±2.2±0.8 0.2±0.7 1.0±1.3±0.6
[28,30,37,38]
π−π+ −4.9±7.8±3.0 4.8±3.9±2.5 1.9±3.2±0.8 2.0±1.2±0.6
[28,30,37,38]
π0π0 [39] 0.1±4.8
K0
SK0

S [39] −23±19
K0
Sπ0 [39] 0.1±1.3

K0
Sπ+π− [40] −0.9± 2.1+1.6

−5.7

K0
Sφ [41] 2.8±9.4

K−π+π0 [42] −3.1±8.6

π+π−π0 [43] −1+9
−7±5

K+π−π+π− −1.8±4.4
[36]
K+K−π+π− −8.2±5.6±4.7
[44]

are large in the charm sector. In the Standard Model (SM), the relative weak phase
is typically between tree level and penguin amplitudes. Extensions to the Standard
Model introduce additional amplitudes with weak phases that can contribute to CP
violation.

For charm decays, within the SM, the effective weak phase is highly diluted,
∼ O(λ4), and it can arise only in singly-Cabibbo-suppressed transitions, where one
expects asymmetries to reach the O(0.1%) level; significantly larger values would
indicate new physics. Any asymmetry in Cabibbo-allowed or doubly-suppressed chan-
nels requires the intervention of new physics – except for D± → K0

Sπ
± [31], where

the CP impurity in the K0
S induces an asymmetry of 3.3× 10−3. Note that in going

from Cabibbo-allowed to Cabibbo singly- and doubly- suppressed channels, the SM
rate is suppressed by factors of about twenty and four hundred, respectively. This
suppression enhances the visibility of new physics.

Decays to final states of more than two pseudoscalar or one pseudoscalar and one
vector meson contain more dynamical information than given by their widths; their
distributions as described by Dalitz plots [48] or T -odd moments can exhibit CP
asymmetries that might be considerably larger than those for the width [49].

Most CP violation results are from the FNAL fixed target experiments E791 and
FOCUS, and the CLEO experiment and search for direct CP violation. The CP
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Table 4: CP Violation Results for D+: All numbers are given in percent.

D+ ACP E791 FOCUS BaBar
K0
Sπ

+ [34] -1.6±1.5±0.9
K0
SK

+ [34] 6.9±6.0±1.8
K+K−π+ -1.4±2.9 0.6±1.1±0.5 1.4±1.0±0.8
[37, 45–47]
φπ+ [45] -2.8±3.6
K∗K+ [45, 47] -1.0±5.0 0.9±1.7±0.7
π−π+π+ [45] -1.7±4.2
K0
SK

+π+π− [44] -4.2±6.4±2.2

violation asymmetry is defined as ACP ≡ Γ(D→f)−Γ(D→f)

Γ(D→f)+Γ(D→f)
. A few results from CLEO,

BaBar and Belle experiments consider CP violation in mixing. The results tabulated
in Tab. 3 and Tab. 4 show no evidence for CP violation. This is consistent with
Standard Model expectations.

3 D0−D0 MIXING

The formalism describing D0− D0 mixing is given in several papers [31, 32]. The
time evolution of a particle produced as a D0 or D0, in the limit of CP conservation,
is governed by four parameters: x = ∆m/Γ and y = ∆Γ/2Γ which characterize the
mixing matrix, δ the relative strong phase between Cabibbo favored (CF) and doubly-
Cabibbo suppressed (DCS) amplitudes (δKπ refers specifically to the Kπ final state)
and RD the DCS decay rate relative to the CF decay rate. The mixing rate RM is
defined as 1

2
(x2 +y2). A D0 can evolve into a D0 through on-shell intermediate states,

such as K+K− with mass, mK+K− =mD0 , or through off-shell intermediate states,
such as those that might be present due to new physics. This evolution through the
former (latter) states is parametrized by the dimensionless variables −iy (x).

Time-dependent analyses are not feasible at CLEO-c; however, the quantum-
coherent D0D0 state provides time-integrated sensitivity to x, y at O(1%) level and
cos δKπ ∼ 0.1 in 1 fb−1 of data at the ψ(3770). Due to quantum correlations in
the C = −1 and C = +1 D0D0 pairs produced in the reactions e+e− → D0D0(π0)
and e+e− → D0D0γ(π0), respectively [33], the time-integrated D0D0 decay rates are
sensitive to interference between amplitudes for indistinguishable final states. The
size of this interference is governed by the relevant amplitude ratios and can include
contributions from D0-D0 mixing.
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3.1 D0−D0 Mixing Formalism and Results

Standard Model based predictions for x and y, as well as a variety of non-Standard
Model expectations, span several orders of magnitude [31, 50]. Several non-Standard
Models predict |x| > 0.01. Contributions to x at this level could result from the
presence of new particles with masses as high as 100-1000 TeV [51,52]. The Standard
Model short-distance contribution to x is determined by the box diagram in which two
virtual quarks and two virtual W bosons are exchanged. Short distance contributions
to y are expected to be less than x. Both x and y are beyond current experimental
sensitivity. Long distance effects are expected to be larger but are difficult to estimate
due to the large number of resonances near the D0 pole. It is likely that x and y
contribute similarly to mixing in the Standard Model.

The parameters x and y can be measured in a variety of ways. The most precise
constraints are obtained by exploiting the time-dependence of D decays. Previous
attempts to measure x and y include: the measurement of the wrong sign semileptonic
branching ratio D0→Kℓν [53–57] which is sensitive to the mixing rate RM = x2+y2

2
;

decay rates to CP eigenstates D0→K+K−, π+π− [29, 30, 58–61] which are sensitive
to y; and the wrong sign D0→K+π− [8, 23, 24, 26] hadronic branching ratio which
measures x′2 = (y sin δKπ+x cos δKπ)2 and y′ = y cos δKπ − x sin δKπ.

It is usual to normalize the wrong-sign decay distributions to the integrated rate
of right-sign decays and to express time in units of the precisely measured D0 mean
lifetime, τD0 = 1/Γ = 2/(Γ1 + Γ2). Starting from a pure |D0〉 or |D0〉 state at t = 0,
the time-dependent rates of production of the wrong-sign final states relative to the
integrated right-sign states are then

r(t) =

∣∣∣∣
q

p

∣∣∣∣
2∣∣g+(t)χ−1

f + g−(t)
∣∣2 (2)

and

r(t) =

∣∣∣∣
p

q

∣∣∣∣
2 ∣∣g+(t)χf + g−(t)

∣∣2 , (3)

where
χf ≡ qAf/pAf , χf ≡ qAf/pAf , (4)

q and p are complex coefficients relating flavor eigenstates to mass eigenstates, Af
(Af) and Af (Af ) are amplitudes for a pure D0 (D0) state to decay to f and f ,
respectively, and

g±(t) =
1

2

(
e−iz1t ± e−iz2t

)
, z1,2 =

λ1,2

Γ
. (5)

Note that a change in the convention for the relative phase of D0 and D
0

would cancel
between q/p and Af/Af and leave χf invariant.
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Table 5: Results for RM in D0 semileptonic decays.

Exper. Final state(s)RM (90 (95)% C.L.)

Belle [57] K(∗)+e−νe <1.0× 10−3

CLEO [56] K(∗)+e−νe <7.8× 10−3

BaBar [55] K(∗)+e−νe <4.2(4.6)× 10−3

FOCUS [54] K+µ−νµ <1.01(1.31)× 10−3

E791 [53] K+ℓ−νℓ <5.0× 10−3

Semileptonic

In semileptonic D decays, Af = Af = 0 in the Standard Model. Then in the limit of

weak mixing, where |ix+ y|ll1, r(t) is given by

r(t) = |g−(t)|2
∣∣∣∣
q

p

∣∣∣∣
2

≈ e−t

4
(x2 + y2) t2

∣∣∣∣
q

p

∣∣∣∣
2

. (6)

For r(t) one replaces q/p here with p/q. In the limit of CP conservation, r(t) = r(t),
and the time-integrated mixing rate relative to the time-integrated right-sign decay
rate is

RM =

∫ ∞

0

r(t)dt=

∣∣∣∣
q

p

∣∣∣∣
2

x2 + y2

2 + x2 − y2
≈ 1

2
(x2 + y2) . (7)

Table 5 summarizes results from semileptonic decays.

Hadronic

Consider the final state f = K+π−, where Af is doubly-Cabibbo suppressed. The
ratio of decay amplitudes is

Af

Af
= −

√
RD e

−iδ,

∣∣∣∣
Af

Af

∣∣∣∣ ∼ O(tan2 θc) , (8)

where RD is the doubly Cabibbo suppressed decay rate relative to the Cabibbo-
favored (CF) rate, the minus sign originates from the sign of Vus relative to Vcd, and δ
is the phase difference between DCS and CF processes not attributed to the first-order
electroweak spectator diagram.

The violation of CP in the mixing amplitude, the decay amplitude, and the in-
terference between mixing and decay, is characterized by the real-valued parameters
AM , AD, and φ.
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Table 6: Results for R in D0→K+π−.

Exper. R(×10−3) AD(%)
CDF [27] 4.05± 0.21± 0.11 —
Belle [26] 3.77± 0.08± 0.05 —

FOCUS [23] 4.29± 0.63± 0.28 18.0± 14.0± 4.1
BaBar [24] 3.57± 0.22± 0.27 9.5± 6.1± 8.3
CLEO [8] 3.32+0.63

−0.65 ± 0.40 2+19
−20 ± 1

Table 7: Results from studies of the time dependent r(t).

Exper. y′ (95% C.L.) x′2/2 (95% C.L.)
Belle [26] −2.8 < y′ < 2.1 % < 0.036 %

FOCUS [23]−11.2 < y′ < 6.7 % < 0.40 %
BaBar [24] −5.6 < y′ < 3.9 % < 0.11 %
CLEO [8] −5.8 < y′ < 1.0 % < 0.041 %

In the limit of CP conservation, AM , AD, and φ are all zero, and then

r(t) = r(t) = e−t
(
RD +

√
RD y

′t+
1

2
RM t2

)
, (9)

and the time-integrated wrong-sign rate relative to the integrated right-sign rate is

R =

∫ ∞

0

r(t) dt = RD +
√
RD y

′ +RM . (10)

Here

y′ ≡ y cos δ − x sin δ, x′ ≡ x cos δ + y sin δ , (11)

and RM is the mixing rate relative to the time-integrated right-sign rate.
The ratio R is the most readily accessible experimental quantity. Table 6 gives

recent measurements of R in D0→K+π− decay. The average of these results, R =
(0.380 ± 0.008) %, is about two standard deviations from the average of earlier, less
precise results, R = (0.81± 0.23) %, which we have omitted.

The contributions to R—allowing for CP violation—can be extracted by fitting
the D0→K+π− and D0→K−π+ decay rates. Table 6 gives the constraints on AD
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B a B a r K � � 0+ K 3 �
y´(%)

Figure 1: Allowed regions in the x′,y′ plane. The allowed region for y is the average
of the results from E791 [58], FOCUS [29], CLEO [30], BaBar [61], and Belle [59,60].
Also shown is the limit from D0→K(∗)ℓν from Belle [57] and limits from D → Kπ
from CLEO [8], BaBar [24], Belle [26] and FOCUS [23]. We assume δ = 0 to place
the y results.

with x′ = y′ = 0. Table 7 summarizes the results for y′ and x′2/2. Figure 1 shows the
two-dimensional allowed regions. No meaningful constraints on AM and φ have been
reported.

Extraction of the amplitudes x and y from the results in Tab. 7 requires knowledge
of the relative strong phase δ, a subject of theoretical discussion [62–65]. In most
cases, it appears difficult for theory to accommodate δ >25◦, although the judicious
placement of a Kπ resonance could allow δ to be as large as 40◦.

In D0 → K0
Sπ

+π−, the DCS and CF decay amplitudes populate the same Dalitz
plot, which allows direct measurement of the relative strong phase. CLEO has mea-
sured the relative phase between D0 → K∗(892)+π− and D0 → K∗(892)−π+ to be
(189± 10± 3+15

− 5 )◦ [66], consistent with the 180◦ expected from Cabibbo factors and
a small strong phase.
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Table 8: Results for R in D0→K(∗)+π−(nπ).

Exper. D0 final state R(%)
BaBar [70] K+π−π0 0.214± 0.008± 0.008
Belle [36] K+π−π+π− 0.320± 0.019+0.018

−0.013

Belle [36] K+π−π0 0.229± 0.017+0.013
−0.009

CLEO [66] K∗+π− 0.5± 0.2+0.6
−0.1

CLEO [67] K+π−π+π− 0.41+0.12
−0.11 ± 0.04

CLEO [35] K+π−π0 0.43+0.11
−0.10 ± 0.07

E791 [20] K+π−π+π− 0.68+0.34
−0.33 ± 0.07

Multibody

There are several results for R measured in multibody final states with nonzero
strangeness. Here R, defined in Eqn. 10, becomes an average over the Dalitz space,
weighted by experimental efficiencies and acceptance. Table 8 summarizes the results.

For multibody final states, Eqn.8-10 apply to one point in the Dalitz space. Al-
though x and y do not vary across the space, knowledge of the resonant substructure
is needed to extrapolate the strong phase difference δ from point to point. Both
the sign and magnitude of x and y (rather than x′2 and y′) may be measured
using the time-dependent resonant substructure of multibody D0 decays. CLEO
has performed a time-dependent Dalitz-plot analysis of D0→K0

Sπ
+π−, and reports

(−4.5<x< 9.3)% and (−6.4<y< 3.6)% at the 95% confidence level, without phase
or sign ambiguity [68] . Recently, BaBar has searched for mixing in the multibody
decays D0 → K+π−π0 [70] and D0 → K+π−π+π− [69]. The combined result is
RM = (0.020+0.011

−0.010)% or RM < 0.042% at the 95% confidence level.

CP Eigenstates

When the final state f is a CP eigenstate, there is no distinction between f and f ,
and then Af =Af and Af =Af .

The quantity y may be measured by comparing the rate for decays to non-CP
eigenstates such as D0→K−π+ with decays to CP eigenstates such as D0→K+K−

[65]. A positive y would make K+K− decays appear to have a shorter lifetime than
K−π+ decays. The decay rate for a D0 into a CP eigenstate is not described by
a just single exponential in the presence of CP violation. However, in the limit
of weak mixing, where |ix+ y| ll1, and small CP violation, where |AM |, |AD|, and
|sinφ| ll1, the time dependence of decays to CP eigenstates is proportional to a single
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Table 9: Results for y from D0→K+K− and π+π−. Belle [60] and BaBar [61] also
measure AΓ to be (−2.0± 6.3± 3.0) and (−8± 6± 2)× 10−3.

Exper. D0 final state(s) yCP (%)
Belle [60] K+K− 1.15± 0.69± 0.38

BaBar [61] K+K−, π+π− 0.8± 0.4+0.5
−0.4

CLEO [30] K+K−, π+π− −1.1± 2.5± 1.4
Belle [59] K+K− −0.5± 1.0+0.7

−0.8

FOCUS [29] K+K− 3.4± 1.4± 0.7
E791 [28] K+K− 0.8± 2.9± 1.0
Average 0.90± 0.42

exponential:

r±(t)∝exp

(
−[1±

∣∣∣pq
∣∣∣(y cosφ− x sin φ)]t

)
, (12)

r±(t)∝exp

(
−[1±

∣∣∣ qp
∣∣∣(y cosφ+ x sinφ)]t

)
,

r±(t) + r±(t) ∝ e−(1±yCP )t. (13)

When equal numbers of D0 and D0 are produced

yCP = y cosφ
[

1
2

(∣∣∣pq
∣∣∣+
∣∣∣ qp
∣∣∣
)]

(14)

−x sin φ
[

1
2

(∣∣∣pq
∣∣∣−
∣∣∣ qp
∣∣∣
)]

(15)

The possibility of CP violation has been considered in the limit of weak mixing
and small CP violation. In this limit there is no sensitivity to CP violation in direct
decay. Allowing for CP violation in interference and mixing Belle [60] and BaBar [61]
have measured AΓ, where

AΓ ≡
r±(t)− r±(t)

r±(t)− r±(t)
≈ AM y cosφ− x sin φ. (16)

In the limit of CP conservation, y = yCP .
All measurements of y and AΓ are relative to the D0 → K−π+ decay rate. Ta-

ble 9 summarizes the current status of measurements. The average of the six yCP
measurements is 0.90± 0.42 %.
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Table 10: CLEO-c preliminary results from time-integrated yields at ψ(3770)→ DD.
Errors are statistical only. Systematic uncertainties are anticipated to be smaller.

Parameter CLEO-c [75] Other results (%)
y −0.058±0.066 0.90±0.42

cos δKπ 1.09±0.66 —
RM (1.7± 1.5)×10−3 <0.1 (95% C.L.)
x2/2 <0.44% (95% C.L.)<0.036 (95% C.L.)

Coherent D0−D0 Analyses

Measurements of RD, cos δ, x, and y can be made simultaneously in a combined
fit to the single-tag (ST) and double-tag (DT) yields or individually by a series of
“targeted” analyses [71, 72].

The “comprehensive” analysis simultaneously measures mixing and DCS param-
eters by examining various ST and DT rates. Due to quantum correlations in the
C = −1 and C = +1 D0D0 pairs produced in the reactions e+e− → D0D0(π0) and
e+e− → D0D0γ(π0), respectively, the time-integrated D0D0 decay rates are sensitive
to interference between amplitudes for indistinguishable final states. The size of this
interference is governed by the relevant amplitude ratios and can include contributions
from D0-D0 mixing.

The following categories of final states are considered:
f or f : Hadronic states accessed from either D0 or D0 decay but that are not CP
eigenstates. An example is K−π+, which results from Cabibbo-favored D0 transitions
or DCS D0 transitions.
ℓ+ or ℓ−: Semileptonic or purely leptonic final states, which, in the absence of mixing,
tag unambiguously the flavor of the parent D.
S+ or S−: CP -even and CP -odd eigenstates, respectively.

The decay rates for D0D0 pairs to all possible combinations of the above categories
of final states are calculated in Ref. [63], for both C = −1 and C = +1, reproducing
the work of Refs. [62,73,74]. Such D0D0 combinations, where both D final states are
specified, are double tags. In addition, the rates for single tags, where either the D0

or D0 is identified and the other neutral D decays generically are given in Ref. [63].
CLEO-c has reported preliminary results using 281 pb−1 of e+e− → ψ(3770)

data [75], where the quantum coherent D0D0 pairs are in the C = −1 state. The
values of y, RM , and cos δ are determined from a combined fit to the ST (hadronic
only) and DT yields. The hadronic final states included in the analysis are K−π+ (f),
K+π− (f), K−K+ (S+), π+π− (S+), K0

Sπ
0π0 (S+), and K0

Sπ
0 (S−). Both of the two

flavored final states, K−π+ and K+π−, can be reached via CF or DCS transitions.
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Semileptonic DT yields are also included, where one D is fully reconstructed in
one of the hadronic modes listed above, and the other D is partially reconstructed,
requiring that only the electron be found. When the electron is accompanied by
a flavor tag (D → K−π+ or K+π−), only the “right-sign” DT sample, where the
electron and kaon charges are the same, is used. Extraction of the DCS “wrong-
sign” semileptonic yield is not feasible with the current CLEO-c data sample, and
the parameter RD is constrained to the world average. Table 10 shows the results of
the fit to the CLEO-c data.

4 SUMMARY OF CHARM MIXING

The 95% C.L. allowed region in x′ versus y′ are plotted in Fig. 1. The most stringent
limits are from Belle constrain mixing in D0 → K+π− to be x′2 < 2.7% and (−1.0% <
y′ < 0.7% [26] at 95% confidence level (C.L.). This result excludes x′2 = y′ = at
the 96.9% C.L. Other results are enticing too. The most recent limits from BaBar
[69, 70] constrains D mixing in the multibody processes D0 → K+π−π0 and D0 →
K+π−π+π− to be RM = (0.020+0.011

−0.010)% or RM < 4.2× 10−4 at 95% C.L. Here the no
mixing solution is excluded at the 97.9% C.L. Furthermore, the average of the six yCP
measurements from E791 [58], FOCUS [29], CLEO [30], BaBar [61], and Belle [59,60]
is 0.90± 0.42 %. This could be an indication that the observation of D0−D0 mixing
is just around the corner. Of course, it is noteworthy that earlier measurements also
indicated hints of a mixing signal. In 1997, E791 reported RM = (0.21±0.09±0.02)%
[20], in 2000 CLEO II.V reported y′ = (−2.5± 1.5± 0.3)% [8], and in 2002 FOCUS
reported y = (3.4± 1.4± 0.7)% [29].

5 FUTURE PROSPECTS

To make significant improvement compared to the current experimental limits, an
ideal charm experiment would provide a huge sample (∼ 100 times the existing
datasets), well understood backgrounds, efficient charged and neutral reconstruction,
near 4π solid angle acceptance, particle ID for clean data samples, and precise lifetime
measurements. Most of these attributes also characterise a good beauty experiment.

There are four experiments at various stages of development with significant po-
tential for charm physics, two at e+, e− colliders (BESIII and Super-B), and two at
hadron machines (LHCb and PANDA); two are beauty experiments, and only one a
dedicated charm experiment.

BESIII [76, 77] will accumulate data at charm threshold and expects to integrate
20 times the data sample of CLEO-c.

A Super-B factory [78] would not only produce ∼ 1.5× 1010 BB meson pairs but
also a similar number of τ pairs and about 7 × 1010 charm mesons per year. The
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possibility of running near charm threshold is being considered for the ILC inspired
design. A month or two of operation in this mode would be sufficient to increase the
world data sample of coherently produced D0−D0 (including BESIII) by an order of
magnitude [79].

LHCb is the dedicated B physics experiment at the LHC, due to start its first
physics run in 2008. It is expected to accumulate very high statistics in charged
two and four body D0 decays, for instance writing to tape 400,000 wrong-sign K±π∓

decays per year [80]. An upgraded experiment is also being considered with the
potential to increase these statistics by a further order of magnitude [81].

PANDA [82] is a fixed target experiment at the FAIR anti-proton storage ring.
PANDA has a rich QCD and charm physics program including charmonium spec-
troscopy and an open charm studies. PANDA expects to produce about 100 charmed
pairs per second around ψ(4040). For a reconstruction efficiency of 30% (S/B ∼ 3)
[83] this corresponds to ∼ 20M reconstructed D0 → K−π+ in a year of 107s.
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Abstract

In this decade, there are huge efforts to explore B-meson decays, which provide an
interesting playground for stringent tests of the Standard-Model description of the
quark-flavour sector and the CP violation residing there. Thanks to the e+e− B
factories at KEK and SLAC, CP violation is now a well-established phenomenon

in the B-meson system, and recently, also B0
s–B

0

s mixing could be measured at the
Tevatron. The decays of B0

s mesons are the key target of the B-physics programme at
the LHC, and will be the focus of this presentation, discussing the theoretical aspects
of various benchmark channels and the question of how much space for new-physics
effects in their observables is left by the recent experimental results.

1 Setting the Stage

In the Standard Model (SM), the phenomenon of CP violation can be accommo-
dated in an efficient way through a complex phase entering the quark-mixing matrix,
which governs the strength of the charged-current interactions of the quarks [1]. This
Kobayashi–Maskawa (KM) mechanism of CP violation is the subject of detailed in-
vestigations in this decade. The main interest in the study of CP violation and
flavour physics in general is due to the fact that new physics (NP) typically leads
to new patterns in the flavour sector. This is actually the case in several specific
extensions of the SM, such as SUSY scenarios, left–right-symmetric models, models
with extra Z ′ bosons, scenarios with extra dimensions, or “little Higgs” scenarios.
Moreover, also the observed neutrino masses point towards an origin lying beyond
the SM, raising now also the question of having CP violation in the neutrino sector
and its connection with the quark-flavour physics. Finally, the baryon asymmetry of
the Universe also suggests new sources of CP violation. These could be associated
with very high energy scales, where a particularly interesting scenario is provided by
“leptogenesis” [2], involving typically new CP-violating sources in the decays of heavy
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Majorana neutrinos. On the other hand, new CP-violating effects arising in the NP
scenarios listed above could in fact be accessible in the laboratory.

Before searching for signals of NP, we have first to understand the SM picture.
Here the key problem is due to the impact of strong interactions, leading to “hadronic”
uncertainties. A famous example is the quantitiy Re(ε′/ε)K , which measures the
direct CP violation in neutral K decays (for an overview, see [3]). In the kaon
system, where CP violation was discovered in 1964 [4], clean tests of the SM are
offered by the decays K+ → π+νν and KL → π0νν, where the hadronic pieces can be
fixed through K → πℓν modes. These rare decays are absent at the tree level of the
SM, i.e. originate there exclusively from loop processes, with resulting tiny branching
ratios at the 10−10 level (for a recent review, see [5]). Experimental studies of these
channels are therefore very challenging. Nevertheless, there are plans to measure
K+ → π+νν at the SPS (CERN) [6], and efforts to explore KL → π0νν at the E391
(KEK/J-PARC) experiment.

The B-meson system is a particularly promising probe for the testing of the quark-
flavour sector of the SM, and will be the focus of this presentation. It offers various
strategies, i.e. simply speaking, there are many B decays that we can exploit, and we
may search for clean SM relations that could be spoiled through the impact of NP.
There are two kinds of experimental facilities, where B-meson decays can be studied:

• The “B factories”, which are asymmetric e+e− colliders operated at the Υ (4S)

resonance, producing only B0
dB

0

d and B+
u B

−
u pairs: PEP-II with the Babar

experiment (SLAC) and KEK-B with the Belle experiment (KEK) have by now
produced altogetherO(109) BB pairs, establishing CP violation in the B system
and leading to many other interesting results. There are currently discussions of
a super-B factory, with an increase of luminosity by two orders of magnitude [7].

• Hadron colliders produce, in addition to Bd and Bu, also Bs mesons,1 as well as
Bc and Λb transitions. The Tevatron experiments CDF and D0 have reported
first B(s)-decay results. The physics potential of the Bs system can be fully
exploited at the LHC, starting operation in autumn 2007. Here ATLAS and
CMS can also address some B physics topics, although these studies are the
main target of the dedicated B-decay experiment LHCb.

The central target of these explorations is the well-known unitarity triangle (UT) of
the Cabibbo–Kobyashi–Maskawa (CKM) matrix with its three angles α, β and γ. Its
apex is given by the generalized Wolfenstein parameters [9]

ρ ≡ (1− λ2/2)ρ, η ≡ (1− λ2/2)η. (1)

The key processes for the exploration of CP violation are given by non-leptonic
decays of B mesons, where only quarks are present in the final states. In these

1Recently, data were taken by Belle at Υ (5S), allowing also access to Bs decays [8].
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Figure 1: Analyses of the CKMfitter and UTfit collaborations [20, 21].

transitions, CP-violating asymmetries can be generated through interference effects.
Depending on the flavour content of their final states, non-leptonic B decays receive
contributions from tree and penguin topologies, where we distinguish between QCD
and electroweak (EW) penguins in the latter case. The calculation of the decay
amplitudes, which can be written by means of the operator product expansion as
follows [10]:

A(B → f) ∼
∑

k

Ck(µ)︸ ︷︷ ︸
pert. QCD

× 〈f |Qk(µ)|B〉︸ ︷︷ ︸
“unknown”

, (2)

remains a theoretical challenge, despite interesting recent progress [11].

However, for the exploration of CP violation, the calculation of the hadronic ma-
trix elements 〈f |Qk(µ)|B〉 of local four-quark operators can actually be circumvented.
This feature is crucial for a stringent testing of the CP-violating flavour sector of the
SM. To this end, we may follow two avenues:

• Amplitude relations allow us in fortunate cases to eliminate the hadronic matrix
elements. Here we distinguish between exact relations, using pure “tree” decays
of the kind B± → K±D [12,13] or B±

c → D±
s D [14], and relations, which follow

from the flavour symmetries of strong interactions, i.e. isospin or SU(3)F, and
typically involve B(s) → ππ, πK,KK modes [15].

• In decays of neutral Bq mesons (q ∈ {d, s}), the interference between B0
q–B

0

q

mixing andB0
q , B

0

q → f decay processes leads to “mixing-induced” CP violation.
If one CKM amplitude dominates the decay, the essentially “unknown” hadronic
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matrix elements cancel. The key application of this important feature is the
measurement of sin 2β through the “golden” decay B0

d → J/ψKS [16].

Following these lines, various processes and strategies emerge for the exploration
of CP violation in the B-meson system (for a more detailed discussion, see [17]). In
particular, decays with a very different dynamics allow us to probe the same quantities
of the UT. These studies are complemented by rare decays of B and K mesons [18],
which originate from loop processes in the SM model and show interesting correlations
with the CP violation in the B system. In the presence of NP, discrepancies should
show up in the resulting roadmap of quark-flavour physics.

In Fig. 1, we show the current status of the UT [19] emerging from the compre-
hensive – and continuously updated – analyses by the “CKM Fitter Group” [20] and
the “UTfit collaboration” [21]. We observe that there is impressive global agreement
with the KM mechanism. However, there is also some tension present, as the straight
line representing the measurement of (sin 2β)ψKS

is now on the lower side of the UT
side Rb measured through |Vub/Vcb|. We shall return to this topic in Section 2.2. Let
us next discuss the interpretation of the B-factory data in more detail.

2 A Brief Look at the Current B-Factory Data

There are two popular avenues for NP to manifest itself in theB-factory data: through

effects entering at the decay amplitude level, or through B0
q–B

0

q mixing.

2.1 New Physics at the Decay Amplitude Level

If a given decay is dominated by SM tree processes, we have typically small effects
through NP contributions to its transition amplitude. On the other hand, we may
have potentially large NP effects in the penguin sector through new particles in the
loops or new contributions at the tree level (this may happen, for instance, in SUSY
or models with extra Z ′ bosons). The search for such signals of NP in the B-factory
data has been a hot topic for several years.

CP Violation in b → s Penguin Modes

A particularly interesting probe of NP is the decay B0
d → φKS. It is caused by b→ sss

quark-level processes, i.e. receives only contributions from penguin topologies. The
corresponding final state is CP-odd, and the time-dependent CP asymmetry takes
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the following form:2

Γ(B0
d(t)→ φKS)− Γ(B

0

d(t)→ φKS)

Γ(B0
d(t)→ φKS) + Γ(B

0

d(t)→ φKS)

= Adir
CP(Bd → φKS) cos(∆Mdt) +Amix

CP (Bd → φKS) sin(∆Mdt), (3)

where Adir
CP(Bd → φKS) and Amix

CP (Bd → φKS) denote the direct and mixing-induced
CP asymmetries, respectively. Thanks to the weak phase structure of the B0

d → φKS

decay amplitude in the SM, we obtain the following expressions [17]:

Adir
CP(Bd → φKS) = 0 +O(λ2) (4)

Amix
CP (Bd → φKS) = − sinφd +O(λ2), (5)

where φd is the B0
d–B

0

d mixing phase and the doubly Cabibbo-suppressed O(λ2) terms
describe hadronic corrections. Since the mixing-induced CP asymmetry of the Bd →
J/ψKS channel measures also − sin φd, we arrive at the following SM relation [22,23]:

−(sin 2β)φKS
≡ Amix

CP (Bd → φKS) = Amix
CP (Bd → J/ψKS) +O(λ2), (6)

which offers an interesting test of the SM. Since Bd → φKS is dominated, in the SM,
by QCD penguin processes and receives significant contributions from EW penguins
as well, the relations in (4) and (6) may well be affected by NP effects. This follows
through field-theoretical estimates for generic NP in the TeV regime [24], and is
also the case for several specific extensions of the SM (see, e.g., [25]). Concerning the
current experimental status [26], it can be summarized through the averages obtained
by the “Heavy Flavour Averaging Group” [27]:

(sin 2β)φKS
= 0.39± 0.18, Adir

CP(Bd → φKS) = 0.01± 0.13. (7)

During the recent years, the Belle results for (sin 2β)φKS
have moved quite a bit

towards the SM reference value of

−Amix
CP (Bd → J/ψKS) ≡ (sin 2β)ψKS

= 0.674± 0.026, (8)

and are now, within the errors, in agreement with the BaBar findings. Interestingly,
the mixing-induced CP asymmetries of other b → s penguin modes show the same
trend of having central values that are smaller than 0.674 [27]. This feature may in fact
be due to the presence of NP contributions to the corresponding decay amplitudes.
However, the large uncertainties do not yet allow us to draw definite conclusions.

2We shall use a similar sign convention also for self-tagging neutral Bd and charged B decays.
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Figure 2: The situation in the Rn–Rc plane, as discussed in the text.

The B → πK Puzzle

Another hot topic is the exploration of B → πK decays. Thanks to the B factories,
we could obtain valuable insights into these decays, raising the possibility of having
a modified EW penguin sector through the impact of NP, which has received a lot
of attention in the literature (see, e.g., [28]). Here we shall discuss key results of the
very recent analysis performed in [29], following closely the strategy developed in [30].
The starting point is given by B → ππ modes. Using the SU(3) flavour symmetry
of strong interactions and another plausible dynamical assumption,3 the data for the
B → ππ system can be converted into the hadronic parameters of the B → πK
modes, thereby allowing us to calculate their observables in the SM. Moreover, also
γ can be extracted, with the result

γ =
(
70.0+3.8

−4.3

)◦
, (9)

which is in agreement with the SM fits of the UT [20,21].

As far as the B → πK observables with tiny EW penguin contributions are
concerned, perfect agreement between the SM expectation and the experimental data
is found. Concerning the B → πK observables receiving sizeable contributions from
EW penguins, we distinguish between CP-conserving and CP-violating observables.
In the former case, the key quantities are given by the following ratios of CP-averaged

3Consistency checks of these working assumptions can be performed, which are all supported by
the current data.
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B → πK branching ratios [31]:

Rc ≡ 2

[
BR(B+ → π0K+) + BR(B− → π0K−)

BR(B+ → π+K0) + BR(B− → π−K
0
)

]
= 1.11± 0.07 (10)

Rn ≡
1

2

[
BR(B0

d → π−K+) + BR(B
0

d → π+K−)

BR(B0
d → π0K0) + BR(B

0

d → π0K
0
)

]
= 0.99± 0.07, (11)

where also the most recent experimental averages are indicated [27]. In these quanti-
ties, the EW penguin effects enter in colour-allowed form through the modes involving
neutral pions, and are theoretically described by a parameter q, which measures the
“strength” of the EW penguin with respect to the tree contributions, and a CP-
violating phase φ. In the SM, the SU(3) flavour symmetry allows a prediction of
q = 0.60 [32], and φ vanishes. As is known for many years (see, for instance, [33]),
EW penguin topologies offer an interesting avenue for NP to manifest itself in the
B-factory data. In the case of CP-violating NP effects of this kind, φ would take
a value different from zero. In Fig. 2, we show the situation in the Rn–Rc plane.
Here the various contours correspond to different values of q, and the position on the
contour is parametrized through the CP-violating phase φ. We observe that the SM
prediction (on the right-hand side) is very stable in time, having now significantly
reduced errors. On the other hand, the B-factory data have moved quite a bit to-
wards the SM, thereby reducing the “B → πK puzzle” for the CP-averaged branching
ratios, which emerged already in 2000 [34]. In comparison with the situation of the
B → πK observables with tiny EW penguin contributions, the agreement between
the new data for the Rc,n and their SM predictions is not as perfect. However, a case
for a modified EW penguin sector cannot be made through the new measurements of
these quantities.

Let us now have a closer look at the CP asymmetries of the B0
d → π0KS and

B± → π0K± channels. As can be seen in Fig. 3, SM predictions for the CP-violating
observables of B0

d → π0KS are obtained that are much sharper than the current B-
factory data. In particular Amix

CP (Bd → π0KS) offers a very interesting quantity. We
also see that the experimental central values can be reached for large positive values
of φ. For the new input data, the non-vanishing difference

∆A ≡ Adir
CP(B± → π0K±)−Adir

CP(Bd → π∓K±)
exp
= −0.140± 0.030 (12)

is likely to be generated through hadronic effects, i.e. not through the impact of
physics beyond the SM. A similar conclusion was drawn in [35], where it was also
noted that the measured values of Rc and Rn are now in accordance with the SM.

Performing, finally, a simultaneous fit to Rn, Rc and the CP-violating Bd → π0KS

asymmetries yields
q = 1.7+0.5

−1.3, φ = +
(
73+6

−18

)◦
. (13)
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Figure 3: The situation in the Amix
CP (Bd → π0KS)–Adir

CP(Bd → π0KS) plane.

Interestingly, these parameters – in particular the large positive phase – would also
allow us to accommodate the experimental values of (sin 2β)φKS

and the CP asymme-
tries of other b→ s penguin modes with central values smaller than (sin 2β)ψKS

. The
large value of q would be excluded by constraints from rare decays in simple scenarios
where NP enters only through Z penguins [30], but could still be accommodated in
other scenarios, e.g. in models with leptophobic Z ′ bosons.

2.2 New Physics in B0
d–B

0

d Mixing

In the SM, B0
d–B

0

d mixing is governed by box diagrams with internal top-quark ex-
chances and is, therefore, a strongly suppressed loop phenomenon. In the presence of
NP, we may get new contributions through NP particles in the box topologies, or new
contributions at the tree level (e.g. SUSY, Z ′ models). In this case, the off-diagonal
element of the mass matrix is modified as follows [36]:

M
(d)
12 = Md,SM

12

(
1 + κde

iσd
)
, (14)

where the real parameter κd is a measure of the strength of NP with respect to the
SM, and σd a CP-violating NP phase. The mass difference ∆Md between the two
mass eigenstates and the mixing phase φd are then modified as

∆Md = ∆MSM
d + ∆MNP

d = ∆MSM
d

∣∣1 + κde
iσd
∣∣ (15)

φd = φSM
d + φNP

d = φSM
d + arg(1 + κde

iσd), (16)

where φSM
d = 2β.

Using the B-factory data to measure ∆Md and to extract the NP phase φNP
d ,

two sets of contours can be fixed in the σd–κd plane. In the former case, the SM
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Figure 4: Left panel: allowed region (yellow/grey) in the σd–κd plane in a scenario
with the JLQCD lattice results and φNP

d |excl. Right panel: ditto for the scenario with
the (HP+JL)QCD lattice results and φNP

d |incl.

value ∆MSM
d is required. It involves the CKM parameter |V ∗

tdVtb|, which is governed
by γ in the corresponding numerical analysis if the unitarity of the CKM matrix is
used. Moreover, information about the hadronic parameter f 2

Bd
B̂Bd

is needed, where

fBd
is the decay constant of the B0

d mesons and BBd
the “bag” parameter of B0

d–B
0

d

mixing, usually coming from lattice QCD [37]. For the purpose of comparison, we
use two benchmark sets of such results for these quantities [36]: the JLQCD results
for two flavours of dynamical light Wilson quarks [38], and a combination of fBd

as
determined by the HPQCD collaboration [39] for three dynamical flavours with the
JLQCD result for B̂Bd

[(HP+JL)QCD] [40].
For the determination of the NP phase φNP

d = φd − φSM
d , we use

φd = (42.4± 2)◦, (17)

which follows from the CP violation in Bd → J/ψK(∗) decays [27], and fix the “true”
value of φSM

d = 2β with the help of the data for tree processes. This can simply be
done through trigonometrical relations between the side Rb ∝ |Vub/Vcb| of the UT
and its angle γ, which are determined through semileptonic b → uℓνℓ decays and
B → DK modes, respectively. A numerical analysis shows, that the value of φNP

d is
actually governed by Rb ∝ |Vub/Vcb|, while (γ)DK , which suffers currently from large
uncertainties [41], plays only a minor rôle, in contrast to the SM analysis of ∆Md.
Unfortunately, we are facing a discrepancy between the determinations of |Vub| from
exclusive and inclusive decays [42, 43], which has to be resolved in the future. The
corresponding NP phases read as follows:

φNP
d |excl = −(3.4± 7.9)◦, φNP

d |incl = −(11.0± 4.3)◦, (18)

where the latter result corresponds to the “tension” in the fits of the UT discussed
in the context with Fig. 1. The resulting situation in the σd–κd plane is shown
in Fig. 4, where the hill-like structures correspond to the constraints from ∆Md,
which are complementary to those of φNP

d . We observe that the measurement of CP
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violation in Bd → J/ψK(∗) decays has a dramatic impact on the allowed region in
NP parameter space; the right panel may indicate the presence of NP, although no
definite conclusions can be drawn at the moment. It will be interesting to monitor
this effect in the future. In order to detect such CP-violating NP contributions, things
are much more promising in the Bs system.

3 Key Targets of B-Physics Studies at the LHC

The exploration of B-meson decays at hadron colliders – and the LHC in particular –
is characterized through a high statistics and the access the Bs-meson system, which
offers a physics programme that is to a large extent complementary to that of the
e+e− B factories operating at the Υ (4S) resonance.

3.1 General Features of the Bs System

For B0
s -mesons, we expect – within the SM – a mass difference ∆Ms = O(20 ps−1),

which is much larger than the experimental value of ∆Md = 0.5 ps−1. Consequently,

the B0
s–B

0

s oscillations are very rapid, thereby making it very challenging to resolve
them experimentally.

Whereas the difference between the decay widths of the mass eigenstates of the
B0
d-meson system is negligible, its counterpart ∆Γs/Γs in the B0

s -meson system is
expected to be of O(10%) [44]. Recently, the first results for ∆Γs were reported from
the Tevatron, using the B0

s → J/ψφ channel [45]:

∆Γs
Γs

=

{
0.65+0.25

−0.33 ± 0.01 (CDF [46])
0.24+0.28+0.03

−0.38−0.04 (D0 [47]).
(19)

It will be interesting to follow the evolution of the data for this quantity; at the
LHC, we expect a precision of about 0.01 after one year of taking data [48, 49]. The
width difference ∆Γs offers studies of CP violation through “untagged” rates of the
following form:

〈Γ(Bs(t)→ f)〉 ≡ Γ(B0
s (t)→ f) + Γ(B0

s (t)→ f), (20)

which are interesting in terms of efficiency, acceptance and purity. If both B0
s and

B
0

s states may decay into the final state f , the rapidly oscillating ∆Mst terms cancel.
Various “untagged” strategies exploiting this feature were proposed (see [45] and [50]–
[53]); we will discuss an example in Section 3.3.

Finally, the CP-violating phase of B0
s–B

0

s mixing is tiny in the SM:

φSM
s = −2λ2η ≈ −2◦, (21)

which is very interesting for the search of signals of NP [53–55] (see Section 3.3).
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Figure 5: The allowed regions (yellow/grey) in the σs–κs plane. Left panel: JLQCD
lattice results. Right panel: (HP+JL)QCD lattice results.

3.2 Hot News of 2006: Measurement of ∆Ms

For many years, only lower bounds on ∆Ms were available from the LEP (CERN)
experiments and SLD (SLAC) [56]. In 2006, the value of ∆Ms could eventually be
pinned down at the Tevatron [57]: the D0 collaboration reported a two-sided bound

17 ps−1 < ∆Ms < 21 ps−1 (90% C.L.), (22)

corresponding to a 2.5σ signal at ∆Ms = 19 ps−1 [58], and CDF announced the
following result [59]:

∆Ms = [17.77± 0.10(stat)± 0.07(syst)] ps−1, (23)

which corresponds to a signal at the 5 σ level. These new experimental results have
immediately triggered a lot of theoretical activity (see, e.g., [60, 61]).

Let us here follow once again the analysis performed in [36]. In order to explore
the allowed region in NP parameter space that follows from the measurements at the
Tevatron, we have just to make the substitution d → s in (14). Using the unitarity
of the CKM matrix and the Wolfenstein expansion, the CKM factor entering the SM
expression for ∆Ms takes the simple form

|V ∗
tsVtb| = |Vcb|

[
1 +O(λ2)

]
. (24)

Consequently, in contrast to the SM analysis of ∆Md, no information on γ and Rb

is needed in this expression, which is an important advantage. The accuracy of the
SM prediction of ∆Ms is hence limited by the hadronic parameter fBsB̂

1/2
Bs

. Recently,
the HPQCD collaboration has reported the result ∆MSM

s = 20.3(3.0)(0.8) ps−1 [62],
which lies between the ∆MSM

s |JLQCD = (16.1 ± 2.8) ps−1 and ∆MSM
s |(HP+JL)QCD =

(23.4 ± 3.8) ps−1 results entering Fig. 5. In this figure, which corresponds to Fig. 4,
we show the allowed regions in the σs–κs plane. We see that the measurement of ∆Ms

leaves ample space for the NP parameters σs and κs. The experimental errors are
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already significantly smaller than the theoretical ones. Any more precise statement
about the presence or absence of NP in the mass difference ∆Ms requires the reduction
of the theoretical lattice QCD uncertainties.

As discussed in [36], the situation is not much better for constraints on NP through
∆Ms/∆Md. In the analysis of this ratio an SU(3)-breaking parameter

ξ ≡ fBsB̂
1/2
Bs

fBd
B̂

1/2
Bd

(25)

enters, which has a reduced theoretical uncertainty in comparison with the individual
values of the fBqB̂

1/2
Bq

. Usually, ∆Ms/∆Md is used for the determination of the side

Rt ∝ |Vtd/Vcb| = |Vtd/Vts| [1 +O(λ2)] of the UT. Alternatively, applying the unitarity
of the CKM matrix, the following quantity can be determined:

ρs
ρd

= λ2
[
1− 2Rb cos γ +R2

b

]
︸ ︷︷ ︸

=R2
t

[
1 +O(λ2)

] 1

ξ2

MBd

MBs

∆Ms

∆Md
, (26)

where the ratio on the left-hand side equals 1 in the SM. For the current data, γ is
the major source of uncertainty, in addition to the hadronic parameter ξ. Thanks
to precision measurements of γ at LHCb, the CKM and lattice uncertainties should
be of the same order of magnitude by 2010. However, unless the central values
move dramatically, we would still get a result in agreement with 1 [36]. This case
could correspond to the SM, but could also have NP contributions that enter in the
same manner in ∆Ms and ∆Md. Consequently, we would still be left with a rather
unsatisfactory situation concerning the search for signals of NP through (26), even
after a couple of years taking data at LHCb.

As in the case of the Bd-meson system discussed in Section 2.2, the allowed region
in the σs–κs plane will be dramatically reduced as soon as measurements of CP
violation in the Bs-meson system become available. The “golden” channel in this
respect is given by B0

s → J/ψφ, which is our next topic.

3.3 The Decay B0
s → J/ψφ

This mode is the counterpart of the B0
d → J/ψKS transition, where we have just

to replace the down quark by a strange quark. The structures of the corresponding
decay amplitudes are completely analogous to each other. However, there is also an
important difference with respect to B0

d → J/ψKS, since the final state of B0
s → J/ψφ

contains two vector mesons and is, hence, an admixture of different CP eigenstates.
Using the angular distribution of the J/ψ[→ ℓ+ℓ−]φ[→ K+K−] decay products, the
CP eigenstates can be disentangled [63] and the time-dependent decay rates calculated
[45, 53]. As in the case of B0

d → J/ψKS, the hadronic matrix elements cancel then
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in the mixing-induced observables. For the practical implementation, a set of three
linear polarization amplitudes is usually used: A0(t) and A‖(t) correspond to CP-even
final-state configurations, whereas A⊥(t) describes a CP-odd final-state configuration.

It is instructive to illustrate how this works by having a closer look at the one-angle
distribution, which takes the following form [45,53]:

dΓ(B0
s (t)→ J/ψφ)

d cos Θ
∝
(
|A0(t)|2 + |A‖(t)|2

) 3

8

(
1 + cos2 Θ

)
+ |A⊥(t)|2 3

4
sin2 Θ. (27)

Here Θ is defined as the angle between the momentum of the ℓ+ and the normal to
the decay plane of the K+K− system in the J/ψ rest frame. The time-dependent
measurement of the angular dependence allows us to extract the following observables:

P+(t) ≡ |A0(t)|2 + |A‖(t)|2, P−(t) ≡ |A⊥(t)|2, (28)

where P+(t) and P−(t) refer to the CP-even and CP-odd final-state configurations,
respectively. If we consider the case of having an initially, i.e. at time t = 0, present

B
0

s meson, the CP-conjugate quantities P±(t) can be extracted as well. Using an
untagged data sample, the untagged rates

P±(t) + P±(t) ∝
[
(1± cosφs)e

−ΓLt + (1∓ cosφs)e
−ΓHt

]
(29)

can be determined, while a tagged data sample allows us to measure the CP-violating
asymmetries

P±(t)− P±(t)

P±(t) + P±(t)
= ±

[
2 sin(∆Mst) sinφs

(1± cosφs)e+∆Γst/2 + (1∓ cos φs)e−∆Γst/2

]
. (30)

In the presence of CP-violating NP contributions to B0
s–B

0

s mixing, we obtain

φs = −2λ2Rb sin γ + φNP
s ≈ −2◦ + φNP

s ≈ φNP
s . (31)

Consequently, NP of this kind would be indicated by the following features:

• The untagged observables depend on two exponentials;

• sizeable values of the CP-violating asymmetries.

It should be emphasized that this avenue to search for NP signals does not have to
rely on lattice QCD results, in contrast the analyses of ∆Ms discussed above.

These general features hold also for the full three-angle distribution [45, 53]: it is
much more involved than the one-angle case, but provides also additional information
through interference terms of the form

Re{A∗
0(t)A‖(t)}, Im{A∗

f(t)A⊥(t)} (f ∈ {0, ‖}). (32)
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Figure 6: Illustration of the impact of measurements of CP violation in B0
s → J/ψφ

for the two 2010 scenarios i) [left panel] and ii) [right panel] discussed in the text.

From an experimental point of view, there is no experimental draw-back with respect
to the one-angle case. Following these lines, ∆Γs (see (19)) and φs can be extracted.
Recently, the D0 collaboration has reported first results for the measurement of φs
through the untagged, time-dependent three-angle B0

s → J/ψφ distribution [64]:

φs = −0.79± 0.56 (stat.)+0.14
−0.01 (syst.) = −(45± 32+1

−8)
◦. (33)

This phase is therefore not yet stringently constrained. However, it will be very
accessible at the LHC, where the following picture is expected with nominal one year
data [49]: if φs takes its SM value, a 2 σ measurement will be possible at LHCb
(2 fb−1), ATLAS and CMS expect uncertainties of O(0.1) (10 fb−1) [65]. At some
point, also in view of LHCb upgrade plans [66], we have to include hadronic penguin
uncertainties. This can be done with the help of the B0

d → J/ψρ0 decay [67].

In order to illustrate the impact of measurements of CP violation in B0
s → J/ψφ,

let us discuss two scenarios for the year 2010 [36]:

i) (sin φs)exp = −0.04± 0.02: this case corresponds to the SM;

ii) (sin φs)exp = −0.20± 0.02: such a measurement would give a NP signal at the
10 σ level. This scenario corresponds to a simple translation of the “tension” in
the UT fits discussed above for κs = κd, σs = σd, and demonstrates the power
of the Bs system to search for NP.

We see that it will be very challenging to establish NP effects in B0
s–B

0

s mixing without
new CP-violating contributions to this phenomenon. However, the data still leave a
lot of space for such effects in specific scenarios (e.g. SUSY, extra Z ′ and little Higgs
models [36, 60, 68]), which could be detected at the LHC. It will be very exciting to
follow the corresponding measurements after the start of this new collider.
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3.4 Further Benchmark Decays for LHCb

This experiment has a very rich physics programme (for an experimental overview,
see [48]). Besides many other interesting aspects, there are two major lines of research:

1. Precision measurements of γ:
On the one hand, there are strategies using pure tree decays: B0

s → D∓
s K

±

[σγ ∼ 14◦], B0
d → D0K∗ [σγ ∼ 8◦], B± → D0K± [σγ ∼ 5◦], where we have also

indicated the expected sensitivities after one year of taking data [48]. These
numbers should be compared with the current B-factory data, yielding

γ|D(∗)K(∗) =

{
(62+38

−24)
◦ (CKMfitter)

(82± 20)◦ (UTfit).
(34)

These extractions are very robust with respect to NP effects. On the other
hand, γ can also be extracted from B-meson decays with penguin contributions:
B0
s → K+K− and B0

d → π+π− [σγ ∼ 5◦], B0
s → D+

s D
−
s and B0

d → D+
d D

−
d . The

key question is whether discrepancies will arise in these determinations.

2. Analyses of rare decays, which are absent at the SM tree level:
prominent examples are B0

s,d → µ+µ−, B0
d → K∗0µ+µ− and B0

s → φµ+µ−. In
order to complement the studies of B0

d → φKS at the B factories discussed in
Section 2.1, B0

s → φφ is a very interesting mode for LHCb.

Let us next have a closer look at some of these decays.

CP Violation in Bs → D±
s
K∓ and Bd → D±π∓

The pure tree decays Bs → D±
s K

∓ [69] and Bd → D±π∓ [70] can be treated on the
same theoretical basis, and provide new strategies to determine γ [71]. Following
this paper, we write these modes as Bq → Dquq. Their characteristic feature is that

both a B0
q and a B

0

q meson may decay into the same final state Dquq. Consequently,

interference effects between B0
q–B

0

q mixing and decay processes arise, which involve
the CP-violating phase combination φq + γ.

In the case of q = s, i.e. Ds ∈ {D+
s , D

∗+
s , ...} and us ∈ {K+, K∗+, ...}, these

interference effects are governed by a hadronic parameter Xse
iδs ∝ Rb ≈ 0.4, where

Rb ∝ |Vub/Vcb| is the usual UT side, and hence are large. On the other hand, for
q = d, i.e. Dd ∈ {D+, D∗+, ...} and ud ∈ {π+, ρ+, ...}, the interference effects are
described by Xde

iδd ∝ −λ2Rb ≈ −0.02, and hence are tiny.
Measuring the cos(∆Mqt) and sin(∆Mqt) terms of the time-dependent Bq → Dquq

rates, a theoretically clean determination of φq + γ is possible [69, 70]. Since the
φq can be determined separately, γ can be extracted. However, in the practical
implementation, there are problems: we encounter an eightfold discrete ambiguity
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for φq + γ, which is very disturbing for the search of NP, and in the q = d case,
an additional input is required to extract Xd since O(X2

d) interference effects would
otherwise have to be resolved, which is impossible. Performing a combined analysis
of the B0

s → D+
s K

− and B0
d → D+π− decays, these problems can be solved [71]. This

strategy exploits the fact that these transitions are related to each other through
the U -spin symmetry of strong interactions,4 allowing us to simplify the hadronic
sector. Following these lines, an unambiguous value of γ can be extracted from the
observables. To this end, Xd has actually not to be fixed, and Xs may only enter
through a 1 + X2

s correction, which is determined through untagged Bs rates. The
first studies for LHCb are very promising [72], and are currently further refined.

The Bs → K+K−, Bd → π+π− System

The decay B0
s → K+K− is a b → s transition, and involves tree and penguin am-

plitudes, as B0
d → π+π− [73]. However, because of the different CKM structure, the

latter topologies play actually the dominant rôle in B0
s → K+K−, whereas the major

contribution to B0
d → π+π− is due to the tree amplitude. In the SM, we may write

A(B0
d → π+π−) ∝

[
eiγ − deiθ

]
(35)

A(B0
s → K+K−) ∝

[
eiγ +

(
1− λ2

λ2

)
d′eiθ

′

]
, (36)

where the CP-conserving hadronic parameters deiθ and d′eiθ
′

descripe – sloppily speak-
ing – the ratios of penguin to tree contributions. The direct and mixing-induced CP
asymmetries take then the following general form:

Adir
CP(Bd → π+π−) = G1(d, θ; γ), Amix

CP (Bd → π+π−) = G2(d, θ; γ, φd) (37)

Adir
CP(Bs → K+K−) = G′

1(d
′, θ′; γ), Amix

CP (Bs → K+K−) = G′
2(d

′, θ′; γ, φs). (38)

Since φd is already known (see (17)) and φs is negligibly small in the SM – or can

be determined through B0
s → J/ψφ should CP-violating NP contributions to B0

s–B
0

s

mixing make it sizeable – we may convert the measured values of Adir
CP(Bd → π+π−),

Amix
CP (Bd → π+π−) and Adir

CP(Bs → K+K−), Amix
CP (Bs → K+K−) into theoretically

clean contours in the γ–d and γ–d′ planes, respectively. In Fig. 7, we show these
contours (solid and dot-dashed) for an example, which is inspired by the current
B-factory data [29].

A closer look at the corresponding Feynman diagrams shows that B0
d → π+π−

is actually related to B0
s → K+K− through the interchange of all down and strange

4The U spin is an SU(2) subgroup of the SU(3)F flavour-symmetry group of QCD, connecting d
and s quarks in analogy to the isospin symmetry, which relates d and u quarks to each other.
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Figure 7: The contours in the γ–d(′) plane for an example with d = d′ = 0.46,
θ = θ′ = 155◦, φd = 42.4◦, φs = −2◦, γ = 70◦, which corresponds to the CP
asymmetries Adir

CP(Bd → π+π−) = −0.24 and Amix
CP (Bd → π+π−) = +0.59, as well as

Adir
CP(Bs → K+K−) = +0.09 and Amix

CP (Bs → K+K−) = −0.23.

quarks. Consequently, each decay topology contributing to B0
d → π+π− has a coun-

terpart in B0
s → K+K− and vice versa, and the corresponding hadronic parameters

can be related to each other with the help of the U -spin flavour symmetry of strong
interactions, implying the following relations [73]:

d′ = d, θ′ = θ. (39)

Applying the former, we may extract γ and d through the intersections of the theo-
retically clean γ–d and γ–d′ contours. In the example of Fig. 7, a twofold ambiguity
arises from the solid and dot-dashed curves. However, as discussed in [73], it can
be resolved with the help of the dotted contour, thereby leaving us with the “true”
solution of γ = 70◦ in this case. Moreover, we may determine θ and θ′, which allow
an interesting internal consistency check of the second U -spin relation in (39).

This strategy is very promising from an experimental point of view for LHCb,
where an accuracy for γ of a few degrees can be achieved [74]. As far as possible
U -spin-breaking corrections to d′ = d are concerned, they enter the determination of
γ through a relative shift of the γ–d and γ–d′ contours; their impact on the extracted
value of γ therefore depends on the form of these curves, which is fixed through the
measured observables. In the examples discussed in [73] and Fig. 7, the extracted
value of γ would be very stable with respect to such effects. It should also be noted
that the U -spin relations in (39) are particularly robust since they involve only ratios
of hadronic amplitudes, where all SU(3)-breaking decay constants and form factors
cancel in factorization and also chirally enhanced terms would not lead to U -spin-
breaking corrections [73].

As a by-product of the B → ππ, πK strategy developed in [30], the observables
of the B0

s → K+K− decay can be predicted in the SM. The most recent data yield
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the following numbers [29]:

Adir
CP(Bs → K+K−)|SM = 0.093± 0.015 (40)

Amix
CP (Bs → K+K−)|SM = −0.234+0.017

−0.014. (41)

In the case of the CP-averaged branching ratio, an SU(3)-breaking form-factor ratio
enters the prediction, thereby increasing the uncertainties. Using the result of a QCD
sum-rule calculation [75] yields the prediction [29]

BR(Bs → K+K−) = (28+7
−5)× 10−6. (42)

The B0
s → K+K− mode was recently observed by CDF [76]; the most recent experi-

mental update for the CP-averaged branching ratio reads as follows [77]:

BR(Bs → K+K−) = (24.4± 1.4± 4.6)× 10−6. (43)

Within the uncertainties, (42) is in nice agreement with (43), which is another support
of the working hypotheses underlying the B → πK analysis discussed in Section 2.1.

The Rare Decays Bs,d → µ+µ−

In the SM, these decays originate from Z penguins and box diagrams, and the corre-
sponding low-energy effective Hamiltonian takes the following form [10]:

Heff = −GF√
2

[
α

2π sin2 ΘW

]
V ∗
tbVtqηY Y0(xt)(bq)V−A(µµ)V−A + h.c., (44)

where α denotes the QED coupling and ΘW is the Weinberg angle. The short-distance
physics is described by Y (xt) ≡ ηY Y0(xt), where ηY = 1.012 is a perturbative QCD
correction [78], and the Inami–Lim function Y0(xt) describes the top-quark mass
dependence. We observe that only the matrix element 〈0|(bq)V−A|B0

q 〉 is required.
Since here the vector-current piece vanishes, as the B0

q is a pseudoscalar meson, this
matrix element is simply given by the decay constant fBq . Consequently, we arrive
at a very favourable situation with respect to the hadronic matrix elements. Since,
moreover, NLO QCD corrections were calculated, and long-distance contributions are
expected to play a negligible rôle [78], the B0

q → µ+µ− modes belong to the cleanest
rare B decays.

Using also the data for the mass differences ∆Mq to reduce the hadronic uncer-
tainties,5 the following SM predictions were obtained in [61]:

BR(Bs → µ+µ−) = (3.35± 0.32)× 10−9 (45)

BR(Bd → µ+µ−) = (1.03± 0.09)× 10−10. (46)

5This input allows us to replace the decay constants fBq
through the bag parameters B̂Bq

.
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The upper bounds (95% C.L.) from the CDF collaboration read as follows [79]:

BR(Bs → µ+µ−) < 1.0× 10−7, BR(Bd → µ+µ−) < 3.0× 10−8, (47)

while the D0 collaboration finds the following 90% C.L. (95% C.L.) upper limit [80]:

BR(Bs → µ+µ−) < 1.9 (2.3)× 10−7. (48)

Consequently, there is still a long way to go within the SM. However, in this case,
LHCb expects a 3 σ observation for Bs → µ+µ− with already nominal one year
data (2 fb−1) [49]. This decay is also very interesting for ATLAS and CMS, where
detailed background studies are currently in progress [65]. Things could actually be
much more exciting, as NP effects may significantly enhance BR(Bs → µ+µ−). For
instance, in SUSY, this enhancement may be dramatic as BR ∼ (tanβ)6, where β
is here the ratio of the two Higgs vacuum expectation values and not the UT angle
β (for recent analyses, see, e.g., [81]), and in scenarios with a modified EW penguin
sector a sizeable enhancement is possible (see, e.g., [30]).

The Rare Decay B0
d

→ K∗0µ+µ−

The key observable for NP searches provided by this decay is the following forward–
backward asymmetry:

AFB(ŝ) =
1

dΓ/dŝ

[∫ +1

0

d(cos θ)
d2Γ

dŝ d(cos θ)
−
∫ 0

−1

d(cos θ)
d2Γ

dŝ d(cos θ)

]
. (49)

Here θ is the angle between the B0
d momentum and that of the µ+ in the dilepton

centre-of-mass system, and ŝ ≡ s/M2
B with s = (pµ++pµ−)2. A particularly interesting

kinematical point is characterized by

AFB(ŝ0)|SM = 0, (50)

as ŝ0 is quite robust with respect to hadronic uncertainties (see, e.g., [82]). In SUSY
extensions of the SM, AFB(ŝ) could take opposite sign or take a dependence on ŝ
without a zero point [83]. The current B-factory data for the inclusive b → sℓ+ℓ−

branching ratios and the integrated forward–backward asymmetries are in accordance
with the SM, but suffer still from large uncertainties. This situation will improve
dramatically at the LHC. Here LHCb will collect about 4400 decays/year, yielding
∆ŝ0 = 0.06 after one year, and ATLAS expects to collect about 1000 B0 → K∗0µ+µ−

decays per year [48]. Moreover, also other b → sµ+µ− modes are currently under
study, such as Λb → Λµ+µ− and B0

s → φµ+µ−.
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4 Conclusions and Outlook

We have seen tremendous progress in B physics during the recent years, which was
made possible through a fruitful interplay between theory and experiment. Alto-
gether, the e+e− B factories have already produced O(109) BB pairs, and the Teva-

tron has recently succeeded in observing B0
s–B

0

s mixing. The data agree globally
with the KM mechanism of CP violation in an impressive manner, but we have also
hints for discrepancies, which could be first signals of NP. Unfortunately, definite
conclusions cannot yet be drawn as the uncertainties are still too large.

Exciting new perspectives for B physics and the exploration of CP violation will
emerge through the start of the LHC in the autumn of 2007, with its dedicated B-
decay experiment LHCb. Thanks to the large statistics that can be collected there
and the full exploitation of the physics potential of the Bs-meson system, we will be
able to enter a new territory in the exploration of CP violation at the LHC. The golden

channel to search for CP-violating NP contributions to B0
s–B

0

s mixing is B0
s → J/ψφ,

where the recent measurement of ∆Ms still leaves ample space for such effects both in
terms of the general NP parameters and in specific extensions of the SM. In contrast
to the theoretical interpretation of ∆Ms, the corresponding CP asymmetries have
not to rely on non-perturbative lattice QCD calculations. The two major lines of
the broad research programme of LHCb are precision measurements of γ, which is
a key ingredient for NP searches, and powerful analyses of various rare B decays,
offering also sensitive probes for physics beyond the SM. The implementation of this
programme will lead to much more stringent consistency checks of the KM mechanism,
where also measurements of the rare kaon decays K+ → π+νν and KL → π0νν would
be very welcome.

These studies of CP violation and flavour physics play also an outstanding rôle
in the context with the major targets of the physics programme of the LHC. Here
the main goal of the ATLAS and CMS experiments is to explore electroweak sym-
metry breaking, in particular the question of whether this is actually caused by the
Higgs mechanism, to produce and observe new particles, and then to go back to the
deep questions of particle physics, such as the origin of dark matter and the baryon
asymmetry of the Universe. It is obvious that there should be a very fruitful inter-
play between these “direct” studies of NP and the “indirect” information provided
by flavour physics, including the B-meson system, but also K, D and top physics as
well as the flavour physics in the lepton sector.6 I have no doubts that the next years
will be extremely exciting!

I am grateful to the workshop organizers for the invitation to this interesting
meeting at such a nice location, and would also like to thank my co-authors for the
enjoyable collaborations on topics addressed in this talk.

6This synergy is the topic of a CERN Workshop: http://flavlhc.web.cern.ch/flavlhc/.
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K → 3π decay results by NA48/2 at CERN SPS

Gianluca Lamanna
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1 Introduction

CP violation plays an important role in particle physics since its discovery 40 years
ago [1]. For more than 20 years this phenomenon appeared as confined in a particular
sector of particle physics, through the mixing between states of opposite CP in the
neutral kaons. The unambiguous discovery in the late 1990s, after the early indication
by NA31 [2], of direct CP violation in K → 2π decay, by the NA48 [3] and KTEV [4]
experiments and the discovery of CP violation, in its various forms, in the neutral
B meson system [5] represented important breakthrough in the understanding of
the particles dynamics. A complete as possible study of the tiny effects due to the
violation of this symmetry in all the systems where it can be carried out, represents an
important window on the contribution of new physics beyond the Standard Model:
in fact new effects could appear, in particular in the heavy quark loops which are
the core of the mechanism allowing the CP violation in the mesons decay. In the
kaon sector the most promising places, besides ε

′

/ε, where this kind of contributions
could play some role are the rates of GIM suppressed rare decays and the charge
asymmetry between charged kaons. In particular the K → 3π asymmetry could give
a strong qualitative indication of the validity of the CKM description of the direct
CP violation or reveal the existence of possible sources outside this paradigm.

In principle Direct CP violation in K± can be detected comparing the different
decay amplitudes in the 3π mode:

|A(K+ → π+π+π−)| 6= |A(K− → π−π+π−)|

Experimentally the easiest way to study the difference between the charge conjugate
modes is to compare the shape of the Dalitz Plot distribution instead of the decay
rates. The small phase space in the three pion decay mode allows to expand the
matrix element in terms of the, so called, Dalitz variables u and v:

u =
(s3 − s0)

m2
π

v =
(s2 − s1)

m2
π
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Asymmetry # of events Experiment
A0
g = (19± 125) · 10−4 115K CERN PS(1975) [6]

A0
g = (2± 19) · 10−4 620K Protvino IHEP (2005) [7]

Acg = (−70± 53) · 10−4 3.2M BNL AGS (1970) [8]
Acg = (22± 15± 37) · 10−4 54M HyperCP (2000) prelim [9]

Table 1: Summary of the experimental situation both in “neutral” (A0
g) and in

“charged” (Acg) mode, before the NA48/2 results

These variables are defined using the Lorentz invariant si = (pK − pi)
2, where pK

is the kaon four momentum and pi are the pion four momenta (i = 1, 2, 3 the latter
being “odd” pion) and s0 = (s1 + s2 + s3)/3. Exploiting the Dalitz variables the
matrix element can be written as:

|M(u, v)|2 ∼ 1 + gu+ hu2 + kv2 + ... (1)

where g,h,k are the linear and quadratic slope parameters. Using the fact that |g| >>
|h|, |k|, the CP violation parameter

Ag =
g+ − g−
g+ + g−

(2)

is defined using only the linear slopes given in (1). Being g+ relative to K+ decay
while g− to K−, the parameter defined above is different from 0 only if an asymmetry
exists between the matrix element describing kaon decay of opposite charge. Theo-
retical predictions for the Ag parameter both in the K → π±π0π0 (Ang , the so called
“neutral” mode) and in the K → π±π+π− (Acg, the so called “charged” mode), are
very difficult and the available predictions varying from 10−6 to few 10−5 are unre-
liable; calculations in the framework of theories beyond the standard model predict
a substantial enhancement of this parameter up to the level of few 10−4. Several ex-
periments in the past have searched for asymmetry both in “charged” and “neutral”
mode. The sensitivity reached so far is at level of 10−3, as summarized in table 1.
The main goals of the NA48/2 experiment are to reach the sensitivity of 10−4 both
in “neutral” and in “charged” mode, to investigate the possibility of non standard
model contributions to the CP violation in charged kaon decays, thus covering the
gap existing between the experimental results and the SM theoretical predictions.
The large amount of K → 3π collected by NA48/2 experiment, allows a very precise
measurement of the Dalitz plot parameters and, as recently shown [10], the study of
the neutral Dalitz plot density allows to extract important informations about the
pion scattering length.
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Figure 1: The NA48/2 beam line and detector. Not in scale.

2 Beams and detectors

The simultaneous collection of K+ and K− decay with the same apparatus is an
essential point of the asymmetry measurement. A novel high intensity beam line was
designed in the high energy hall (ECN3) at CERN SPS (fig. 1). The charged particles
(kaons, pions, muons and electrons) are produced by 400 GeV high intensity protons
beam(∼ 7 · 1011 protons per pulse), from the SPS accelerator, with a 40 cm long
and 2 mm in diameter beryllium target with an angle of zero degrees. A magnetic
device, called first achromat, selects the momentum of the beam in the range (60±
3)GeV/c, splitting the two charges. After being recombined the beams are focused
by a quadruplet of quadruples, before another splitting in the second achromat. The
second achromat houses the first detector along the beam line, called KABES [11],
a spectrometer measuring the particles’ momentum with a resolution of ∼ 1% (this
detector is used studying rare decays). The two charged beams, recombined again
along the beam axis, contain ∼ 6.4 · 107 particles per 4.8 s spill, with a charge ratio
K+/K− ∼ 1.8 (irrelevant for the charge asymmetry measurement) and 12 times more
pions with respect to the kaons: however the pions decay products remain into the
beam pipe, because of the small momentum and do not cross the detectors. The
decay region is housed in an evacuated tube ∼ 114m long and ∼ 2m in diameter.
The beams in the decay region are superimposed within 1 mm with a total width of
∼ 5mm, so that both K+ and K− decays illuminate with the same acceptance the
same detector. The central detector is based on the old NA48 detector, described
elsewhere [12]. For the asymmetry and Dalitz plot parameters measurement the
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two main detector are the spectrometer and the LKr calorimeter. The magnetic
spectrometer works with a pT = 120MeV/c kick and the resolution in momentum
(GeV/c) is σp/p = 1.0% + 0.044%. In order to manage the higher intensity with
respect to the previous NA48 runs, the drift chambers read out has been rebuilt. In
order to collect the gammas coming from the neutral pions decay a Liquid Krypton
(LKr) calorimeter with a resolution in energy (GeV) of

σE
E

=
3.2%√
E

+
9%

E
+ 0.42%

is employed. The very good resolution in the reconstructed kaon mass (1.7 MeV/c2

for K± → π±π+π− and 0.9 MeV/c2 for K± → π±π0π0) allows a precise calibra-
tion and monitoring of the characteristics and performances of the apparatus. The
data collection is based on a multilevel trigger system. The first level (L1) uses the
information coming from a plastic scintillator hodoscope and from a dedicated LKr
readout, in which the number of peaks in the calorimeter’s energy deposit are com-
puted. The second level (L2) is based on processors for a fast DCH reconstruction.
In particular the number of reconstructed vertexes with 2 or 3 tracks, is used to col-
lect K± → π±π+π− events and the missing one-track mass, assuming the nominal
kaon momentum (60 GeV) and direction (z axis), is used to collect K± → π±π0π0,
rejecting the main K± → π±π0 background. NA48/2 collected data during two runs
in 2003 and 2004, for a total of ∼ 100 days of data taking. About 18 · 109 triggers
have been registered on tape, for a total of more than 200 TB.

3 Charge asymmetry measurement strategy

The asymmetry method is based on the comparison between the u projection of
the Dalitz plot distribution, in order to extract the difference between the matrix
element linear components. This difference, defined as ∆g = g+−g−, can be extracted
considering the ratio between the density in the u distribution for K+ and K− decays.
The ratio between the two distribution can be written as:

R(u) =
NK+

NK−

∝ 1 + (g + ∆g)u+ hu2

1 + gu+ hu2
(3)

where g = (g+ + g−)/2. From ∆g the asymmetry parameter Ag can be easily eval-
uated using the relation Ag ∼ ∆g/2g. The simultaneous collection of decays coming
from beams with similar momentum spectrum and a similar detection efficiency and
acceptance of the decay products, are fundamental points to control the instrumental
charge asymmetry. However, the presence of magnetic fields both in the beam sector
(achromat) and in the detector (spectrometer magnet) could introduce an intrinsic
charge dependent acceptance of the apparatus. To equalize this asymmetry the main
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magnetic fields were frequently reversed during the data taking. During the 2003 run
the magnet spectrometer polarity was reversed every day while the achromat magnets
polarities every week. In the 2004 run the reversal was more frequent: every about 3
hours for the analyzing magnet and 1 day for the beam transport line magnets. It is
possible to redefine the ratio in (3) taking into account the magnetic field alternation.
For instance, for a given achromat polarities, the ratios:

RJ(u) =
NB−

K+

NB+

K−

, RS(u) =
NB+

K+

NB−

K−

(4)

are defined using the same side of the spectrometer, in the sense that the numerator
and the denominator in these ratios contain particles deflected in the same direction.
The subscripts J and S represent the particles bending direction according to the
geographic position of the Jura (J) and Saleve (S) mountains, respectively on the
left and right side, with respect to the NA48/2 beam line direction. Considering the
possible achromat polarity, four independent ratios can be built exploiting the four
different field combinations: instead of the single ratio (3), a quadruple ratio can be
defined as:

R(u) = RUSRUJRDSRDJ ∼ R

(
1 + (g + ∆g)u+ hu2

1 + gu+ hu2

)4

(5)

where U and D stand for the path, up or down, followed by K+ in the achromat
system, and R is an inessential normalization constant. This method is independent
on the relative size of the four samples collected with different fields configuration and
on the K+ and K− flux difference. In the value of ∆g extracted from the quadruple
ratio (5), the benefits due to the polarity reversal are fully exploited and the main
systematic biases due to instrumental asymmetries cancel out. In particular in the
quadruple ratio there is a three fold cancellation:

• local detector bias (left-right asymmetry), thanks to the fact that each single
ratio is defined in the same side of the detector;

• beam local biases, because in each single ratio the path followed by the particle
through the achromat is the same;

• global time variation, because the decays from both charges are collected at the
same time (this is not true for the same single ratio in which the numerator and
the denominator are collected in different period).

The result remains sensitive only to the time variation of the detector with a char-
acteristic time smaller than the inversion period of the magnetic field, if this effect
is charge asymmetric and u dependent. Other systematics biases induced by effects
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not canceled by the magnetic field alternation of the magnetic fields (for instance the
Earth’s magnetic field in the decay region and any misalignment of the spectrometer)
have been carefully corrected. The intrinsic cancellation of instrumental asymmetries
in the quadruple ratio allows to avoid the use of a MonteCarlo simulation. Neverthe-
less a GEANT3 based MonteCarlo, including the full geometry description and time
variations of beam characteristics, DCH inefficiency and spectrometer alignment, is
used for systematics studies and as a cross-check of the result.

3.1 Results in K± → π±π0π0

The reconstruction in the “neutral” mode is based on LKr to construct the u variable
and on the spectrometer to define the event charge and close the kinematics. The
possibility to define the u variable using the π0’s only is a strong point in this kind
of analysis, because of the charge independence of them. Anyway an alternative u
reconstruction can be done using the DCH and the KABES informations, to obtain
a result, useful as cross-check, with different systematic effects. The fiducial region
of the detectors is chosen to avoid edge effects. In particular in order to symmetrize
the small difference in the spectrometer acceptance between decays coming from K+

and K− beams, the spectrometer’s inner radial cut is chosen according to the actual
beam position, periodically measured as the average of the reconstructed transverse
vertex position using three charged pion events. The decay vertex is reconstructed
from the γ impact point position on the LKr, for each π0, by using the formula:

Zij =
1

mπ0

√
EiEjd2

ij (6)

Among all the possible γ pair, the correct pairing is chosen minimizing the difference
between the two π0’s vertexes. The final vertex is obtained as arithmetic average.
The kaon invariant mass is obtained including the charged pion measurement from
the DCH, in order to reduce the events background by requiring |MK± −MPDG| <
6MeV/c2. A total of 59.3 · 106 K+ and 32 · 106 K− events has been selected; In
plot 2 the reconstructed Dalitz Plot is shown. The photon position on the LKr is
corrected to take in to account the calorimeter projectivity. The measurement of
the charged momentum, slightly biased by variable DCH misalignment, is corrected
exploiting the condition MK+ = MK− in the K± → π±π+π−. Using the same decay
mode the magnetic field inversion is monitored online at level of 10−3 studying the
reconstructed kaon mass with respect to the nominal (PDG) kaon mass. The effect
of the residual magnetic field in the decay region (the so called Blue Field), mostly
due to the earth magnetic field, is corrected using the maps obtained from a direct
measurement before the data taking. Several sources of potential systematic bias
have been considered. The effect due to the acceptance has been evaluated studying
the stability of the result varying the cuts definition. The MC has been used to
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Figure 2: Dalitz plot distribution for
K± → π±π0π0

Figure 3: Dalitz plot distribution for
K± → π±π+π−

study the contribution of the pion decay in flight to the total systematics error.
The contribution to the systematics of the online trigger system has been carefully
studied. The efficiencies of the L1 and L2, have been evaluated using data collected
with control triggers uncorrelated with the main trigger. In the neutral mode the
L1 is essentially obtained with a coincidence between a signal (Q1) coming from
the scintillating hodoscope and a signal (NTPEAK) compatible with a deposition of
four clusters in the LKr. The L2 (MBX) is based on the algorithm that rejects the
π±π0. The main source of systematics comes from the neutral part of the L1 trigger
(NTPEAK) being limited by the number of events in the control sample. In table 2
a summary of systematics is shown. The preliminary result in the slope difference
using the whole statistics is:

∆g = (2.7± 2.0stat ± 1.2syst ± 0.3ext)× 10−4

where the external error is due to the ∼ 3% error [13] on the knowledge1 of the g
value. The resulting charge asymmetry parameter is:

Ang = (2.1± 1.6stat ± 1.0syst ± 0.2ext)× 10−4 = (2.1± 1.9)× 10−4

This result is fully compatible with the SM prediction and is almost one order of
magnitude better than the previous measurements [6] [7].

1This contribution becomes negligible using the new g0 measurement [14]
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Systematic effect Effect on ∆g · 10−4

U calculation & fitting ±0.2
LKr non linearity ±0.1
Shower overlapping ±0.5
Pion decay ±0.2
Spectrometer Alignment & Momentum scale < ±0.1
Accidentals ±0.2
L1 Trigger: Q1 ±0.1
L1 Trigger: NTPEAK ±0.8
L2 Trigger ±0.6
Total systematic uncertainty ±1.2

Table 2: Systematics in K± → π±π0π0

3.2 Results in K± → π±π+π−

The offline reconstruction of the K± → π±π+π− is totally based on the Spectrometer.
The decay vertex is obtained extrapolating the track segment from the first two
chambers from the spectrometer to the decay volume, taking into account the presence
of the Blue Field in the decay region. The track momentum is rescaled, to compensate
the variation of the DCH alignment, as described above. In the three charged pion
mode the chambers’ acceptance and the spectrometer performance are most critical
with respect to the neutral case where the spectrometer is used only to tag the event.
In particular the beam pipe crossing the chambers determines the main difference in
the acceptance between the two beams for which the beam optic can not control the
transverse position better than ∼ 1mm. The cut centered on the actual beam position
(at level of the first and last chamber) must be applied to all the pions, resulting in
a reduction of ∼ 12% of the whole statistics. In plot 3 the reconstructed Dalitz Plot
is shown. The only relevant physical background come from the pion decay in flight.
More than 2 · 109 K+ and 1.1 · 109 K− decays are collected in this channel. The main
systematics in the charged mode comes from the pion decay in flight as reported in
table 3 where the contributions to the systematic error are summarized. A simpler
fitting function can be used in the charged mode case with respect to (5) to extract
the ∆g value, exploiting the relative smallness of the measured g:

R(u) ∝ R(1 + ∆gu)4

The preliminary result, based on the 2003+2004 data taking, is:

∆g = (0.6± 0.7stat ± 0.7syst)× 10−4
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Systematic effect Effect on ∆g · 10−4

Spectrometer alignment ±0.1
Momentum scale ±0.1
Acceptance and Geometry ±0.2
Pion decay ±0.4
Accidentals ±0.2
Resolution effects ±0.3
L1 Trigger: Q1 ±0.3
L2 Trigger ±0.3
Total systematic uncertainty ±0.7

Table 3: Systematics in K± → π±π+π−

leading to a charge asymmetry parameter of

Acg = (−1.3± 1.5stat ± 1.7syst)× 10−4 = (−1.3± 2.3)× 10−4

Also in this case the goal to increase by a factor 10 the sensitivity with respect to
the previous measurement has been reached. The reason for a similar precision of
asymmetry results in “neutral” and “charged” mode, in spite of the different statistics,
lies in the fact that the Dalitz Plot density is most favourable in the “neutral” mode.

4 Dalitz plot parameters measurement in K± →
π±π0π0

In fig. 4 the π0π0 invariant mass square (M2
00) distribution (proportional to the u

distribution) is shown. The change of slopes, seen for the first time by NA48/2 at
M2

00 = (2mπ+)2, can not be explained by the simple matrix element parametrization
given in (1). This structure has been interpreted by Cabibbo [10] as due to the
rescattering process π+π− → π0π0 coming from the K± → π±π+π− decay. In fact the
K± → π±π0π0 amplitude can be written as the sum of two terms (just considering the
first rescattering order): the direct π0π0 emission M0, parametrized by the standard
polynomial expansion, and the terms due to the rescattering process M1. This last
term, proportional to the difference (a0−a2) between the pionic scattering length for
I=0 and I=2, is real below the threshold of 2mπ+ and imaginary above. The total
amplitude can be written as:

M2 =

{
(M0)

2 + (M1)
2 + 2 · M0M1 sππ < 4m2

π+

(M0)
2 + |M2

1| sππ > 4m2
π+

(7)
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U and Mππ distribution
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Figure 4: U distribution for K± → π±π0π0. The π0π0 invariant mass square (M2
00) is

related to the u variable by u = (M2
00−s0)/m2

π. In the arrow position (corresponding
to (2mπ+)2) it is possible to see the “cusp” structure.

TheM0M1 term gives a destructive interference below threshold. Other rescattering
diagrams can be included in a systematic way as shown by Cabibbo and Isidori [15].
Fitting data with only the M′ term yields a fair agreement only above the 2mπ+

threshold, because of the anomaly introduced by the pions strong rescattering in the
M2

00 distribution, while the standard expansion is not enough to explain the complex
dynamics contributing to the whole decay amplitude. Using the Cabibbo one-loop
model, the fit quality increase giving a χ2 of 420.1 for 148 degree of freedom, as
shown in fig. 6 . Including the two-loop Cabibbo-Isidori approach the χ2 becomes
more reasonable (158.8 for 146 degree of freedom). Near the threshold the relative
pions velocity decreases and the possibility to have electromagnetic π+π− bound
states increases. However the description of the so called pionic atoms (pionium)
needs particular care, because of the Coulomb interaction correction and the critical
experimental resolution (the fit obtained including the pionium is shown in the third
plot in fig. 6). For that reason we prefer to exclude 7 bins around the threshold
position to perform the final fit (last plot in fig.6 ) in which we have a χ2 of 145.5
for 139 degree of freedom. The results [16], based on 23 · 106 events collected in 2003,
are obtained setting k, the quadratic v slope, to 0:

g0 = 0.645± 0.004stat ± 0.009syst

h
′

= −0.047± 0.012stat ± 0.011syst
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Figure 5: ∆ = (data − fit)/data is
shown as a function of Mπ0π0 . The cusp
threshold is indicated by an arrow. The
fit χ2 is reasonable only if the fit is re-
stricted to the indicated fit interval.
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Figure 6: The application of the rescat-
tering hypothesis improves the quality
of the fit (see text)

NA48/2 results PDG06
g (−21.131± 0.009stat ± 0.012syst)% (−21.54± 0.35)%
h (1.829± 0.015stat ± 0.036syst)% (1.2± 0.8)%
k (−0.467± 0.005stat ± 0.011syst)% (−1.01± 0.34)%

Table 4: Results for Dalitz Plot parameter in charged mode.

where h
′

+ (1/4)g2 = h. The data are compatible with a non zero value for the k
parameter, never measured before. The value of the fit

k = 0.0097± 0.0003stat ± 0.0008syst

is still preliminary. The (a0 − a2) value is not affected by the k 6= 0 term, but the g
and h values change respectively by ∼ 2% and ∼ 25%.

5 Dalitz plot parameters measurement in K± →
π±π+π−

Thanks to the huge statistics collected in K± → π±π+π− decay and to the well tuned
MC, very precise measurement of the Dalitz plot parameters can be performed. The
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pion rescattering effects can influence the matrix element also in the “charged” mode
but, being on the border of the Dalitz Plot, is not so evident like in the “neutral”
mode. The goal of the first and preliminary study presented here is to measure the
parameters in the standard polynomial expansion verifying the validity of (1). The
parameters (g,h,k) are obtained minimizing the

χ2(g, h, k,N) =
∑

u,v

(Fdata −NFMC)2

δF 2
data +N2F 2

MC

where F represents the population (in data or in MC) in the (u,v) bin. The MC pop-
ulation is obtained adding the 4 components corresponding to the four possible terms
in (1). The relative weights, obtained from the fit, are the polynomial expansion
parameters. The coulomb correction is applied to take into account the pion electro-
magnetic interaction. The main contributions to the systematic uncertainty, at this
analysis stage, come from the momentum scale in the charged pions measurement,
the kaon momentum spectrum in the MC and trigger inefficiencies. The preliminary
result is based on 0.47 · 109 events collected in the 2003 run. In table 4 the results
are presented and the agreement with the PDG06 values is shown. The previous
measurements, by experiments made in 70s, are one order of magnitude less precise
with respect to the NA48/2 measurement, based on 1/4 of the whole statistics.

6 Conclusions

The main goal of the NA48/2 experiment was to measure, with a precision at level
of 10−4 the charge asymmetry parameter Ag, both in K± → π±π+π− and in K± →
π±π0π0 decays. The preliminary results obtained in the “neutral” (Ang ) and “charged”
(Acg) mode:

Ang = (2.1± 1.6stat ± 1.0syst ± 0.2ext)× 10−4 = (2.1± 1.9)× 10−4

Acg = (−1.3± 1.5stat ± 1.7syst)× 10−4 = (−1.3± 2.3)× 10−4

are compatible with the SM predictions and with our previous results based on partial
samples [17] [18].

InK± → π±π0π0 the standard polynomial matrix element expansion is not enough
to describe the observed π0π0 invariant mass spectrum. Taking into account the
rescattering processes, whose contributions are proportional to the (a0−a2) term the
corresponding slope are found to be (setting k=0)

g0 = 0.645± 0.004stat ± 0.009syst h
′

= −0.047± 0.012stat ± 0.011syst

However a ∼ 1% for the k quadratic slope is obtained with a complete fit (preliminary
result).
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In the charged mode the standard polynomial fit has been employed. The Dalitz
plot parameters have been remeasured with higher precision with respect to the pre-
vious old measurement.
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1 Introduction

The K+ → π+νν decay is a flavour changing neutral current process which proceeds
through box and purely electroweak penguin diagrams. The short distance contribu-
tions largely dominate in the matrix element, while c-quark contributions have been
evaluated at NNLO order giving an uncertainty of about 5% [1]. This is the only
source of theoretical error because the hadronic matrix element can be parametrized
in terms of the branching ratio of the K+ → π0e+ν decay, which is well known exper-
imentally [5]. The computed value is (8.0±1.1)×10−11, where the error is dominated
by the uncertainty in the knowledge of the CKM matrix elements. Such extreme
theoretical clarity, unique in K and B physics, makes this decay, together with the
KL → π0νν decay, extremely sensitive to new physics contributions both in MVF and
non-MFV scenarios [2–4]. As a by-product, it allows also a measurement of the CKM
element Vtd independent on the value extracted from B oscillation measurements.

Up to now 3 K+ → π+νν events have been observed [6], but a 10% accuracy
measurement of the branchig ratio is required to provide a significative test of new
physics scenarios. This is the goal of the proposed NA48/3 experiment at CERN-
SPS [7]. It aims to collect about 80 K+ → π+νν events keeping the background
contamination at the level of 10%.

2 The P-326 proposal

The NA48/3 experiment will be based on the NA48 apparatus at CERN and will make
use of the same CERN-SPS beam line which produced the kaon beam for the NA48
experiment. The R&D program for this experiment, started in 2006, will continue in
2007. The data taking should start in 2010.

The layout of the experiment is shown in figure 1. The goal of the experiment
can be achieved by exploiting a decay in flight technique which allows 10% signal
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Figure 1: Layout of the experiment.

acceptance and by using a beam line able to provide of the order of 1013 kaon decays.

The experimental signature of a K+ → π+νν is one reconstructed positive track
in the downstream detector. A beam and a pion tracking detectors provide a precise
reconstruction of the kinematics, since the squared missing mass allows a kinematical
separation between the signal and more than 90% of the total background, as shown in
figure 2. In particular two signal regions can be defined where the backgrounds from
K+ → π+π0 and K+ → µ+νµ enter only because of non-gaussian tails in the squared
missing mass resolution. The kinematics alone cannot provide a 1013 background
rejection. A system of calorimeters for photon vetoes, muon veto and a RICH for
positron, pion and muon separation is designed to fulfill these needs. Moreover,
the detector layout gives redundancy both in kinematics reconstruction and particle
identification allowing the background estimation directly from data.

2.1 The beam line

An intense 400 GeV/c proton beam extracted from the SPS produces a secondary
charged beam by impinging on a Be target. A 100 m long beam line selects a 75
GeV/c momentum beam with 1% RMS momentum bite and an average rate of about
800 MHz integrated over an area of 16 cm2. However, since the beam is composed
by 6% of K+ and 94% of π+, e+ and protons, the kaon decay rate downstream to
the final collimator is only about 6 MHz. Some MHz of accidentals coming from the
beam, mainly composed by muon, accompany the kaon decays, resulting in a total
∼11 MHz average rate seen by the downstream detectors integrated on their surface.
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Figure 2: Squared missing mass for Kaon decays. The squared missing mass is
defined as the square of the difference between the 4-momentum of the kaon and of
the decayed track in the hypothesis that it is a pion.

Thanks to a significant increase of the secondary beam acceptance with respect to the
beam used in NA48/2, the beam line is able to provide about 5× 1012 K+ decays in
a 60 m decay region, in 100 days of run at 60% of efficiency, which is a very realistic
estimate based on the decennial NA48 experience at the SPS. As a consequence the
experiment will be able to collect O(100) Standard Model events in two years of data
taking.

Since the experiment uses an unseparated charged beam, a differential Cerenkov
counter, the CEDAR [8], is required to provide the kaon identification. This detector
is available at CERN, but upgrades are needed to adapt it to the new beam conditions.
The R&D is started with a test beam run in November 2006, mainly devoted to the
study of the timing capability.

The precise kinematical reconstruction requires a beam tracker highly performing
in terms of time and spatial resolution and able to sustain a particle rate of about 60
MHz cm−2. To limit the amount of interactions one is faced with severe constraints
on the material budget. The detector under study consists of three Si pixels stations
36 × 48 mm2 large, made up by 300 × 300µm2 pixels each of them composed by a
200µm thick Si sensor and a chip 100µm thick, bump-bonded on the sensor and built
using a 0.13µm CMOS technology. The characteristics of the detector and a careful
design of the readout chip should provide 200 ps time resolution per station, enough
for an efficient tagging of the kaon track. A mis-tagging of the kaon, in fact, may
be source of background because it spoils the kinematical resolution of the squared
missing mass. The design of the readout chip and the project of a cooling system is
under way. Radiation damage tests on sensor prototypes took place in 2006.

Downstream of the beam tracker, the decay region consists of the existing 80 m
long iron tube of NA48. Tests performed in 2006 demonstrated that one is able to
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achieve a vacuum level of less than 10−5 mbar after a substantial improvement of the
pumping system. Fluka [9] and Geant3 [10] based simulations showed that such a
vacuum is enough to keep the background from the interaction of the particles with
the residual gas at a fraction of one event.

2.2 The downstream detectors

Since the multiple scattering is the main limitation to the kinematics reconstruction,
the minimization of the material budget is the driven parameter for the downstream
spectrometer. As a consequence, the proposed detector is made by six straw cham-
bers which can be placed directly in the same vacuum of the decay region. Two
magnets space pairs of chambers, providing redundant measurements of the particle
momentum. The R&D program is started in 2006 and a reduced-size prototype will
be built for the end of 2007. Each chamber consists of tubes assembled in a way to
ensure up to four views for a single hit reconstruction and the 36 µm thick mylar
foil which forms the 1 cm diameter tubes allows the chamber thickness not to exceed
0.5% radiation lentgh. Moreover the overall resolution on hit position must be within
100 µm. Tests on gas leakage and tube expansion started in 2006 are in progress and
preliminary results indicate no major problem in the use of the straws in vacuum,
providing a suitable control of their mechanical stability. The layers must be packed
to leave an octagonal 10 cm diameter hole in the middle of the chamber to let the
intense undecayed beam to pass through. The center of each station must be dis-
placed in the bending plane of the magnets according to the path of the 75 GeV/c
positive beam. This arrangement allows the individual chambers to be used as a veto
for negative particles up to 60 GeV/c, needed for the rejection of backgrounds like
K+ → π+π−e+ν and K+ → π+π+π−. Each station will operate at about 45 KHz per
tube on average, but, due to the beam halo, the region close to the hole will suffer
up to 0.5 MHz rate.

A 18 m long RICH located after the spectrometer and filled with Ne at atmo-
spheric pressure is the core of the particle identification. A 11 cm radius beam pipe
crosses the RICH and two tilted mirrors at the end reflect the Cerenkov light toward
an array of about 2000 phototubes placed in the focal plane. Because of the Cerenkov
threshold, the RICH is able to identify pions with momentum greater than 15 GeV/c.
Simulations showed that up to 40 photo electrons can be collected per track. Using
phototubes of 1 cm diameter a better than 3σ separation for tracks with momentum
below 35 GeV/c is achievable, where the size of the phototubes is the main limitation
to the Cerenkov angle resolution. As a by-product the detector has also the func-
tion of an auxiliary spectrometer. The RICH must work also as a timing detector
for the downstream track with a requested time resolution of 100 ps. The timing
performances depend on the phototubes. To this purposes a set of phototubes were
tested on a Cerenkov device during a test beam performed at CERN in November
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2006. The construction and test of a full-length prototype of the RICH is planned
for 2007.

A combination of calorimeters covering up to 50 mrad serves to identify the pho-
tons produced in kaon decays. Thirteen ring-shaped calorimeters cover the angular
region between 10 and 50 mrad. They should guarantee the detection of photons
down to 50 MeV with 10−4 inefficiency at most and must be placed in vacuum.
Tests on prototypes of detectors built using lead scintillator tiles and scintillating
fibers are scheduled for 2007 using a γ−tagged facility at LNF. Moreover tests on the
out-gassing rate performed at CERN in 2006 showed the possibility to place these
calorimeters directly in the high vacuum of the decay region. The existing NA48 liq-
uid Kripton calorimeter (LKr) [11] covers the region between 1 and 10 mrad. A data
analysis performed on K+ → π+π0 decays collected by NA48/2 in 2004 shows that
the inefficiency of the LKr is lower than 10−5 for photons with energy greater than
10 GeV. A test run was performed in October 2006 at the SPS using the NA48 appa-
ratus. This run used a well known momentum electron beam which passed through
the NA48 apparatus, making photon bremsstrahlung in the detector material. These
data allows the LKr inefficiency below 10 GeV to be addressed. First results indicate
that the LKr matches our requests in terms of efficiency on the overall photon energy
range. Finally a program of consolidation and update of the readout electronics of
the LKr is under way. Two rings calorimeter (IRCs) around the beam pipe and a
20 × 20 cm2 calorimeter (SAC) behind the muon veto cover the low angle region.
Only photons with energy larger than 10 GeV/c illuminate these detectors, making
a 10−5 inefficiency achievable. A SAC prototype based on shashlyk technology was
built and tested with electrons on the NA48 beam line in 2006.

A 6 m long hadronic sampling calorimeter (MAMUD) provides a 105 rejection of
muons. It is composed by 8 sections divided in 19 iron planes 2 cm thick separated
by planes of extruded scintillators. The longitudinal shower development allows the
separation between pion and muon. The detector should be used also as a fast trigger
for muons. A 20× 30 cm2 aperture in the center lets the beam to pass through. Two
coils provide a 5 Tm magnetic field integral in the hole to deflect the beam out of the
acceptance of the SAC.

3 Performances

A preliminary analysis using Geant3 and Geant4 [12] based simulations of the ap-
paratus gives an acceptance of about 17%, showing that the target of 10% of signal
acceptance is safely achievable even taking into account additional losses occurring in
a real data taking. The use of the RICH constrains the accepted pion tracks within
the (15, 35) GeV/c momentum range. The higher cut is an important loss of sig-
nal acceptance, but assures that events like K+ → π+π0 deposit at least 40 GeV of
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Total Region I Region II

Signal 65 16 49
K+ → π+π0 2.7 1.7 1.0
K+ → µ+ν 1.2 1.1 < 0.1
K+ → e+π−π+ν 2 negligible 2
Other three track decays 1 negligible 1
K+ → π+π0γ 1.3 negligible 1.3
K+ → µ+νγ 0.4 0.2 0.2
Ke3, Kµ3, others negligible − −
Total background 8.6 3.0 5.6

Table 1: List of the expected signal events and the expected background events from
kaon decays per year of data taking.

electromagnetic energy, making their rejection easier.
Main sources of background have been considered and the results per year of data

taking are shown in table 1. Just a simply counting of the signal and background
events in the signal regions indicates that the 10% background level is nearly achiev-
able.

4 Conclusions

The ultra-rare K → πνν decay is a unique environment where to search for new
physics. The NA48/3 experiment at CERN-SPS proposes to follow this road by
collecting O(100) events of the K+ → π+νν decay. The overall experimental design
requires a sophisticated technology for which an intense R&D program is started.
Actually we are designing an experiment able to reach a 10−12 sensitivity per event
employing existing infrastructures and detectors at CERN.
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1 Introduction

The Standard Model (SM) of particle physics provides a theoretical framework which
allows to describe all observations in particle physics to date. Even those recent
observations in neutrino physics which strongly indicate the existence of neutrino os-
cillations can be accommodated with small modification. However, contrary to this
the great success of the SM there remains a number of most intriguing questions in
modern physics to which the SM can not provide further clues about the underlying
physical processes, although the facts are can be described often to very high accuracy.
Among those puzzling issue are the existence of exactly three generations of funda-
mental particles, i.e. quarks and leptons, and the hierarchy of the masses of these
fundamental fermions. In addition, the electro-weak SM has a rather large number
of some 27 free parameters, which all need to be extracted from experiments [1].

In modern physics - and in particular in the SM - symmetries play an important
and central role. We know that global symmetries relate to conservation laws and local
symmetries give forces [2]. Within the SM the physical origin of the observed breaking
of discrete symmetries in weak interactions, e.g. of parity (P), of time reversal (T)
and of combined charge conjugation and parity (CP), remains unrevealed, although
the experimental findings can be well described.

In order to gain deeper insights into the not well understood aspects of fundamen-
tal physics, a number of speculative models beyond the present standard theory have
been proposed. Those include such which involve Left-Right symmetry, fundamen-
tal fermion compositeness, new particles, leptoquarks, supersymmetry, supergravity,
technicolor and many more. Interesting candidates for an all encompassing quantum
field theory are string or membrane (M) theories which among other features may
include supersymmetry in their low energy limit. Independent of their mathematical
elegance and partial appeal all of these speculative theories will remain without status
in physics unless secure experimental evidence for them being reality can be gained
in future. Experimental searches for predicted unique features of those models - such
as breaking of discrete symmetries - are therefore essential to steer the development
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of theory towards a better and deeper understanding of fundamental laws in nature.
Such experiments must be carried out not only at high energy accelerators, but also in
complementary approaches at lower energies. Typically the low energy experiments
in this context fall into the realm of atomic physics and of high precision measure-
ments. Searches for permanent Electric Dipole Moments (EDMs), are an important
subset of such low energy precision particle physics experiments.

2 Discrete Symmetries

A permanent electric dipole moment (EDM) of any fundamental particle or quantum
system violates both parity (P) and time reversal (T) symmetries [3] and if one as-
sumes unbroken combined CPT symmetry, it also violates CP. The violation of P is
well established in physics and its accurate description has contributed significantly
to the credibility of the SM. The observation of neutral currents together with the ob-
servation of parity non-conservation in atoms were important to verify the validity of
the SM. The fact that physics over several orders of magnitude in momentum transfer
- from atoms to highest energy scattering - yields the same electro-weak parameters
may be viewed as one of the biggest successes in physics to date. However, at the
level of highest precision electro-weak experiments questions arose, which ultimately
may call for a refinement.

2.1 Parity

The running of the weak mixing angle sin2ΘW appears not to be in good agreement
with observations [4]. If the value of sin2ΘW is fixed at the Z0-pole, deep inelas-
tic electron scattering at several GeV appears to yield a considerably higher value.
A new round of experiments is being started with the Qweak experiment [6] at the
Jefferson Laboratory in the USA. For atomic parity violation [5] in principle higher
experimental accuracy will be possible from experiments using Fr isotopes [7, 8] or
single Ba or Ra ions in radio frequency traps [9]. Experiments with Fr atoms in
magneto-optical traps were started at INFN Legnaro, Italy, and at Stony Brook,
USA. Pioneering work on single Ba ions has been started at the University of Wash-
ington, Seattle, USA, and based on this experience a Ra ion experiment has been
started at KVI, Groningen, The Netherlands. The full exploitation of the advantage
of larger weak effects in these heavy atom systems (compared to Cs) due to their high
power dependence on the nuclear charge, will require improved atomic wave function
calculations, as the observation of weak effects is always through an interference of
weak and electromagnetic effects. [10]
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Figure 1: The experimental searches for an EDM follow a number of significantly
different lines.

2.2 Time Reversal and CP

CP violation as observed first in the neutral Kaon decays can be described with a
single phase factor in the Cabbibo-Kobayashi-Maskawa formalism [11]. Because of its
possible relation to the observed matter-antimatter asymmetry in the universe, CP
violation has attracted a lot of attention. 1 CP violation as described in the SM is
however not sufficient to explain the excess of baryons. This provides a strong moti-
vation to search for yet unknown sources CP symmetry violation. It is in particular
a major driving force behind theEDM searches going on at present.

1A. Sakharov [12] has suggested that the observed dominance of matter could be explained via
CP-violation in the early universe in a state of thermal non-equilibrium and with baryon number
violating processes. We note here that the existence of additional sources of CP-Violation is not
a necessary condition to explain the matter-antimatter asymmetry. Other viable routes could lead
through CPT violation and there without the need of thermal non-equilibrium [13].
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EDMs have been searched for in various systems with different sensitivities (Table
1). [3, 14–18]. Distinctively different precision experiments to search for a EDM are
under way in many different system.A large number of ideas for significant improve-
ments have been made public. Still, the electron and the neutron get the largest
attention of experimental groups, although besides tradition there is little which sin-
gles out these systems. Nevertheless, there is a large number of efforts in the USA
and in Europe using different approaches which all have unique promising features.

In composed systems, i.e. molecules, atoms or nuclei, fundamental particle dipole
moments of constituents can be significantly enhanced [14]. For the electron signifi-
cant enhancement factors are planned to be exploited such as those associated with
the large internal electric fields in polar molecules [19].

The physical systems investigated fall in six groups (see Fig. 1), i.e.

(i) ’point’ particles (e, µ, τ),

(ii) nucleons (n, p),

(iii) nuclei (2H, 223Fr, ...),

(iv) atoms (Hg, Xe, Tl, Cs, Rn, Ra,...) and

(v) molecules (TlF, YbF, PbO,HfF+, ThF+ ...),

where each investigated object has its own particular advantages. Among the methods
employed are

(i) Classical approaches using optical spectroscopy of atoms and molecules in cells,
as well as atomic and molecular beams or with contained cold neutrons,

(ii) Modern atomic physics techniques such as atomic and ion traps, fountains and
interference techniques;

(iii) Innovative approaches involving radioactive species, storage rings, particles in
condensed matter (garnets, superfluid helium) , nuclear spin masers [20], and a
few more.

From an unbiased point of view there is no preferred system to search for an EDM.
In fact, many different systems need to be examined in order to be able to extract un-
ambiguous information on the nature of EDMs, because depending on the underlying
yet unknown processes different systems have in general quite significantly different
susceptibility to acquire an EDM through a particular mechanism (see Figure 2). As
a first approach an EDM may be considered an ”intrinsic property” of an elementary
particle as we know them, because the mechanism causing an EDM is not accessible
at present. However, an EDM can also arise from CP-odd forces between the con-
stituents under observation, e.g. between nucleons in nuclei or between nuclei and
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electrons. Such EDMs could be much higher [31] than such expected for elementary
particles originating within the presently popular New Physics models.

Particle Limit/Measurement Reference SM limit possible New Physics
[e cm] [factor to go] [factor to go]

e < 1.6× 10−27 [21] 1011 ≤ 1
µ < 2.8× 10−19 [22] 108 ≤ 200
τ (−2.2 < dτ < 4.5) × 10−17 [23] 107 ≤ 1700
n < 2.9× 10−26 [24] 104 ≤ 60
p (−3.7± 6.3) × 10−23 [25] 107 ≤ 105

Λ0 (−3.0± 7.4) × 10−17 [26] 1011 109

νe,µ < 2× 10−21 [27]
ντ < 5.2× 10−17 [28]
Hg-atom < 2.1× 10−28 [29] ≤ 105 various

Table 1: Some actual limits on EDMs and the improvement factors necessary in
experiments to reach SM predictions. For electrons, neutrons and muons the region
where speculative models have predicted a finite value for an EDM can be reached
with presently proposed experiments in the near future. There is a number of new
ongoing activities, e.g. in neutral and charged molecules or radioactive atoms, which
have no reported limit yet. However, they are similarly promising.

3 Some New Developments in the Field of EDM

Searches

The highly active field of EDM searches has very recently seen a plurality of novel
ideas. Theoretical work has made very clear that one needs a number of measurements
in various systems, in order to identify underlying mechanisms of CP-Violation and
EDM generation, once the existence of an EDM has been proven. On the experimental
side, novel ideas led to new activities in systems not investigated so far. Among
those are in particular radioactive atoms and charged particles. The latter had been
excluded by the community for several decades, because of a misinterpretation of the
role of the Lorentz force, which only recently could be convincingly cleared up [14,30].

3.1 Radioactive Systems

New facilities around the world make more short-lived radioactive isotopes available
for experiments. Of particular interest for EDM searches is the Ra atom. This
atom has has as a unique feature in heavy atoms rather close lying states of opposite
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Figure 2: A variety of theoretical speculative models exists in which an EDM could
be induced through different mechanisms or a combination of them into fundamental
particles and composed systems for which an EDM would be experimentally accessi-
ble.

parity. This accidental almost degeneracy of the 7s7p3P1 and 7s6d3D2 states has
led to the prediction of a significant enhancement for an electron EDM [32] - much
higher than for any other atomic system. An additional advantage of Ra arises from
the fact, that for many of its isotopes their nuclei fall are within in a region where
(dynamic) octupole deformation occurs, which also enhances the effect of a nucleon
EDM substantially, i.e. by some two orders of magnitude [33]. From a technical
point of view the Ra atomic levels of interest for an experiment are well accessible
spectroscopically and the isotopes can be produced in sufficient quantities in nuclear
reactions. The advantage of an accelerator based Ra experiment is apparent, because
nuclear EDMs are only possible nuclei with spin and all Ra isotopes with no-vanishing
nuclear spin are relatively short-lived [34]. Recently most significant progress towards
a Radium EDM experiment has been reported from the Argonne National Laboratory,
USA, where successfully a small number of some 10 Ra atoms from an atomic beam
source could be stored in a magneto-optical trap (MOT) [35]. Plans were reported
to search for a ground state end hence nuclear EDM using a far off resonance optical
trap. Activities towards the excited state EDM of the Ra atoms are under way at
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KVI , Groningen, The Netherlands [34, 36, 37].
The generic statistical sensitivity of an EDM experiment is given by

δd =
~

PεT
√
NτE

, (1)

where P is the polarization, ε the efficiency, T the measurement time, N the flux of
particles, τ the spin coherence time and E the applied electric field. With typical val-
ues achievable in most experiments (P ≈ 1, ε ≈ 1, N = 106/s, τ ≈ 1s, E = 105V/cm)
one gets δd ≈ 7 · 10−29e cm in a day (T = 105s). Therefore statistics is not expected
to be a serious problem even with exotic and radioactive systems. However, one
should note that systematic effects must be expected the more severe limitations and
therefore they need to be in the center of the attention.

3.2 Searches for EDMs in charged Particles

A very novel idea was introduced recently for measuring an EDM of charged particles
directly. For such experiments the high motional electric field is exploited, which
charged particles at relativistic speed experience in a magnetic storage ring. In such
a setup the Schiff theorem can be circumvented (which had excluded charged particles
from experiments due to the Lorentz force acceleration), because of the non-trivial
geometry of the problem [14]. With an additional radial electric field in the storage
region the spin precession due to the magnetic moment anomaly can be compensated,
if the effective magnetic anomaly aeff is small, i.e. aeff << 1 [38].

The method was first considered for muons. For longitudinally polarized muons
injected into the ring an EDM would express itself as a spin rotation out of the
orbital plane. This can be observed as a time dependent (to first order linear in time)
change of the above/below the plane of orbit counting rate ratio. For the possible
muon beams at the future J-PARC facility in Japan a sensitivity of 10−24 e cm is
expected [30, 39]. Other than for most other EDM searches, in such an experiment
the possible muon flux is a major limitation. For models with nonlinear mass scaling
of EDM’s such a muon EDM experiment would already be more sensitive to some
certain new physics models than the present limit on the electron EDM [40]. For
certain Left-Right symmetric models a value of dµ up to 5 × 10−23 e cm would be
possible. An experiment carried out at a more intense muon source could provide a
significantly more sensitive probe to CP violation in the second generation of particles
without strangeness. 2

2A New Physics (non-SM) contribution aNP
µ to the muon magnetic anomaly and a muon EDM

dµ are real and imaginary part of a single complex quantity related through dµ = 3 × 10−22 ×
(aNP

µ /(3 × 10−9)) × tan ΦCP e cm with a yet unknown CP violating phase ΦCP . The problems
around the SM model value for aµ [41], which cause difficulties for the interpretation of the recent
muon g-2 experiment in terms of limits for or indications of New Physics, make a search for dµ

attractive as an important alternative, as the SM value is negligible for the foreseeable future.
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The deuteron is the simplest known nucleus. Here an EDM could arise not
only from a proton or a neutron EDM, but also from CP-odd nuclear forces [42].
It was shown very recently [31] that the deuteron can be in certain scenarios sig-
nificantly more sensitive than the neutron . The situation is evident for the case
of quark chromo-EDMs, where the EDMs induced into deuteron and neutron are
dD = −4.67 dcd + 5.22 dcu and dn = −0.01 dcd + 0.49 dcu; i.e. the deutron could have
a much higher sensitivity to quark chromo-EDMs arising from the proton-neutron
interaction within the deuteron. It should be noted that because of its rather small
magnetic anomaly the deuteron is a particularly interesting candidate for a ring EDM
experiment and a proposal with a sensitivity of 10−27 e cm exists [43]. In this case
scattering off a target will be used to observe a spin precession. As possible sites of an
experiment the Brookhaven National Laboratory (BNL), and KVI are considered. A
further novel approach concerns the search for an electron EDM in charged molecular
ions such as HfF+ and ThF+ where the advantage of easy trapping for ions and the
strong enhancement factors for electron EDMs in polar molecules are combined [44].
The EDM experiments directly using charged particles are still in the exploratory
and feasibility study phase, however, the progress reports are very encouraging.

4 T-violation Searches other than EDMs

There are many more possibilities to find T-violation besides through searches for
EDMs. Among the presently ongoing activities certain correlation observables in
nuclear β-decays offer excellent opportunities to find new sources of CP violation
[16, 17, 45, 46]. In β-neutrino correlations the ’D’-coefficient [45] (for spin polarized
nuclei) offer a high potential to observe new interactions in a region of potential New
Physics which is less accessible by EDM searches. However, the ’R’-coefficient [45]
(observation of β-particle polarization) would explore the same areas as present EDM
searches or β-decay asymmetry measurements. Such experiments are underway at a
number of laboratories worldwide [46].

5 Conclusions

There is a large field of searches for EDMs on a variety of systems. They all are well
motivated and have unique and robust discovery potentials. Novel ideas have emerged
in the recent past to use yet not studied systems and new experimental approaches,
which have emerged in the recent past offer excellent opportunities to complement
the more traditional experimental approaches on neutron-, atom- and electron-EDMs.
Any successful search in the future will have to be complemented by experiments on
other systems in order to pin down eventually the mechanisms leading to the observed
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EDMs. The highest predicted values in beyond SM speculative theories are well within
reach of presently ongoing and planned experiments.

This work has been supported by the Dutch Stichting voor Fundamenteel Onder-
zoek der Materie (FOM) in the framework of the research programme 48 (TRIµP).3
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1 Introduction

The analysis of the Unitarity Triangle (UT) is one of the key places where the flavour
sector of the Standard Model (SM) can be tested with great precision, hence it pro-
vides a powerful and maybe unique opportunity to look for sizeable effects beyond the
SM. In fact, the successes of the B factories - even well beyond the original expecta-
tions - and recently of the Tevatron in the B0

s sector, have provided the UT analysis
with a rich set of measurements, thus allowing for a precise determination of the pa-
rameters of the Cabibbo-Kobayashi-Maskawa (CKM) matrix and, more importantly,
for non trivial checks of the internal consistency of the SM flavour picture.

In this paper we will start showing the present knowledge of the Unitarity Tri-
angle fit in the Standard Model and we will continue presenting the status of the
Unitarity Triangle analysis beyond the Standard Model using a model independent
parametrization of the New Physics effects in |∆F | =2 processes. For these analy-
ses we make use of the most recent determinations of theoretical and experimental
parameters (updated to Summer 2006). The results and the plots presented in this
paper can be found at the URL http://www.utfit.org, where they are continuously
updated.

2 Unitarity Triangle in the Standard Model

Before the B factories came into play, UT fits were performed by only using mea-
surements of the sides and of the indirect CP violation parameter ǫK of neutral Kaon
system. The B factories in few years of measurements completely changed the sce-
nario by providing determinations of all the UT angles, in particular the long awaited

1M. Bona, M. Ciuchini, E. Franco, V. Lubicz, G. Martinelli, F. Parodi, M. Pierini, P. Roudeau,
C. Schiavi, L. Silvestrini, V. Sordini, A. Stocchi, V. Vagnoni
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β from b → ccs modes, but also - quite unexpectedly since the penguin pollution in
the B0 → π+π− decay mode became evident - the α angle. Even more surprisingly,
the B factories have been able to close the circuit by providing measurements of the
γ angle, even if with large errors so far.

Here below we briefly describe the most relevant measurements entering our SM
UT fit:

• The rates of charmed and charmless semileptonic B decays which allow to mea-
sure the ratio |Vub| / |Vcb|.

• The mass difference between the light and heavy mass eigenstates of the B0−B0

system ∆md.

• The mass difference of the B0
s−B

0

s system ∆ms, compared to ∆md, ∆md/∆ms.

• The εK parameter, which measures CP violation in the neutral kaon system.

• β from b→ ccs modes and from B0 → D0π0.

• The angle α, that can be obtained from the B → ππ and B → ρρ decays,
assuming the SU(2) flavour symmetry and neglecting the contributions of elec-
troweak penguins. It can also be obtained using a time-dependent analysis of
B → (ρπ)0 decays on the Dalitz plane. The combination of the BaBar and
Belle results including all the three methods gives already a quite precise mea-
surement; just restricting to the SM solution, we get α = (92 ± 7)◦ at 68%
probability.

• The angle γ that can be extracted from the tree-level decays B → DK, using

the fact that a charged B can decay into a D0(D
0
)K final state via a Vcb(Vub)

mediated process. CP violation occurs if the D0 and the D
0

decay to the
same final state. The same argument can be applied to B → D∗K and B →
DK∗ decays. Three methods have been proposed: the Gronau-London-Wyler
method (GLW), which consists in reconstructing the neutral D meson in a CP
eigenstate: B± → D0

CP±K±, the Atwood-Dunietz-Soni method (ADS), which

consists in forcing the D
0

(D0) meson, coming from the Cabibbo-suppressed
(Cabibbo-allowed) b→ u (b→ c) transition to decay into the Cabibbo-allowed
(Cabibbo-suppressed) Kπ final state - thus looking at the interference between
two amplitudes of similar size; the Dalitz method, consisting in studying the
interference between the b→ u and the b→ c transitions using the Dalitz plot
of D mesons reconstructed into three-body final states (such as D0 → Ksπ

−π+).
The advantage of this last method is that the full sub-resonance structure of
the three-body decay is considered, including interferences such as those used
for GLW and ADS methods plus additional interferences due to the overlap
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Figure 1: Determination of ρ and η from constraints on |Vub| / |Vcb|, ∆md, ∆ms, εK ,
β, γ, and α. 68% and 95% total probability contours are shown, together with 95%
probability regions from the individual constraints.

between broad resonances in some regions of the Dalitz plot. The combination
of the BaBar and Belle analyses, including all the three methods, yields the
two-fold result γ = (82± 19)◦ ∪ (−98± 19)◦ at 68% probability.

For more details on the SM analysis see [1] (for similar work see [2]). In Tab. 1 we
summarize the values of the relevant input parameters used in the SM fit, as well as
the output of the fit including all the constraints. A graphical view of the fit result in
the (ρ, η) plane is shown in Fig. 1. From the plot it is clearly visible how impressive
the success of the CKM picture is in describing CP violation in the SM: all the various
measurements do agree in constraining the apex of the UT at an astonishing level.
However, by looking in more detail at Fig. 1, it is interesting to note that the 95%
probability regions depicted by the sin 2β and |Vub| / |Vcb| constraints, two of the most
precise ones used in the fit, show just a bare agreement. In particular, in our analysis
we find that while the experimental value of sin 2β is in good agreement with the rest
of the fit, the same does not hold for |Vub| / |Vcb|, which is rather on the high side. It
can be shown that this is due to a large value of the inclusive determination of |Vub|.
Unless this discrepancy should be considered as a hint of NP, it has to be explained
by the uncertainties of the theoretical approaches needed to determine |Vub| [3].
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Parameter Value Gaussian (σ) Uniform (half-width)

λ 0.2258 0.0014 -
|Vcb|(excl.) 41.3× 10−3 1.0× 10−3 1.8× 10−3

|Vcb|(incl.) 41.6× 10−3 0.7× 10−3 -
|Vub|(excl.) 35.0× 10−4 4.0× 10−4 -
|Vub|(incl.) 44.9× 10−4 3.3× 10−4 -
∆md 0.507 ps−1 0.005 ps−1 -
∆ms 17.77 ps−1 0.12 ps−1 -

fBs

√
B̂Bs 262 MeV 35 MeV -

ξ =
fBs

√
B̂Bs

fBd

√
B̂Bd

1.23 0.06 -

B̂K 0.79 0.04 0.08
εK 2.280× 10−3 0.013× 10−3 -
fK 0.160 GeV fixed
∆mK 0.5301 ×10−2 ps−1 fixed
sin 2β 0.675 0.026 -
mt 163.8 GeV 3.2 GeV -
mb 4.21 GeV 0.08 GeV -
mc 1.3 GeV 0.1 GeV -

Parameter Output Parameter Output

ρ 0.163± 0.028 η 0.344± 0.016
α[◦] 92.7± 4.2 β[◦] 22.2± 0.9
γ[◦] 64.6± 4.2 ∆ms [ps−1] 17.77± 0.12
sin 2β 0.701± 0.022 Imλt [10−5] 13.8± 0.7
Vub[10−3] 3.68± 0.14 Vcb[10−2] 4.16± 0.06
Vtd[10−3] 8.50± 0.27 |Vtd/Vts| 0.208± 0.007
Rb 0.381± 0.014 Rt 0.904± 0.028

Table 1: Top: values of the relevant inputs used in the SM UT fit. The inputs from
the α and γ measurements are not shown since we make use of the experimental
likelihoods (see text). Bottom: SM UT fit results.
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Figure 2: Bounds on the CBq −φBq planes, from the NP generalized UT fit: 68% and
95% probability regions.

3 New Physics Analysis

Since the mixing processes are described by a single amplitude, they can be parame-
terized without loss of generality in terms of two parameters quantifying the difference

of the amplitude with respect to the SM one. In the case of B0
q −B

0

q mixing we define

CBq e
2iφBq =

〈B0
q |H full

eff |B
0

q〉
〈B0

q |HSM
eff |B

0

q〉
, (q = d, s)

where HSM
eff includes only the SM box diagrams, while H full

eff includes also the NP
contributions. In the absence of NP, we have that CBq = 1 and φBq = 0. The

experimental quantities determined from the B0
q −B

0

q mixings are related to their SM
counterparts and the NP parameters by the following relations:

∆mexp
q = CBq∆mSM

q , βexp = βSM + φBd
,

αexp = αSM − φBd
, βexp

s = βSM
s − φBs.

For the K0 −K0
mixing is instead convenient to introduce a single parameter:

CǫK =
Im[〈K0|H full

eff |K
0〉]

Im[〈K0|HSM
eff |K

0〉]
,

which implies the following relation for the measured value of εK :

εexp
K = CǫK ε

SM
K .
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Figure 3: 1D distributions showing the constraints on φBq , CBq and CǫK coming
from the NP generalized analysis. The bottom-right plot shows instead the 68% and
95% confidence contours in the ρ − η plane as resulting from the NP generalized
fit, superimposed to the 95% confidence regions determined by the |Vub| / |Vcb| and γ
constraints only.

∆mK is not considered since the long distance effects are not well under control.
With these definitions, NP effects which enter the present analysis are parameterized
in terms of 5 real quantities: CBd

, φBd
, CBs, φBs and CǫK .

The results of the fit are summarized in Tab. 2. For more details on the NP
analysis see [4]. For other recent works on the same subject see [5]. The bounds on
the two φB vs CB planes are given in Fig. 2. The distributions for CBq , φBq and CǫK
are shown in Fig. 3, and in the same figure also the fit result in the ρ − η plane is
depicted. We see that the non-standard solution for the UT with its vertex in the
third quadrant, which was present in previous analyses, is now absent thanks to the
improved value of ASL by the BaBar Collaboration [6] and to the measurement of
ACH by the D0 Collaboration [7]. Furthermore, the measurement of ∆ms strongly
constrains CBs, so that it is already known better than CBd

. Finally, ACH and ∆Γs
provide the first relevant constraints on φBs .
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Parameter Output Parameter Output Parameter Output

CBd
1.24± 0.43 φBd

[◦] −3.0± 2.0 CBs 1.15± 0.36
φBs[

◦] (−3± 19) ∪ (94± 19) CǫK 0.91± 0.15

ρ 0.87± 0.056 η 0.370± 0.036 α[◦] 92± 9
β[◦] 24.4± 1.8 γ[◦] 63± 8 Imλt[10−5] 14.8± 1.4

Vub[10−3] 4.00± 0.24 Vcb[10−2] 4.15± 0.07 Vtd[10−3] 8.39± 0.59
|Vtd/Vts| 0.205± 0.015 Rb 0.416± 0.026 Rt 0.896± 0.061
sin 2β 0.752± 0.040 sin 2βs 0.039± 0.004

Parameter Output Parameter Output Parameter Output

ρ 0.153± 0.030 η 0.347± 0.018 α[◦] 91.3± 4.8
β[◦] 22.3± 0.9 γ[◦] 66.3± 4.8 sin 2βs 0.037± 0.002

Table 2: Top: determination of UT and NP parameters from the NP generalized fit.
Bottom: determination of UUT parameters from the constraints on α, β, γ, |Vub/Vcb|,
and ∆md/∆ms (UUT fit).

4 Universal Unitarity Triangle

In the context of Minimal Flavour Violation (MFV) extensions of the SM [8,9], it is
possible to use the so called Universal Unitarity Triangle (UUT) construction in order
to determine the parameters of the CKM matrix independently of NP effects [10]. For
this purpose one has to use all the constraints from tree-level processes and from the
angle measurements, as well as the ∆md/∆ms ratio, which in MFV scenarios are
NP-free. Instead, ǫK , ∆md and ∆ms may receive NP contributions, because of the
shifts δSK0 and δSB0 of the Inami-Lim functions in the K-K and Bd,s-Bd,s mixings.
With only one Higgs doublet or at small tanβ these two contributions are forced to
be equal. Instead, for large tan β, the two quantities are in general different. In both
cases, one can use the output of the UUT given in Tab. 2 and graphically represented
in Fig. 4 to constrain δSK,B0 . We get δS0 = δSK0 = δSB0 = −0.16±0.32 for small tan β,
while for large tan β we obtain δSB0 = 0.05 ± 0.67 and δSK0 = −0.18 ± 0.37. These
bounds can be translated into lower bounds on the MFV scale [11]: Λ > 5.5 TeV at
95% probability for small tanβ and Λ > 5.1 TeV at 95% probability for large tanβ.
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Figure 4: Determination of ρ and η from the constraints on α, β, γ, |Vub/Vcb|, and
∆md/∆ms (UUT fit).

5 Conclusions

In this paper we have presented updated analyses of the Unitarity Triangle in the
Standard Model and beyond, using all the relevant measurements available from the
B factories and the Tevatron. Despite the great number of measurements employed
in the fit, and the remarkable precision achieved with some of them, the SM is still
showing an impressive degree of consistency.

We have performed an analysis with a model-independent approach able to de-
scribe general extensions of the SM with loop-mediated contributions to FCNC pro-
cesses. We have shown how the redundant set of measurements nowadays available
allow for a simultaneous determination of the CKM parameters, together with the
NP contributions to |∆F | = 2 processes in the K0, B0 and B0

s sectors.

Furthermore, we have performed a Universal Unitarity Triangle analysis, showing
that it is possible to constrain the UUT parameters with excellent accuracy. In this
way, we have been able to put limits on new scale in Minimal Flavour Violation
scenarios, in the large and small tanβ scenarios, up to about 5-6 TeV.
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1 Introduction

The flavour structure in the quark sector of the Standard Model is described by the
CKM matrix [1], [2]. Its unitarity leads to a number of relations for its elements and
in particular for the first raw:

|Vud|2 + |Vus|2 + |Vub|2 = 1 (1)

Since Vub ∼= 4 × 10−3 the contribution of the last term could be neglected at the
current level of uncertainty in Vud and Vus. This approximation gives Vus = sin θc as
originally suggested by Cabibbo.

The most precise value of Vud comes from the super-allowed 0+ → 0+ beta
transitions between nuclei and Vus is usually calculated from the branchings of the
kaon semileptonic decays. Going back to PDG 2004 [3] Vus = 0.2195 ± 0.0025 and
Vud = 0.9738±0.0005 giving a deviation from unitarity at the level of 2.3σ where the
contribution from the uncertainties of Vud and Vus in the final error are almost equal.

In the last few years a significant progress in the kaon physics has been made by
three experiments - KLOE, KTeV and NA48. The reflection of their results to the
extraction of Vus is subject of this review.

KTeV at the Main Injector (Fermilab) [5] and NA48 at SPS (CERN) [6] are fixed
target experiments and exploit similar techniques of kaon decays in flight. Both
consist of a spectrometer system measuring the charged particles momentum and a
calorimetry system used for measurement of the energy of photons and electrons.
The calorimetry system also provides a way to distinguish between the different type
of charged particles through their interactions with matter. A muon veto system is
placed at the end of each detector complex. The primary purpose of both experiments

1Also JINR Dubna, 141980, Dubna, Moscow Region, RUSSIA
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was to measure the direct CP violation parameter ǫ′/ǫ in the neutral kaon system [4].
In 2003 NA48 modified its setup in order to study charged kaon decays.

KLOE experiment [7] is situated at DAΦNE, the Frascati φ factory, where e−e−

beams collide with a center of mass energy at the φ meson mass (1020 MeV). With
a probability of ≈ 83% φ decays into neutral or charged kaons, anticolinear in the
φ center of mass (almost true also in the laboratory system). The presence of KL/S

(K±) tags KS/L (K∓). KLOE detector has 2π symmetry, the momentum of the
decay products is measured by a magnetic spectrometer which is followed by an
elecromagnetic calorimeter.

2 Kaon semileptonic decays

Within the Standard Model K → πlν (so called Kl3) decay appear as a tree level
process of s → u transition. The inclusive branching ratios of all four modes (K0e3,
K0µ3, K±e3 and K±µ3) could be written conveniently in the form

Br(Kl3(γ)) =
G2
FM

5
KSEW

128π3/τK
IKC

2(1 + δIEM)× |VusfKπ+ (0)|2 (2)

where GF is the Fermi constant, MK and τK are the corresponding kaon mass and
lifetime, SEW is the the short distance electroweak enhancement factor, SEW ∼= 1 +
2α
π

(1− αs

4π
)× logMZ

Mρ
= 1.023 [8], C is the Klebsh-Gordon coefficient , C = 1 for K0 and

C =
√

1
2

for K± , δIEM represents the long-distance electromagnetic correction [9,10],

fKπ+ (0) is the value of the vector form-factor at zero transferred momentum and IK
is the phase space integral dependent on the mode and the shape of the form-factor.

The values of SEW , δIEM and fKπ+ (0) are calculated theoretically while the rest
could be obtained from experimental measurements.

2.1 Form factors

The kaon form factors are defined as [11]

〈π(q)| sγµu |K(p)〉 = fKπ+ (t)× (p+ q) + fKπ− (t)× (p− q) (3)

where t = (p− q)2 is the transferred momentum. Instead of the couple f+, f− usually
another set of form-factors is used f+(t) and f0(t) = f+(t) + t

M2
K−M2

π
f−(t) inspired by

the VMD model. The dependence of the transferred momentum could be written as

fKπ+,0 (t) = fKπ+ (0)(1 + δf+,0(t)) (4)

It is convenient to express the charged kaon form factor by the neutral one |fK+π0

+ (0)|2 =

(1 + δSU2)× |fK0π−

+ (0)|2. The SU2 breaking parameter is obtained within the Chiral
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Perturbation Theory, δSU2 = 0.046± 0.004 [9, 12]. f+(0) was calculated for the first
time in the 80s [12]

f+(0) = 0.961± 0.008. (5)

However more recent analysis give higher values f+(0) = (0.981±0.012) [10]. Another
result f+(0) = (0.960± 0.009) comes from lattice QCD [13] which is consistent with
(5). Since f+(0) enters directly in the calculation of Vus a clarification of this problem
is highly desirable. In this review (5) is used.

The term δf+,0(t) enters in the phase space integral calculation and is subject to
different parametrization. The Taylor expansion gives

δf+,0(t) = λ′+,0
t

M2
π

+
1

2
λ+,0”

t2

M4
π

. (6)

while within the VMD model f+,0 correspond to vector or scalar meson exchange and
are parametrized by the mass of the pole:

δf+,0(t) =
M2

V,S

M2
V,S − t

− 1 (7)

In both cases the unknown parameters are determined experimentally. If in equation
(6) the quadratic term is neglected then the shape of the form factor is given only
by its slope λ+. The three collaborations have studied the form factors in the case of
KL → π0eν decays and the results can be summarized in the following table:

λ′+ λ+” λ+ Pole mass
NA48 [14] 0.0280± 0.0024 0.0004± 0.0009 0.0288± 0.0012 859± 18
KTeV [15] 0.0217± 0.0020 0.0029± 0.0008 0.0283± 0.0006 881± 7.1
KLOE [16] 0.0255± 0.0018 0.0014± 0.0008 0.0286± 0.0006 870± 9.2

The values agree in the case of linear and pole parametrization but there is a
discrepancy for the necessity of a quadratic term in (6). Recently the KTeV collab-
oration has performed a new calculation of the phase space integral with a reduced
model uncertainty, IK0e3 = 0.10262 ± 0.00032 [17]. For the rest of the phase-space
integrals we use IK0µ3 = 0.06777 ± 0.00053 with the KTeV quadratic form factor
parametrization, IK±e3 = 0.1060± 0.0008 and IK±µ3 = 0.0702± 0.0005 with the IS-
TRA+ measurement of the form factors [18]. A 0.7% error is added to account for the
difference between the quadratic and the pole parametrization of the form-factors.

2.2 Kaon lifetime

During the last year two new measurements of the KL lifetime have been published by
KLOE. One of them is obtained from the the proper time distribution of KL → 3π0
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decays [19], giving τKL = (50.92± 0.30)ns. The second method produces a result for
the lifetime as a byproduct of the measurement of the major KL branching fraction
imposing the condition that their sum should be unity [20]. The result is τKL =
(50.72 ± 0.37)ns, independent of the previous measurement. The combined value
including also the only previous measurement in the 70s is τKL = (51.01 ± 0.20)ns.
For the KS lifetime the PDG [22] average is used.

Concerning the charged kaons a new preliminary result for the K± lifetime has
been presented by KLOE τK± = (1.2367± 0.0078)× 10−8s [21]. For the moment the
PDG average τK± = (1.2385±0.0025)×10−8s is used and we are waiting for the final
result.

2.3 Branching ratios

For a long time the branching ratios of the kaon semileptonic decays were fixed in
the PDG due to the lack of new measurements. The BNL result for Br(K+e3) =
(5.13± 0.10)% [23] published in 2003 was in disagreement with the PDG 2002 value
(Br(K+e3) = (4.87± 0.06)% ) [24] and initiated a lot of experimental activity.

All six major KL branching fractions have been measured by KTeV determining
their ratios of decay rates [25]. The results for Br(KLe3) and Br(KLµ3) are

Br(KL → π±e∓ν) = (40.67± 0.11)% (8)

Br(KL → π±µ∓ν) = (27.01± 0.09)% (9)

KLOE has also measured the dominant KL branchings [20] as mentioned above
obtaining for the semileptonic decays

Br(KL → π±e∓ν) = (40.07± 0.15)% (10)

Br(KL → π±µ∓ν) = (26.98± 0.15)% (11)

Apart from the KL KLOE has studied KSe3 decays [26]. Using KS → π+π− for
normalization channel the result is four times more precise than the previous value:

Br(KS → π±e∓ν) = (7.046± 0.091)% (12)

The NA48 experiment has measured the ratio of the branching ratios of KLe3
and all two track events [27]. In this way Br(KLe3) = Re(1.0048−Br(Kl3π

0), where
Br(KL3π0) is the external input. Using the measured Re = 0.4978 ± 0.0035 and
the current PDG value for Br(KL3π0) = (19.69 ± 0.26)% the result for the KLe3
branching is

Br(KL → π±e∓ν) = (40.22± 0.31)% (13)

Preliminary results for the charged semileptonic decays have also been presented
by NA48 [28], [29] and KLOE [21]
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Figure 1: Recent measurements of the kaon semileptonic branching ratios. Br(KS →
π±e∓ν) = (7.046± 0.091)%

NA48

Br(K± → π0e±ν) = (5.14± 0.06)% (14)

Br(K± → π0µ±ν) = (3.46± 0.07)% (15)

KLOE

Br(K± → π0e±ν) = (5.047± 0.043)% (16)

Br(K± → π0µ±ν) = (3.310± 0.048)% (17)

which confirm the discrepancy with the PDG observed by BNL.
This ten new measurements of the kaon semileptonic branching ratios together

with the BNL result for Br(K±e3) are averaged depending on the decay mode and
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are shown on Figure 1 (apart from Br(KSe3), measured only by KLOE). As can be
seen they show very good consistency.

2.4 Vus from kaon semileptonic decays

Combining all the inputs mentioned above the values for Vus×f+(0) from the different
modes together with the average are shown of Figure 2.

f+(0)*Vus
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1

2

3

4

5

6
 0.00035±Average: 0.21633 

e3LK

3µLK

e3SK

e3±K

3µ±K

Figure 2: The experimentally measured quantity Vus × f+(0) from kaon semileptonic
decays

The precision on the combined measurement of Vus×f+(0) is approximately 0.16%.
Using for f+(0) the value obtained by Leutwyler and Roos the result for Vus is

Vus = 0.2251± 0.0019 (18)

where the dominant contribution to the error comes from the uncertainty of f+(0).
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3 Vus from Kl2 decays

A complementary way to extract Vus is to use the ratio of the branching ratios of the
pion and the kaon leptonic decays [30]. It can be written as

Br(K± → µ±ν(γ))

Br(π± → µ±ν(γ))
=
|Vus|2
|Vud|2

f 2
K

f 2
π

× τK
τπ

MK(1− M2
µ

M2
K

)2

Mπ(1− M2
µ

M2
π
)2
× 1 + α

π
CK

1 + α
π
Cπ

(19)

where τK,π and fK,π are the meson lifetimes and decay constants correspondingly
and CK,π parametrize the electroweak correction. Using the new measurement of
Br(K± → µ±ν(γ)) = (63.66 ± 0.17)% from KLOE [31] and the lattice QCD cal-
culation of fK/fπ [32] we get |Vus|/|Vud| = 0.2286+0.0026

−0.0014 which together with the
measurement of Vud [33] gives

Vus = 0.2223+0.0026
−0.0014 (20)

The accuracy of the result is comparable to (18). The dominant error comes from
the uncertainty on the ratio fK/fπ.

4 Conclusions

The values of Vus extracted from kaon semileptonic decays and from Kµ2 decay agree.
The average is

Vus = 0.2241± 0.0015. (21)

Using Vud = 0.97377(27) we have

|Vud|2 + |Vus|2 = 0.9985± 0.0009. (22)

This result is compatible with the Standard Model and the unitarity of the CKM
matrix.
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1 Introduction

Recently several factors converged to ignite a renaissance in charm physics. These
factors include:
• the need for precision measurements from the charm sector to interpret quan-

titatively CP violation results from the beauty sector,

• technical and computational developments in Lattice QCD that led to precise
calculations that can face precision experimental challenges in the charm sector,

• discovery of new – generally unanticipated – charm meson states (e.g., D∗
s0(2317)

and Ds1(2460)), and

• substantial increases in the precision and reach of charm decay measurements
due to production of much larger charm data sets (particularly at CESR, KEKB,
and PEP II) and excellent detectors in the experiments at these facilities.

In this report I describe recent results in hadronic decays of the stable D mesons (D0,
D+, and Ds) and Dalitz analyses of resonance structure in their hadronic decays.
These results come from experiments at electron-positron colliders (BaBar, Belle,
and CLEO-c) and fixed target experiments (E791 and FOCUS).

2 Absolute D0 and D+ Branching Fractions

CLEO is providing new precise measurements of absolute D0 and D+ branching

fractions using D+ and D0 decays from e+e− → ψ(3770) → D+D− or D0D
0
. The

mass of the ψ(3770) is below the threshold for DDπ decays, so no additional pions are
produced. Furthermore, the multiplicities of D0 and D+ decays are low, so events are
extremely clean. CLEO measures leptonic, semileptonic, and key hadronic branching
fractions using a double tagging technique pioneered by MARK III [1,2]. Most other
D branching fractions [3] are measured relative to a reference mode, usually D0 →
K−π+ or D+ → K−π+π+. CLEO has published absolute branching fractions for key
Cabibbo-Favored Decays (CFD) to hadrons obtained from 56 pb−1of data [4]. I report
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here a preliminary update from 281 pb−1 of data; this is the first public presentation
of these results. Some other branching ratios utilizing the 281 pb−1 data sample have
been published or submitted for publication.

The MARK III double tag technique derives absolute branching fractions from
measurements of Single Tag (ST) and Double Tag (DT) yields. In ST events, the
D(D) is reconstructed in a specific final state, while the decay products of the D(D)
are not observed, e.g., D → i and D → X. In DT events, both the D and the D
are reconstructed in specific final states, e.g., D → i and D → . ST and DT yields
are given by Ni = NDD Bi ǫi, N = NDD B ǫ, and Ni = NDD Bi B ǫi, respectively,
where: i and  are the decay modes of the D and D, respectively; Bi, and B are the
corresponding branching fractions; ǫi, ǫ, and ǫi are the ST and DT efficiencies for
these modes; Ni, N, and Ni are the corresponding ST and DT yields; and NDD is the

number of D0D
0

or D+D− events produced in the experiment. Branching fractions
and NDD can then be obtained from

Bi =
Ni

N

ǫ
ǫi

and NDD =
NiN

Ni

ǫi
ǫiǫ

where ǫ is the efficiency for detecting D →  ST events, and CP symmetry has been
assumed so Bı = Bi. Obviously the luminosity is not required to determine Bi or
NDD, but the cross section for e+e− → ψ(3770)→ DD can be determined from NDD

and the luminosity. Furthermore, ǫi ≈ ǫiǫ so the branching fractions and number
of events obtained by this method are relatively insensitive to uncertainties in the
efficiencies.

CLEO utilizes a χ2 fit [5] that obtains all D0 and D+ branching fractions, as well

as the numbers of D0D
0

and D+D− events from a simultaneous fit to all ST and DT
D0 and D+ yields. All statistical and systematic uncertainties and their correlations
are properly taken into account in this fit.

Candidate D or D mesons are selected using mode-dependent requirements on
∆E ≡ E(D)−E0, the difference between the measured energies E(D) of the candidate
and the beam energy E0. Then ST and DT yields are obtained from fits to beam
constrained mass MBC distributions, where the beam energy E0 is substituted for the
measured energy E(D) of a D or D candidate. Substitution of E0 for E(D) improves
substantially the mass resolution of the D candidates. The MBC distributions for
the DT events are illustrated in Figure 1. Clearly these MBC distributions are very
clean with little background. Summed over all modes, the yields obtained from the

CLEO-c 281 pb−1 sample are 230,225 ST and 13, 575 ± 120 DT D0D
0

events, and
167,086 ST and 8, 867 ± 97 DT D+D− events. With these yields, systematic errors
dominate; to be conservative for these preliminary results, most systematic errors are
essentially the same as those determined for the 56 pb−1 results. Intensive study of the
systematic uncertainties are underway and CLEO expects to be able to substantially
improve most of them.
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Figure 1: Histograms of MBC distributions of D and D candidates in double-tag
events from 281 pb−1 of CLEO-c ψ(3770) data; (left) D+D− DT candidates and

(right) D0D
0

candidates.

Mode B (%)

D0 → K−π+ 3.87± 0.04± 0.08

D0 → K−π+π0 14.6± 0.1± 0.4

D0 → K−π+π+π− 8.3± 0.1± 0.3

D+ → K−π+π+ 9.2± 0.1± 0.2

D+ → K−π+π+π0 6.0± 0.1± 0.2

D+ → K0
Sπ

+ 1.55± 0.02± 0.05

D+ → K0
Sπ

+π0 7.2± 0.1± 0.3

D+ → K0
Sπ

+π+π− 3.13± 0.05± 0.14

D+ → K+K−π+ 0.93± 0.02± 0.03

Table 1: Preliminary CLEO results for hadronic D0 and D+ branching fractions, with
their statistical and systematic errors. These results come from 281 pb−1 of CLEO-c
ψ(3770) data, with conservative systematic errors.

The preliminary CLEO results for three D0 and six D+ hadronic decay modes are
given in Table 1 and compared to PDG04 [6] averages in Figure 2. It is clear that the
preliminary CLEO results are substantial improvements over previous measurements.
PDG04 averages were used for the comparison because CLEO-c 56 pb−1 results were
included in the PDG06 averages. Final State Radiation (FSR) is included in the
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CLEO-c Monte Carlo (MC) simulations for determining efficiencies. If FSR had not
been included in the simulations the branching fractions would decrease by ∼< 2%.
Most other measurements of hadronic D branching fractions did not take FSR into
account.

Figure 2: Ratio B(CLEO)/B(PDG04) of preliminary CLEO-c hadronic D0 and D+

branching fractions to the 2004 PDG averages. The widths of the PDG bars cor-
respond to the errors in those averages. The CLEO-c points have statistical and
systematic error bars.

3 Cabibbo Suppressed D0 and D+ Decays

3.1 Singly-Cabibbo-Suppressed D0 and D+ Decays to Pions

Using the full 281 pb−1 ψ(3770) data sample, CLEO measured Singly-Cabibbo-
Suppressed Decays (SCSD) of D0 and D+ to multipion final states [7]. The MBC

distributions are illustrated in Figure 3. The branching fractions in Table 2 were
obtained from measurements of B(D0 → n(π))/B(D0 → K−π+) and B(D+ →
n(π))/B(D+ → K−π+π+). The reference branching fractions used to determine
the reported multipion branching fractions were B(D0 → K−π+) = (3.84 ± 0.07)%
and B(D+ → K−π+π+) = (9.4 ± 0.3)%. These were obtained by averaging the
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Figure 3: Histograms of MBC for (plots on the left) of D0 → (n)π events and (plots on
the right) D+ → (n)π from the 281 pb−1 ψ(3770) CLEO-c data sample. Histograms
of MBC for the reference modes D0 → K−π+ and D+ → K−π+π+ are included with
the D → n(π) histograms on the left and right, respectively.

Mode CLEO-c B (10−3) PDG04 B (10−3)

π+π− 1.39± 0.04± 0.03 1.38± 0.05

π0π0 0.79± 0.05± 0.04 0.84± 0.22

π+π−π0 13.2± 0.2± 0.5 11± 4

π+π−π+π− 7.3± 0.1± 0.3 7.3± 0.5

π+π−π0π0 9.9± 0.6± 0.7 —

π+π−π+π−π0 4.1± 0.5± 0.2 —

π+π0 1.25± 0.06± 0.08 1.33± 0.22

π+π+π− 3.35± 0.10± 0.20 3.1± 0.4

π+π0π0 4.8± 0.3± 0.4 —

π+π+π−π0 11.6± 0.4± 0.7 —

π+π−π+π−π+ 1.60± 0.18± 0.17 1.82± 0.25

Table 2: CLEO branching fractions for D0 and D+ decays to multiple pions.

56 pb−1 CLEO-c results and the PDG04 averages. These new CLEO measurements
are compared to the PDG04 [6] averages in Figure 4.

As described in Section 3.4, BaBar has also reported a measurement of B(D+ →
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Figure 4: Ratio B(CLEO)/B(PDG06) of CLEO-c measurements of D → n(π) branch-
ing fractions to the 2006 PDG averages. The widths of the PDG bars correspond to
the errors in those averages.

π+π0) along with the first observation of the Doubly-Cabibbo-Suppressed-Decay
(DCSD) branching fraction B(D+ → K+π0). The BaBar result for the ratio of
B(D+ → π+π0) to the reference branching fraction B(D+ → K−π+π+) is in excellent
agreement with the CLEO measurement.

The ratio of the isospin amplitudes A0 and A2 for D → ππ decay and their phase
difference can be determined from the values of B(π+π−), B(π0π0), and B(π+π0) and
the D0 and D+ decay widths [8]. Only I = 0 and 2 states are allowed for a two pion
system, since an isovector state is forbidden. Using D lifetimes from PDG04 [6] and
the branching fractions in Table 2, CLEO finds A2/A0 = 0.420 ± 0.014± 0.001 and
the relative phase δ = (86.4 ± 2.8 ± 3.3)◦. In contrast to the isospin amplitudes in
K → ππ decays, the two isospin amplitudes in D → ππ decay are comparable [8].
Furthermore, the large phase difference between the two amplitudes indicates that
final state interactions are important.

Searches for η and ω in multipion D0 and D+ decays

Untangling the resonant substructure of these decays with more than two pions would
require systematic Dalitz analyses. However, searches for ηs and ωs among the decay
pions is a first step in this direction. The technique used is illustrated in Figure 5,
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where three-pion invariant masses, M(π+π−π0) are plotted for D or D candidates
within the original ∆E requirement and in sidebands. Although combinatorial back-
grounds are large, there are significant signals above background peaks in: ηπ0 in
D0 → π+π−π0π0, ηπ+ in D+ → π+π+π−π0, and ωπ+π− in D0 → π+π−π+π−π+.
The branching fractions for these three channels and 90% UL confidence intervals for
the other three modes are given in Table 3. The branching fractions for ηπ+ and
ωπ+π− are significant fractions of the total branching fractions for the parent decays.

Figure 5: M(π+π−π0) distributions for multipion D+ and D0 decays from CLEO-c
data.

Mode B (10−3) PDG04 B (10−3)

ηπ0 0.62± 0.14± 0.05 —

ηπ+ 3.61± 0.25± 0.26 3.0± 0.6

ηπ+π− < 1.9 (90% CL) —

ωπ0 < 0.26 (90% CL) —

ωπ+ < 0.34 (90% CL) —

ωπ+π− 1.7± 0.5± 0.2 —

Table 3: Branching fractions and upper limits for η and ω production in multipion
D0 and D+ decays from CLEO-c data.
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3.2 Singly-Cabibbo-Suppressed Decays from BaBar and Belle
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Figure 6: BaBar data for (left) D0 → K−π+π0 decays and (right) D0 → π+π−π0

decays. [9, 10]
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Figure 7: Belle data for (left) D0 → K−π+π0 decays and (right) D0 → π+π−π0

decays.

BaBar [11] and Belle [12] have used their enormous data samples to measure pre-
cisely the ratio B(D0 → π+π−π0)/B(D0 → K−π+π0) of a singly-Cabibbo-suppressed
hadronic decay to a similar Cabibbo-favored hadronic decay. The BaBar and Belle
data are illustrated in Figures 6 and 7, respectively. The invariant masses of D can-
didates are used in these analyses, since these data were taken at the Υ (4S) where

many DD channels with multipions are open (rather than only the D0D
0

and D+D−
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channels at the ψ(3770)) so beam-constrained masses cannot be used. Therefore the
mass resolutions are substantially worse in the BaBar and Belle data, than in the cor-
responding CLEO-c data (compare Figures 6 and 7 with Figure 5. However, signal
to background ratios in the BaBar and Belle data are substantially better than the
corresponding ratio in the CLEO-c data. The results of the three measurements are
given in Table 4. Some of the strengths and weaknesses of these measurements are
apparent from the yields, errors, and luminosities in the table. Note that the Cabibbo
suppression of B(D0 → π+π−π0) is about a factor of 10 relative to B(D0 → K−π+π0),
which is the D0 hadronic decay mode with the largest branching fraction.

Yield B(D0 → π+π−π0)/B(D0 → K−π+π0) Luminosity

BaBar 60, 426± 343 (10.59± 0.06± 0.13)× 10−2 232 fb−1

Belle 22, 803± 203 ( 9.71± 0.09± 0.30)× 10−2 357 fb−1

CLEO-c 10, 834± 164 ( 9.01± 0.18± 0.39)× 10−2 281 pb−1

B(D0 → K−K+π0)/B(D0 → K−π+π0)

BaBar 10, 773± 122 (2.37± 0.03± 0.04)× 10−2 232 fb−1

CLEO II 151± 42 (0.95± 0.26)× 10−2 2.7 fb−1

Table 4: Measurements of SCSDs from BaBar, Belle, and CLEO. The Belle result is
preliminary, while the BaBar and CLEO results have been published. The CLEO-c
branching ratio is calculated from measured ratios of both B(D0 → π+π−π0) and
B(D0 → K−π+π0) to B(D0 → K−π+), without taking correlations into account.
Proper use of correlations would reduce the systematic error.

In the same analysis BaBar measured B(D0 → K−K+π0)/B(D0 → K−π+π0).
The data are illustrated in Figure 8 and the result is included in Table 4. The BaBar
result is significantly larger and much more precise than a previous CLEO result from
a much smaller data sample [13].

3.3 Multi-Kaon Modes from FOCUS

FOCUS studied D0 decays to final states with two or three charged or neutral
kaons [15, 16]. The data for the reference mode D0 → K0

Sπ
+π− and two of the

neutral kaon signal modes are illustrated in Figure 9 and the ratios of signal branch-
ing fractions to the reference branching fraction are given in Table 5. This is the first
observation of the modes D0 → K0

SK
0
SK

±π∓, which are combined to one branch-
ing fraction. The table also includes a measurement of the branching ratio B(D0 →
K−K+π+π−)/B(D0 → K−π+π+π−). This branching ratio was measured in a sep-
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Figure 8: BaBar data for D0 → K−K+π0 decays. [9, 10]
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+π− decays, (middle) D0 → K0
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decays, and (right) D0 → K0
SK

0
SK

0
S decays [14].

arate FOCUS analysis of resonant substructure in the the four-body decay D0 →
K−K+π+π− described in Section 6.3.

From the table it is evident that Cabibbo-suppression, relative to the Cabibbo-
favored reference mode, is on the order of a factor of 100 for the two-kaon decay modes.
However, the Cabibbo-favored decays to three kaons are suppressed by comparable
factors. Presumably this is due to the necessity of popping an ss quark-antiquark
pair to produce the additional two kaons.
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Mode FOCUS Bmode/Bref (%)

D0 → K0K
0

1.44± 0.32± 0.16 SCSD

D0 → K0
SK

0
Sπ

+π− 2.08± 0.35± 0.21 SCSD

D0 → K0
SK

0
SK

±π∓ 1.06± 0.19± 0.10 CF

D0 → K0
SK

0
SK

0
S 1.79± 0.27± 0.26 CF

D0 → K−K+π+π− 2.95± 0.11± 0.08 SCSD

Table 5: FOCUS branching fractions for Cabibbo favored (CF) decays and singly-
Cabibbo suppressed D0 decays to multiple kaons. For the neutral kaon modes, the

reference branching fraction is B(D0 → K
0
π+π−), while the reference branching

fraction for the charged kaon mode is B(D0 → K−π+π+π−).
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Figure 10: BaBar data for (left) D+ → K−π+π+ decays, (middle) D+ → π+π0

decays, and (right) D+ → K+π− decays. [10, 17]

Figure 11: CLEO-c data for (left) D+ → K−π+π+ decays, (middle) D+ → π+π0

decays, and (right) D+ → K+π− decays.
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3.4 The Doubly-Cabibbo-Suppressed Decay D+ → K+π−

BaBar has reported the first observation of the DCSD D+ → K+π0 [18] and the
precise measurement of a branching ratio for the SCSD decay D+ → π+π0 mentioned
in Section 3.1. The BaBar data are illustrated in Figure 10, and the CLEO data [19]
for the same modes are illustrated in Figure 11. Note that the mass range of the
CLEO data is much narrower than the mass range of the BaBar data, illustrating the
improvements in mass resolution gained by being able to use beam-constrained masses
instead of invariant mass. The ratios of the signal branching fractions B(D+ → π+π0)
and B(D+ → K+π0) of the signal modes to reference branching fraction B(D+ →
K−π+π+) are given in Table 6. BaBar’s ability to use tighter cuts on their enormous
data sample to compensate for the better mass resolution of the CLEO-c data is
evident from the figures and results. The Cabibbo suppression of the D+ → K+π0

mode is close to a factor of 5.

D+ → π+π0 (SCSD) D+ → K+π0 (DCSD)

Bmode/Bref Bmode/Bref

BaBar (1.33± 0.11± 0.09)× 10−2 (2.68± 0.50± 0.26)× 10−3

CLEO-c (1.33± 0.07± 0.06)× 10−2 (2.40± 0.38± 0.16)× 10−3

Table 6: The ratios of the branching factions for the SCSD decay D+ → π+π0 and
the DCSD decay D+ → K+π0 from BaBar and CLEO-c, to the branching fraction
for the reference mode D+ → K−π+π+. The CLEO-c result for D+ → π+π0 is from
the SCSD analysis in Section 3.1.

3.5 Comparison of D → K0
Sπ and D → K0

Lπ Decay Rates

Cabibbo-Favored and Doubly-Cabibbo-Suppressed amplitudes contribute to the de-
cay D → K0π. The observed final states are D → K0

Sπ and D → K0
Lπ, and Bigi and

Yamamoto pointed out that interference between CF and DCS amplitudes can lead
to different rates for D → K0

Sπ and D → K0
Lπ [20]. CLEO has measured prelimi-

nary branching fractions for these decays by fully reconstructing D → K0
Sπ decays

and reconstructing D → K0
Lπ decays using missing masses [21]. The CLEO data

for D → K0
Lπ decays are illustrated in Figure 12. The preliminary results given in

Table 7 are reported in terms of the ratio R(D) defined by:

R(D) ≡ B(D → K0
Sπ)− B(D → K0

Lπ)

B(D → K0
Sπ) + B(D → K0

Lπ)
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The measured value of R(D+) is consistent with zero, while R(D0) is significantly
larger than zero. U-spin and SU(3) predict [22] R(D0) = 2 tan2(θc) giving R(D0) =
0.109±0.001, which is in good agreement with the experimental result. On the other
hand, R(D+) is not so simple because internal spectator diagrams contribute to both

D+ → K
0
π+ and D+ → K0π+, but external diagrams contribute to the former and

annihilation diagrams contribute to the latter.

Figure 12: CLEO data for (left) D0K0
Lπ

0 decays and (right) D+ → K0
Lπ

+ decays.

R(D+) 0.030± 0.023± 0.025

R(D0) 0.122± 0.024± 0.030

Table 7: CLEO-c Preliminary measurements of the normalized branching fraction
differences between D → K0

Lπ decays and D → K0
Sπ decays.

4 Absolute Ds Branching Fractions

Previously, absolute Ds branching fractions have not been well known, primarily due
to difficulties of determining the total number of Ds mesons produced in the experi-
ment [23,24]. CLEO has now addressed this problem with a double tag measurement
of absolute Ds branching fractions in e+e− collisions just above the D±

s D
∗∓
s thresh-

old [25].

4.1 The Ds Production Cross Section

Although measurements of the e+e− annihilation cross section, σ(e+e−), at energies
above Ecm = 3.8 GeV have existed for some time [3], little was known about the
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composition of the final states. In order to find a favorable point for studying DT

D±
s D

∓

s events, CLEO scanned that region with integrated luminosities of∼ 5 pb−1 per
point and fast turnaround of results for feedback. After the scan, more luminosity
was accumulated at or near Ecm = 4.17 GeV where the cross section for D±

s D
∗∓
s

production peaks with σ(e+e− → D±
s D

∗∓
s ) ≈ 0.9 nb. Preliminary measurements [25]

of cross sections for producing various DD, DD
∗
, and D∗D

∗
pairs are illustrated in

Figure 13. CLEO used a total of 195 pb−1 of data at Ecm = 4.17 GeV in the analysis
of Ds decays described below.

Figure 13: Preliminary CLEO-c cross sections for production of (left) D(∗)D
(∗)

and

(right) D
+(∗)
s D

−(∗)
s above the threshold for DD production in e+e− annihilation. In

each graph thresholds are indicated by the vertical dashed lines.

4.2 Analysis of D±s D
∗∓
s Events

CLEO chose to ignore the γ or π0 from D∗
s decay to avoid the low efficiency for

detecting the low energy γ or π0 and the uncertainties in the efficiency for detecting
either one of them. Instead, CLEO selects D±

s D
∗∓
s events using the invariant mass

M(Ds) of the Ds candidates and their beam-constrained mass MBC , which is actually
a proxy for momentum of the candidate. The MBC distribution for the Ds candidates
that were produced directly in the annihilation is relatively narrow, while the MBC

distribution for Ds candidates resulting from D∗
s decay is much broader. This is

illustrated in Figure 14. Neither distribution is centered exactly on the Ds mass,
because the beam energy is not exactly the energy of either the direct Ds or the
average energy of the Ds from D∗

s decay.
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Figure 14: Histogram of MBC for D+
s → K−K+π+ events from CLEO-c data. The

narrow peak at the MBC = 2.04 GeV is from D±
s produced directly, while the broad

peak from MBC ≈ 2.01 GeV to MBC ≈ 2.07 GeV is from D±
s produced in D∗±

s decay.

CLEO determines single-tag yields by fitting M(Ds) distributions for candidates
that pass a very loose cut on MBC . Double-tag yields are determined by counting the
numbers of events in signal regions in the M(D−

s ) vs. M(D+
s ) plane, and subtracting

backgrounds determined from the numbers of events in sideband regions. These
procedures are illustrated for D±

s → K−K+π± candidates in Figure 15.

The χ2 fit [5] procedure used in the measurements of absolute D0 and D+ branch-
ing fractions is applied to the ST and DT yields for six Ds decay modes. Preliminary
absolute branching fractions obtained from this analysis are given in Table 8, and
these branching fractions are compared to the PDG06 averages in Figure 16. The
preliminary CLEO-c results are clearly significantly more precise than the PDG06
averages. CLEO has an additional 130 pb−1 of data at this energy to be analyzed.
These data will be included in the publication of the 195 pb−1 data sample.

Belle measures B(D+
s → K−K+π+) by applying a clever partial reconstruction

technique to e+e− → D∗±
s D∓

s1(2536) events [26] that produces double tag data sam-
ples. A total of 552.3 fb−1 of data taken at the Υ (4S) were used in this analysis.
In the first tag, the Ds1 is fully reconstructed in the Ds1 → D∗K mode, while only
the γ from D∗

s → Dsγ is observed. In the second tag, the D∗
s is fully reconstructed

in the decay chain D∗±
s → D±

s γ followed by D±
s → K−K+π±, while only the kaon

from Ds1 → D∗K is observed. Signal yields are determined by fitting missing mass
distributions for the particles that are not reconstructed. The yields from the first tag
are proportional to the branching fractions for the D∗ decay chain, while the yields
from the second tag are proportional to the branching fraction for D±

s → K−K+π±.
Hence, B(D+

s → K−K+π+) can be obtained from the ratio of the second tag yield
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Figure 15: Plots illustrating the CLEO-c D±
s decay data: (left) the invariant mass

distribution for single-tag D±
s → K−K+π± candidates, (middle) two-dimensional his-

togram of M(D−
s ) vs. M(D+

s ) for double-tag D±
s → K−K+π± candidates, (right) the

mass difference M(D+
s )−M(D−

s ) for double-tag D±
s → K−K+π± candidates. In the

two-dimensional histogram, the narrow (blue) box around the mass peak illustrates
the signal region, and the two wider (red) boxes further away from the peak illustrate
the sideband region.

D+
s Mode B (%)

KSK
+ 1.50± 0.09± 0.05

K−K+π+ 5.57± 0.30± 0.19

K−K+π+π0 5.62± 0.33± 0.51

π+π+π− 1.12± 0.08± 0.05

π+η 1.47± 0.12± 0.14

π+η′ 4.02± 0.27± 0.30

Table 8: Preliminary absolute branching fractions for six hadronic D±
s decay modes

measured by CLEO-c.

to the first tag yield, using known branching fractions for the D∗ decay chain, and
efficiencies.

The preliminary Belle and CLEO-c results are compared in Table 9 to each other
and to the PDG06 [3] average. With its large error, the PDG 06 value is consistent
with the Belle and CLEO-c results. However, the more precise Belle and CLEO-c
are not very consistent with each other. Hence, more work will be required to be
confident that we know absolute D+

s branching fractions.
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Figure 16: The ratios B(CLEO)/B(PDG06) of preliminary CLEO-c hadronic D+
s

branching fractions to the PDG06 averages. The widths of the PDG bars correspond
to the errors in the averages.

B(D+
s → K−K+π+) (%)

Belle Preliminary 4.0 ± 0.4 ± 0.4

CLEO-c Preliminary 5.57± 0.30± 0.19

PDG06 5.2 ± 0.9

Table 9: Comparison of preliminary Belle and CLEO-c measurements of the absolute
branching fraction for D+

s → K−K+π+ decay with the PDG06 average.

4.3 Partial D+
s → K−K+π+ Branching Fractions

The branching fraction of the decay chain D+
s → φπ+ → K−K+π+ is one of the

largest D+
s branching fractions, and – indeed – it was the decay sequence that provided

the first observation of the D+
s . A branching fraction called B(D+

s → φπ+) has often
been used as the reference branching fraction for Ds decays. As in the D+

s discovery,
it is usually derived from a narrow mass cut around the φ peak in the M(K+K−)
distribution in D+

s → K−K+π+ events.
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However, E687 [27] has published and FOCUS [28] has reported significant con-
tributions from f0(980) (or a0(980)) in the φπ region of the D+

s → K−K+π+ Dalitz
plot. Figure 17 illustrates the invariant K+K− mass distribution for D+

s → K−K+π+

events. A noticeable contribution (presumably scalar) is visible under the φ peak in
in this distribution. These contributions from other processes constitute approxi-
mately 5% of the total yield in a reasonable mass range in M(K−K+) around the
φ mass, Mφ. These contributions, which are not from D+

s → φπ+ decays, are com-
parable to current CLEO-c errors for partial branching fractions obtained using a
narrow mass cut around Mφ. Hence, it is now difficult to make a case for iden-
tifying such a partial branching fraction with B(D+

s → φπ+). In response to this
dilemma, CLEO now reports partial branching fractions, B∆M ≡ B(D+

s → K−K+π+)
with |M(K−K+) −Mφ| < ∆M MeV/c2. Preliminary CLEO-c measurements with
∆M = 10 and 20 MeV/c2 are given in Table 10. I advocate using partial branch-
ing fractions like these for the reference branching fractions for other D+

s decays.
As D+

s branching fraction measurements become more precise, I hope that we can
reach agreement on a reasonable choice for a D+

s reference branching fraction for
most other decays that is not called B(D+

s → φπ+), even though it has non-negligible
contributions from other resonances in the K−K+π+ Dalitz plot.

Figure 17: The invariant mass distribution M(K+K−) for D+
s → K−K+π+ candi-

dates in CLEO-c data.

5 Inclusive D0, D+, and Ds Decays to ss

CLEO has measured branching fractions for inclusive D0, D+, and Ds decays to
ηX, η′X, and φX [29]. Due to the ss content of η, η′, and φ, we expect that the
inclusive branching fraction for Ds decays to these particles would be larger than the
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B∆M (%)

B10 1.98± 0.12± 0.09

B20 2.25± 0.13± 0.12

PDG06 1.77± 0.44

Table 10: Preliminary partial branching fractions B∆M ≡ B(D+
s → K−K+π+) with

|M(K−K+)−Mφ| < ∆M MeV/c2 measured by CLEO. The PDG06 result is deter-
mined from B(φ→ K−K+) and reported B(D+

s → φπ+) values.

branching fractions for corresponding D0 and D+ decays. CLEO fully reconstructs
one D in a favorable mode used in the absolute measurements of hadronic branching
fractions. Selection criteria for these D decay candidates include requirements on ∆E
(see Section 2). Then CLEO searches for η, η′ and φ in the decay products from the
other D. For this analysis, CLEO utilizes 281 pb−1 of ψ(3770) data for D0 and D+

decays and 195 pb−1 of data at Ecm ≈ 4.17 GeV for Ds decays.

Figure 18: Histograms of the mass differences between η′ and η candidates with
η′ → ηπ+π− with η → γγ: (a) candidates for D0 → η′X decay, (b) candidates for
D+ → η′X decay, and (c) candidates for Ds → η′X decay.

Figure 18 illustrates the data used to determine the inclusive η′X signal yields.
For these inclusive modes, CLEO uses distributions in M(η′)−M(η), the difference
between the invariant masses of the η′ candidate and the η candidate in its decay
chain. Similar distributions for M(η) and M(φ) are used to determine the signal
yields for ηX and φX. Fitted yields from ∆E sidebands are then subtracted from
the signal yields. The resulting inclusive branching fractions are given in Table 11.
These results lead to several qualitative observations including:

• η′s and φs are relatively rare in D0 and D+ decay,
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• ηs with their lower mass and larger light quark content are produced at sub-
stantially higher rates in D0 and D+ decays than η′ and φ,

• the φ rate in Ds decay is much higher than it is in D0 and D+ decay, and

• the higher φ rates in Ds decay can be used to separate Ds from D0 and D+ at
Υ (5S) and hadron colliders.

CLEO has already used the observation in the last bullet to study the Bs fraction in
the final states in Υ (5S) decay [30].

Mode B(D0) (%) B(D+) (%) B(D+
s ) (%)

ηX 9.5± 0.4± 0.8 6.3± 0.5± 0.5 23.5± 3.1± 2.0

η′X 2.48± 0.17± 0.21 1.04± 0.16± 0.09 8.7± 1.9± 0.8

φX 1.05± 0.08± 0.07 1.03± 0.10± 0.07 16.1± 1.2± 1.1

Table 11: Branching fractions for inclusive D → ssX decays measured by CLEO.

6 Dalitz Analyses of Hadronic D Decays

In the last decade, large samples of hadronic D decays have been available to the
E791 and FOCUS collaborations from fixed target experiments at Fermilab, and to
the CLEO, BaBar, and Belle collaborations from e+e− collider experiments. Dalitz
analyses of these data samples have enabled new insights into the resonant substruc-
ture of multibody hadronic D decays. Historically, simply disentangling the resonant
substructure has been the major emphasis of these studies. More recently Dalitz
analyses of D decays have been stimulated by the possibility that the results can be
used to determine the CKM matrix angles γ or φ3.

6.1 Dalitz Analyses of D+ → π+π+π− Decays

It has long been understood that several π+π− resonances are likely to contribute to
the resonant substructure of D+ → π+π+π− decay. These include ρ0(770), f0(980),
f2(g), and possible other higher resonances. On the other hand, there has been
evidence (not always conclusive) that a lower mass S-wave π+π− state called the σ0

might exist and might contribute to D+ → π+π+π− decay. Finding proof for or
against the existence of this state and its contribution to D+ → π+π+π− decays has
been a major concern of Dalitz analyses of this final state.

The choice of the theoretical model used to fit the Dalitz plot has complicated
interpretation of these analyses. The isobar model, in which the decay amplitude is
written as a sum of Breit-Wigner resonances for the various contributions, is perhaps
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the simplest to interpret [31,32]. However, there are technical difficulties with broad
and overlapping resonances in this approach. In principle the K-matrix formalism
overcomes many of these difficulties [33], and analyses using it have begun to ap-
pear [34]. However, there is relatively little experience with the K-matrix formalism
in Dalitz analyses of charm decay.

Dalitz Analysis of D+ → π+π+π− Decays from E791

Figure 19: Dalitz plot projections of the E791 data and fits for D+ → π+π+π− on the
squares of invariant ππ masses: (a) for the fit without a low mass scalar contribution
and (b) for the fit with a low mass scalar contribution. The histograms for the
two π+π− combinations are summed, and the shaded histograms are the background
contributions. [10, 35]

The E791 Dalitz analysis of D+ → π+π+π− decays utilizes 1,686 candidates pro-
duced in 500 GeV/c π−-nucleon interactions [31]. In their isobar model they included
contributions from the established resonances ρ0(770), f0(980), f2(1270), f0(1370),
and ρ0(1450), and a non-resonant contribution. The projection of the fit with these
resonances onto the m2

π+π− axis is illustrated in Figure 19(a). Clearly the fit does not
represent well the data in the low mass region, m2

π+π− ≈ 0.25 GeV/c2. Figure 19(b)
shows that the fit is much closer to the data when E791 includes a low mass scalar
σ0 contribution. The fit fractions obtained by E791 are given in Table 12. It is
interesting to note that the σ0 contribution has the largest fit fraction.

Dalitz Analysis of D+ → π+π+π− Decays from CLEO

CLEO reported a preliminary Dalitz analysis of D+ → π+π+π− decay [36] using an
isobar model similar to the one used by E791. The CLEO-c data sample included
4,100 events with a signal to noise ratio of about two to one. Projections on the
isobar fit on the m2

π+π− and m2
π+π+ axes are illustrated in Figure 20. The preliminary

CLEO results are also listed in Table 12. Except for the ρ(770)π+ contribution, the
results of the two fits are in good agreement.
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CLEO (%) E791 (%)

σ0π+ 41.8± 2.9 46.3± 9.2

ρ0π+ 20.0± 2.5 33.6± 3.9

f0(980)π+ 4.1 ± 0.9 6.2 ± 1.4

f2(1270)π+ 18.2± 2.7 19.4± 2.5

f0(1370)π+ 2.6 ± 1.9 2.3 ± 1.7

f0(1500)π+ 3.4 ± 1.3 —

Non Res < 3.5 7.8± 6.6

ρ(1450)π+ < 2.4 7.8 ± 0.6

Table 12: Fit fraction results of isobar Dalitz fits from E791 and CLEO for contribu-
tions to D+ → π+π+π− decays. The E791 results were published, while the CLEO
results are preliminary.
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Figure 20: Preliminary Dalitz plot projections on the squares of invariant ππ masses of
the CLEO-c data and fits for D+ → π+π+π−: (left) projections on the π+π− invariant
mass squared axis and (right) projections on the π+π+ invariant mass squared axis.
The empty bin at m2

π+π− = 0.25 GeV/c2 is due to a K0
S mass cut.

Dalitz Analysis of D+ → π+π+π− Decays from FOCUS

FOCUS reported [34] a Dalitz analysis performed on 1,527 D+ → π+π+π− decay
candidates. In the fit to the data, FOCUS included a nonresonant contribution,
traditional isobar Breit-Wigner terms for ρ0(770) and f2(1270) contributions, and an
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Figure 21: Dalitz plot projections of the FOCUS data and fits for D+ → π+π+π− on
the squares of invariant ππ masses: (a) projections on the low-mass π+π− combination
and (b) projections on the high-mass π+π− combination. [37]

S-wave contribution. The S-wave contribution is not represented as a sum of scalar
resonance contributions; it is represented by a K-matrix parameterization with five
pole contributions. The projections of the high and low mass combinations of the
FOCUS data and fits on the m2

π+π− axis are illustrated in Figure 21. Perhaps the
most illuminating comparisons of the FOCUS results with E791 and CLEO are the fit
fractions of the ρ0(770) and f2(1270) contributions, which are 30.8±3.9 and 11.7±1.9,
respectively. Although there is qualitative agreement among the three experiments,
a comprehensive understanding of the resonant substructure of D+ → π+π+π− will
require substantially larger data samples and a better understanding of the strengths
and weaknesses of the isobar and K-matrix formalisms.

6.2 Dalitz Analyses that Contribute to Measuring γ or φ3

Utilization of Dalitz analyses of D0 decays [38–40] to enable measurements of the
CKM angle γ or φ3 is one of the more surprising and interesting applications of these
analyses. These techniques for measuring1 γ utilize B± → D̂0(∗)K± decays, where

D̂0 can be D0 or D
0

and the superscript (∗) denotes either D or D∗. The core
idea [41] is that the decay can be either Cabibbo favored (e.g., B− → D0K−) or

doubly Cabibbo suppressed (e.g., B− → D
0
K−). If the D0 and D

0
decay to the same

final state (e.g., D̂0 → K0
Sπ

+π−) the amplitudes for these two decays can interfere.
The phase of the interference term includes γ and a strong phase; the former changes

1To simplify notation, I will use γ for either γ or φ3, or both.
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sign between B− and B+ decays, while the latter does not. Hence, this interference
can generate a direct CP violation, a difference between the rates of B+ → D̂0(∗)K+

and B− → D̂0(∗)K− decays. However, amplitude ratios and the strong phase in the
D decay are required to determine γ from a measured B± decay rate asymmetry, and

these parameters can be determined in a Dalitz analysis of D0 or D
0

decays to the
appropriate final state.

Dalitz Analyses of D → K0
S
π+π− Decays to Measure γ

Recently, Babar [38] and Belle [39] analyzed the Dalitz plot for D̂0 → K0
Sπ

+π− decays
in B± → D̂0(∗)K± decays. For the Dalitz analyses, Belle utilized 262,000 signal events
from a 357 fb−1 data sample, and Babar utilized 81,500 signal events from 91.5 fb−1

of data. The purity of each final D̂0 data samples was approximately 97%. Both
groups fit their Dalitz plots with isobar models; BaBar fit 16 two-body states and
Belle fit 18 two-body states, and the BaBar states are a subset of the Belle states.
The projections of the data and fits on the Dalitz plot axes from the Belle and Babar
are illustrated in Figures 23 and 22, respectively. Due to the enormous data samples,
the errors on the data points are very small. The ability of the fits to match the
data so well is remarkable. The fit fractions for the four most prominent resonant
contributions are given in Table 13. Once again these analyses demonstrate that high
quality charm decay measurements can be derived from the enormous BaBar and
Belle data samples.

From these analyses, Belle finds φ3 = 53◦ +15◦

−18◦ ± 3◦ ± 9◦ and Babar finds γ =
70◦ ± 31◦ +12◦

−10◦
+14◦

−11◦ , where the third errors are estimates of the uncertainties in the
Dalitz decay models. Within the large statistical errors there is good agreement
between the two results. Since the statistical errors are larger than the systematic
errors, there is room for improvement from the data that the two collaborations have
not used in these analyses.

State BaBar (%) Belle (%)

K∗(892)+π− 58.6 61.2

K0
Sρ

0 22.4 21.6

K0
Sσ 9.3 9.8

Non Res 7.3 9.7

Table 13: The fit fractions for the four most prominent resonant contributions to
D̂0 → K0

Sπ
+π− obtained by BaBar and Belle.
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Figure 22: Dalitz plot projections on the squares of invariant masses of the BaBar
data and fits for D → K0

Sπ
+π−: (left) projections on the K0

Sπ
+ invariant mass

squared axis, (middle) projections on the K0
Sπ

− invariant mass squared axis, and
(right) projections on the π+π− invariant mass squared axis. [10, 42]

Figure 23: Dalitz plot projections on the squares of invariant masses of the Belle data
and fits for D → K0

Sπ
+π−: (a) projections on the K0

Sπ
+ invariant mass squared axis,

(b) projections on the K0
Sπ

− invariant mass squared axis, and (c) projections on the
π+π− invariant mass squared axis. [10, 43]

Dalitz Analysis of D0 → K+K−π0 Decays to Measure γ

CLEO has studied the Dalitz plot of D0 → K+K−π0 decays [40], which can also
be used to measure γ in B± → D̂0K± decays. The relative complex amplitude for
D0 → K∗+K− and D0 → K∗+K− decays is required to determine γ. This relative

amplitude is the same as that for the two decays D0 → K∗−K+ and D
0 → K∗+K−

(and their charge conjugates) assuming CP conservation in these D̂0 decays. CLEO
found 735 D0 → K−K+π0 candidates in 9.0 fb−1 of data taken with the CLEO III
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detector. The Dalitz plot for the events were fit with 13 resonance components
and a flat non resonant component. Four of these components, K∗+, K∗−, φ and
non-resonant had the largest fit fractions. The projections of the fit on the three
mass-squared axes are illustrated in Figure 24. The relative complex amplitude for
the K∗±K∓ decays is defined by,

rDe
iδD ≡ aK∗−K+

aK∗+K−

ei(δK∗−K+−δ
K∗+K− )

where the a’s are the real parts of the amplitudes and the δ’s are the phase shifts.
The results for rD and δD are rD = 0.52± 0.05± 0.04 and φD = 332◦ ± 8◦ ± 11◦.

Figure 24: Dalitz plot projections on the squares of invariant masses of the CLEO-c
data and fits for D0 → K+K−π0: (a) projections on the K+π− invariant mass squared
axis, (b) projections on the K−π0 invariant mass squared axis, and (c) projections on
the K+K− invariant mass squared axis.

6.3 Analysis of D0 → K+K−π+π− Decays from FOCUS

A study of resonant substructure in D0 → K+K−π+π− decay [16] from FOCUS is the
only substantial effort to study resonances in four-body charm decays. After all cuts,
FOCUS obtained 1279±48 D0 → K+K−π+π− events above a modest background. A
total of 10 resonant/decay contributions were considered in the analysis; three of these
were K1(1270)K− where the K1 decayed to states with other resonances, ρ0(770)K+,
K∗

0 (1430)π+, and K∗(890)π+. The results of the fits projected onto invariant mass
axes are illustrated in Figure 25. The fit fractions for the largest components are
given in Table 14.
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Figure 25: Two-body invariant mass distributions from the FOCUS Collaboration’s
study the four-body decay D0 → K+K−π+π−. [44]

Mode Fit Fraction (%)

K1(1270)+K− 33± 6± 4

K1(1400)+K− 22± 3± 4

φρ0 29± 2± 1

K∗(1400)0K+π− 11± 1± 1

f0(980)π+π− 15± 3± 2

Table 14: Fit fractions for the largest components in the FOCUS Dalitz analysis of
D0 → K+K−π+π− decays.
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7 Summary and Conclusions

The large data samples and high-quality detectors of the BaBar, Belle, and CLEO-
c experiments have led to substantial advances in precision and discovery reach of
charm physics. The CLEO Collaboration, operating the CLEO-c detector in the
charm threshold region, is measuring absolute D hadronic branching fractions with
unprecedented precision.

CLEO reports preliminary results for D0 and D+ absolute branching fractions

obtained from 281 pb−1 of e+e− → ψ(3770) → D+D− or D0D
0

data. These results
are limited by systematic errors that are as low as ∼< 3%. CLEO expects to reduce
these systematic errors via an ongoing effort. At this level of precision, final state
radiation, whose effects are ∼< 2%, must be considered. This is an interesting problem
for the Particle Data Group, since most measurements of branching fractions do not
take FSR into account.

CLEO also reports preliminary results for hadronic Ds branching fractions from
195 pb−1 of e+e− annihilation data taken near Ecm = 4.17 GeV, which is just above
the D±

s D
∗∓
s threshold. These results, with errors generally below 10%, are a substan-

tial improvement over previous measurements, although they are limited by statistics.
CLEO has an additional 130 pb−1 of data at this energy to be analyzed, and plans
to take more data at this energy in the future. The resonant substructure of the
Ds → K−K+π+ decay mode is becoming an issue, since one of the contributions to
this mode is Ds → φπ+, which has often been used as a reference branching faction
for other Ds decays. There appears to be a significant contribution (∼ 5%) from
scalar resonances in a reasonable region in the M(K+K−) mass distribution around
the φ peak. Since the error of the CLEO measurements of B(Ds → K−K+π+) are
comparable to the scalar contribution under the φ, we need to define a new reference
branching fraction for Ds decays

In addition to the measurements of Cabibbo-favored branching fractions men-
tioned in the previous paragraphs, many new and accurate measurements of singly-
and doubly-Cabibbo-suppressed branching fractions are appearing. BaBar, Belle,
and CLEO-c are active in these analyses. By utilizing their enormous data samples,
BaBar and Belle are starting to dominate measurements of the ratios of branching
fractions to reference-mode branching fractions.

There is substantially increased activity in the Dalitz analyses of hadronic final
states of D decays. However, there are serious ambiguities in these analyses due to
uncertainties in how to specify the amplitude for the resonant contributions. For ex-
ample, E791, FOCUS, and CLEO have all reported Dalitz analyses of D+ → π+π+π−.
E791 and CLEO utilize a standard isobar parameterization of the decay amplitude,
while FOCUS uses a K-matrix description which has some theoretical advantages.
From these three experiments there is general agreement on the main resonant contri-
butions to this decay, but there is important disagreement on the details, particularly
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on the presence of a σ scalar contribution to the decay. Developing a consensus on
the proper treatment of resonant substructure with multiple overlapping states will
become even more important as the larger data samples with higher purity become
available.

BaBar and Belle report Dalitz analyses of D → K0
Sπ

+π− decays as byproducts of
their studies of B± → D̂0(∗)K∓ decays to measure the CKM angle γ or φ3. These
collaborations are able to select enormous data samples with high purity from tagged
B decays. CLEO reports a Dalitz analysis of D0 → K+K−π0 decays which can also
be used in a determination of γ or φ3.

FOCUS reported the first analysis of the resonant substructure of a four-body
hadronic charm decay, D0 → K+K−π+π−. This result on a relatively modest data
sample demonstrates that analyses of resonant substructure of charm decays to four
or more bodies is a fertile field of research.

In the near future, we can look forward to many more exciting and precise results
from the charm sector from the BaBar, Belle, and CLEO collaborations. In the
slightly farther future, we expect that the BESIII experiment operating in the charm
threshold region at the BEPCII e+e− storage ring in Beijing will open a new frontier
in the precision and reach of charm decay experiments.
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1 Introduction

Traditionally, B physics has been the domain of e+e− machines operating on the
Υ (4S) resonance or the Z0 pole. But the UA 1 Collaboration has already shown that
B physics is feasible at a hadron collider environment (see for example Ref. [1]). The
first signal of fully reconstructed B mesons at a hadron collider has been published by
the CDF Collaboration in 1992 [2]. CDF reconstructed a handful of B+ → J/ψK+

events in a data sample of 2.6 pb−1 taken during the Tevatron Run 0 at the end of the
1980’s. Since then experimental techniques improved significantly. Especially with
the development of high precision silicon vertex detectors, the study of B hadrons is
now an established part of the physics program at hadron colliders.

The CDF and DO experiments can look back to an already successful B physics
program during the 1992-1996 Run I data taking period (for a review of B physics
results from, for example, CDF in Run I see Ref. [3]). Nowadays, B physics results
from a hadron collider are fully competitive with the e+e− B factories. As discussed
later in this review, with the operation of a hadronic track trigger, CDF reconstructs
fully hadronic B decay modes without leptons in the final state. In many cases, the
measurements performed at the Tevatron Collider are complementary to the B fac-
tories. For example, no B0

s mesons or baryons containing b quarks are produced on
the Υ (4S) resonance.

B hadrons not produced at the B factories are the topics of this review. We discuss
the spectroscopy of excited B states (B∗∗, B∗∗

s ) and the observation of the Σb baryon
at the Tevatron. The second part of this review discusses the decays of B hadrons
and measurements of branching fractions. We focus on charmless two-body decays of
B → h+h−. We end this article by summarizing our finding in the conclusions.
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Figure 1: Tevatron (left) initial store luminosity from 2002-2006 and (right) delivered
luminosity per calendar year.

2 The Tevatron with the CDF & DO Experiments

The Fermilab accelerator complex has undergone a major upgrade in preparation
for Tevatron Run II. The centre-of-mass energy has been increased to 1.96 TeV as
compared to 1.8 TeV during Run I and the Main Injector, a new 150 GeV proton
storage ring, has replaced the Main Ring as injector of protons and anti-protons into
the Tevatron. The present bunch crossing time is 396 ns with a 36 × 36 pp bunch
operation. The luminous region of the Tevatron beam has an RMS of ∼30 cm along
the beamline (z-direction) with a transverse beamwidth of about 25-30 µm.

The initial Tevatron luminosity steadily increased from 2002 to 2006 as shown in
Figure 1(left). By the end of 2006, the peak luminosity reached by the Tevatron is >
25 ·1031 cm−2s−1. The increase in accelerator performance throughout Run II can also
be seen by the delivered luminosity per calendar year as displayed in Figure 1(right).
The total integrated luminosity delivered by the Tevatron to CDF and DO at the
end of 2006 is ∼2.2 fb−1 with about 1.8 fb−1 recorded to tape by each the CDF and
DO experiments. However, most results presented in this review use about 1 fb−1 of
data.

The CDF detector improvements for Run II [4] were motivated by the shorter ac-
celerator bunch spacing and the increase in luminosity by an order of magnitude. All
front-end and trigger electronics has been significantly redesigned and replaced. A
DAQ upgrade allows the operation of a pipelined trigger system. CDF’s tracking sys-
tem was completely renewed for Run II. It consists of a Central Outer Tracker (COT)
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with 30 200 sense wires arranged in 96 layers, between 40 and 137 cm in radius,
organized into eight alternating axial and ±2◦ stereo super-layers. The transverse
momentum resolution is σpT

/pT ≃ 0.15% pT/(GeV/c). The specific energy loss by
ionization (dE/dx) of charged particles in the COT is measured from the amount of
charge collected by each wire. The Run II silicon vertex detector consists of seven
double sided layers and one single sided layer mounted on the beam pipe covering a
total radial area from 1.5-28 cm. The silicon vertex detector covers the full Tevatron
luminous region and allows for standalone silicon tracking up to a pseudo-rapidity |η|
of 2. The forward calorimeters have been replaced by a new scintillator tile based
plug calorimeter which gives good electron identification up to |η| = 2. The upgrades
to the muon system almost double the central muon coverage and extend it up to
|η| ∼ 1.5. The most important improvements for B physics in Run II are a Silicon
Vertex Trigger (SVT) and a Time-of-Flight (ToF) system with a resolution of about
100 ps. The later employs 216 three-meter-long scintillator bars located between the
outer radius of the COT and the superconducting solenoid. The Time-of-Flight sys-
tem is most beneficiary for the identification of kaons with a 2σ-separation between
π and K for p < 1.6 GeV/c.

The DO detector also went through a major upgrade before the beginning of
Run II [5]. The inner tracking system was completely replaced and includes a new
Silicon tracker surrounded by a Scintillating Fiber tracker, both of which are en-
closed in a 2 Tesla solenoidal magnetic field. Pre-shower counters are located before
the uranium/liquid-argon calorimeter to improve the electron and photon identifica-
tion. The already excellent muon system has been further improved by adding more
shielding to reduce beam background. The Run II DO detector has excellent tracking
and lepton acceptance. Tracks with pseudo-rapidity as large as 2.5-3.0 (θ ≈ 10◦)
and transverse momentum pT as low as 180 MeV/c can be reconstructed. The muon
system can identify muons within |η| < 2.0. The minimum pT of the reconstructed
muons varies as a function of η. In most of the results presented, muons were required
to have pT > 2 GeV/c.

2.1 Triggers for B Physics

The total inelastic pp cross section at the Tevatron is about three orders of magnitude
larger than the b quark production cross section. The CDF and DO trigger system
is therefore the most important tool for finding B decay products. In addition, the
cross section for b quark production is steeply falling. It drops by almost two orders
of magnitude between a b quark pT of about 8 GeV/c and 25 GeV/c. To find B decay
products in hadronic collisions, it is desirable to go as low as possible in the decay
products transverse momentum, exploiting as much as possible of the steeply falling
b cross section. Of course, the limiting factor is the bandwidth of the experiment’s
data acquisition system.
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In Run I, all B physics triggers at CDF and DO were based on leptons including
single and dilepton triggers. In Run II, both experiments still exploit heavy flavour
decays which have leptons in the final state. Identification of dimuon events down
to very low momentum is possible, allowing for efficient J/ψ → µ+µ− triggers. As a
consequence, both experiments are able to fully reconstruct B decay modes involving
J/ψ’s. Both experiments also use inclusive lepton triggers designed to accept semilep-
tonic B → ℓνℓX decays. DO has an inclusive muon trigger with excellent acceptance,
allowing them to accumulate very large samples of semileptonic decays. The CDF
semileptonic triggers require an additional displaced track associated with the lepton,
providing cleaner samples with smaller yields.

In addition, the CDF detector has the ability to select events based upon track
impact parameter. The Silicon Vertex Trigger gives CDF access to purely hadronic
B decays and makes CDF’s B physics program fully competitive with the one at
the e+e− B factories. The hadronic track trigger is the first of its kind operating
successfully at a hadron collider. It works as follows: With a fast track trigger
at Level 1, CDF finds track pairs in the COT with pT > 1.5 GeV/c. At Level 2,
these tracks are linked into the silicon vertex detector and cuts on the track impact
parameter (e.g. d > 100 µm) are applied. The SVT track impact parameter resolution
is about 50 µm including a 33 µm contribution from the transverse beam spreading.
The original motivation for CDF’s hadronic track trigger was to select B0 → ππ
decays to be used for CP violation studies. With the different B trigger strategies
above, the Collider experiments are able to trigger and reconstruct large samples of
heavy flavour hadrons.

3 Spectroscopy

3.1 Study of Orbitally Excited B Mesons

The spectroscopy of excited meson states containing b quarks is not well studied.
Only the stable 0− ground states B+, B0 and B0

s and the excited 1− state B∗ are
established [6]. Quark models predict the existence of two wide (B∗

0 and B∗
1) and two

narrow (B0
1 and B0∗

2 ) bound P -states [7]. The wide states decay through an S-wave
and therefore have a large width of a couple of hundred MeV/c2, which makes it
difficult to distinguish such states from combinatoric background. The narrow states
decay through a D-wave (L = 2) and thus should have a small width of around
1 MeV/c2 [8, 9]. Almost all previous observations [10, 11] of the narrow P -states
B1 and B0∗

2 have been made indirectly using inclusive or semi-exclusive B decays
which prevented the separation of both states and a precise measurement of their
properties. In contrast, the masses, widths and decay branching fractions of these
states are predicted with good precision by the theoretical models [8, 9].
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Figure 2: Result of the fit to the B∗∗ mass difference (left) ∆m = m(Bπ) − m(B)
from DO and (right top) Q = m(Bπ)−m(B)−m(π) from CDF in the B+ → J/ψK+

channel and (right bottom) in the B+ → D0π+ mode.

B0
1 and B0∗

2 candidates are reconstructed in the following decay modes: B0
1 →

B∗+π− with B∗+ → B+γ and B0∗
2 → B∗+π− with B∗+ → B+γ as well as B0∗

2 →
B+π−. In both cases the soft photon from the B∗ decay is not reconstructed result-
ing in a shift of about 46 MeV/c2 in the mass spectrum. DO reconstructs the B+

candidates in the fully reconstructed mode B+ → J/ψK+ with J/ψ → µ+µ− while
CDF selects B+ mesons in addition through the B+ → D0π+ mode with D0 → K−π+.
The CDF analysis is based on 360 pb−1 of data resulting in a B+ → J/ψK+ signal
of 1867± 64 events and 2182± 54 candidates in the B+ → D0π+ channel. The DO
measurement employs 1 fb−1 of Run II data and finds a signal peak of 16 219± 180
events attributed to the decay B+ → J/ψK+.

DO presents their measured mass distribution as ∆m = m(Bπ)−m(B) as shown
in Figure 2(left), while CDF plots Q = m(Bπ) − m(B) − m(π) as displayed in
Fig. 2(right top) and (right bottom). Clear signals for the narrow excited B states are
observed: CDF reconstructs 80±18 events in B+ → J/ψK+ and 106±20 events in the
B+ → D0π+ channel while DO observes a total of 504±80 candidates for the narrow
B∗∗ states. The measured masses are reported as m(B0

1) = 5720.8±2.5±5.3 MeV/c2

and m(B0∗
2 )−m(B0

1) = 25.2±3.0±1.1 MeV/c2 from DO, while CDF quotes m(B0
1) =

5734± 3± 2 MeV/c2 and m(B0∗
2 ) = 5738± 5± 1 MeV/c2. Clearly these preliminary

results are not in good agreement. CDF currently works on an update of their analysis
using 1 fb−1 of data.

403



M. Paulini Spectroscopy and Decay of B Hadrons at the Tevatron

3.2 Observation of Orbitally Excited BsJ Mesons

The properties of 〈bs〉 excited meson states and the comparison with properties of
excited states in the 〈bu〉 and 〈bd〉 systems provide good tests of various models
of quark bound states. These models [7, 8, 12] predict the existence of two wide
resonances (B∗

s0 and B∗
s1) and two narrow (B0

s1 and B0∗
s2 ) bound P -states. The wide

states decay through an S-wave and therefore have a large width of a couple of
hundred MeV/c2. This makes it difficult to distinguish such states from combinatoric
background. The narrow states decay through a D-wave (L = 2) and therefore should
have a small width of around 10 MeV/c2 [9]. If the mass of the BsJ (J = 1, 2) is
large enough, then the main decay channel should be B(∗)K as the B0

sπ decay mode
is not allowed by isospin conservation. Previous observations [10] of the narrow BsJ

P -states have been made indirectly preventing the separation of both states.

B0
s1 and B0∗

s2 candidates are reconstructed in the following decay modes: B0
s1 →

B∗+K− with B∗+ → B+γ and B0∗
s2 → B∗+K− with B∗+ → B+γ as well as B0∗

s2 →
B+K−. In both cases the soft photon from the B∗ decay is not reconstructed resulting
in a shift in the mass spectrum. DO reconstructs the B+ candidates in the fully
reconstructed mode B+ → J/ψK+ with J/ψ → µ+µ− while CDF selects B+ mesons
in addition through the B+ → D0π+ mode with D0 → K−π+. The CDF and DO
measurements are each based on 1 fb−1 of Run II data. The CDF analysis finds
∼ 31 000 B+ → J/ψK+ events and ∼ 27 200 candidates in the B+ → D0π+ channel.
DO uses a signal of 16 219 ± 180 B+ events from the decay B+ → J/ψK+. Both
experiments present their measured mass distribution in the quantity Q = m(BK)−
m(B)−m(K) as displayed in Figure 3(left) and (right).

A clear signal at Q ∼ 67 MeV/c2 is observed by CDF and DO (see Fig. 3), which
is interpreted as the B0∗

s2 state. CDF reconstructs 95 ± 23 events in the peak at
Q = 67.0 MeV/c2 while DO reports 135 ± 31 events at Q = 66.4 ± 1.4 MeV/c2.
In addition, CDF observes 36 ± 9 events in a peak at Q ∼ 10.7 MeV/c2 which is
interpreted as first evidence for the B0

s1 state. The measured masses are reported
as m(B0∗

s2 ) = 5839.1 ± 1.4 ± 1.5 MeV/c2 from DO, while CDF quotes m(B0
s1) =

5829.4 ± 0.2 ± 0.6 MeV/c2 and m(B0∗
s2 ) = 5839.6 ± 0.4 ± 0.5 MeV/c2. The results

from CDF and DO are in good agreement.

3.3 Observation of Σb Baryons

Until recently only one bottom baryon, the Λ0
b , has been directly observed. At present

the CDF collaboration has accumulated the world’s largest data sample of bottom
baryons, due to a combination of two factors – the CDF displaced track trigger, and
the ∼ 1 fb−1 of integrated luminosity delivered by the Tevatron. Using a sample of
fully reconstructed Λ0

b → Λ+
c π

− candidates collected with the displaced track trigger,

CDF searched for the decay Σ
(∗)±
b → Λ0

bπ
±.
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Figure 3: Result of the fit to the B∗∗
sJ mass difference Q = m(BK) −m(B) −m(K)

from (left) CDF and (right) DO.

The QCD treatment of quark-quark interactions significantly simplifies if one of
the participating quarks is much heavier than the QCD confinement scale ΛQCD.
In the limit of mQ →∞, where mQ is the mass of the heavy quark, the angular
momentum and flavour of the light quark become good quantum numbers. This
approach, known as Heavy Quark Effective Theory (HQET), thus views a baryon
made out of one heavy quark and two light quarks as consisting of a heavy static
color field surrounded by a cloud corresponding to the light diquark system. In
SU(3) the two quarks are in diquark form 3 and 6 according to the decomposition
3 ⊗ 3 = 3 ⊕ 6, leading to a generic scheme of baryon classification. Diquark states
containing quarks in an antisymmetric flavour configuration, [q1, q2], are called Λ-type
whereas states with diquarks containing quarks in a flavour symmetric state, {q1, q2},
are called Σ-type.

In the Σ-type ground state the light diquark system has isospin I = 1 and JP =
1+. Together with the heavy quark this leads to a doublet of baryons with JP = 1

2

+

(Σb) and JP = 3
2

+
(Σ∗

b ). The ground state Σ-type baryons decay strongly to Λ-type
baryons by emitting pions. In the limit mQ →∞, the spin doublet {Σb, Σ

∗
b } would

be exactly degenerate since an infinitely heavy quark does not have a spin interaction
with a light diquark system. As the heavy quark is not infinitely massive, there
will be a small mass splitting between the doublet states and there is an additional
isospin splitting between the Σ

(∗)−
b and Σ

(∗)+
b states [13]. There exist a number of

predictions for the masses and isospin splittings of these states using HQET, non-
relativistic and relativistic potential models, 1/Nc expansion, sum rules and lattice
QCD. References [13, 14] contain some of the existing theoretical estimates, while
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Σb property Expected value [MeV/c2]
m(Σb) - m(Λ0

b) 180 - 210
m(Σ∗

b )−m(Σb) 10 - 40
m(Σ−

b )−m(Σ+
b ) 5 - 7

Γ(Σb), Γ(Σ∗
b ) ∼8, ∼15

Table 1: General range of theoretical predictions for the Σ
(∗)±
b states from Refer-

ences [13, 14].

Table 1 summarizes the range of predictions. The natural width of Σb baryons is
expected to be dominated by single pion transitions. Decays of the type Σc,b → Λc,bγ
are expected to have significantly smaller (∼ 100 keV/c2) partial widths than the
single pion transition, and are thus negligible. The partial width of the P -wave one-
pion transition thus depends on the available phase space.

In analogy with the B meson hadronization chain, in this analysis events are
separated into “same charge” or SC and “opposite charge” or OC combinations. As
the Λ0

b is neutral, the charge of the soft pion track determines the charge of the
Σb baryon, and there will be Σb signals for both positive and negative pions. SC
(OC) is defined as events where the Σb pion has the same (opposite) charge as the

pion from the Λ0
b decay. With these definitions, the SC distribution contains all Σ

(∗)−
b

and Σ
(∗)−

b candidates while OC contains Σ
(∗)+
b and Σ

(∗)+

b .

The present analysis is based on events collected by the CDF detector from 2002
through February 2006, with an integrated luminosity of L = 1070±60 pb−1. Events
collected on the two track trigger are used to reconstruct the decay chain Λ0

b →
Λ+
c π, Λ

+
c → pK−π+. CDF reconstructs a Λ0

b yield of approximately 2800 candidates
in the signal region m(Λ0

b) ∈ [5.565, 5.670] GeV/c2, with the Λ0
b mass plot shown in

Figure 4.

To separate out the resolution on the mass of each Λ0
b candidate, CDF searches for

narrow resonances in the mass difference distribution of Q = m(Λ0
bπ)−m(Λ0

b)−mπ.
Unless explicitly stated, Σb refers to both the J = 1

2
(Σ±

b ) and J = 3
2

(Σ∗±
b ) states.

There is no transverse momentum cut applied to the pion from the Σb decay, since
these tracks are expected to be very soft. In order to perform an unbiased search, the
cuts for the Σb reconstruction are optimized first with the Σb signal region blinded.
From theoretical predictions the Σb signal region is chosen as 30 < Q < 100 MeV/c2,
while the upper and lower sideband regions of 0 < Q < 30 MeV/c2 and 100 <
Q < 500 MeV/c2 represent the Σb background. The signal for the optimization is
taken from a PYTHIA Monte Carlo Σb sample, with the decays Σb → Λ0

bπ, Λ
0
b →

Λ+
c π

−, Λ+
c → pK−π+ forced.

The backgrounds under the Λ0
b signal region in the Λ0

b mass distribution will
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Figure 4: Fit to the invariant mass of Λ0
b → Λ+

c π
− candidates. The solid blue line is

the total fit, while the primary background sources are listed in the legend.

also be present in the Σb Q-distribution. The primary sources of background are
Λ0
b hadronization and underlying event, hadronization and underlying event of other

B meson reflections and combinatorial background underneath the Λ0
b peak. The

percentage of each background component in the Λ0
b signal region is derived from the

Λ0
b mass fit, and is determined as 86% Λ0

b signal, 9% backgrounds and 5% combina-
torial background. Other backgrounds (e.g. from 5-track decays where one track is
taken as the πΣb

candidate) are negligible, as confirmed in inclusive single-b-hadron
Monte Carlo samples.

Upon unblinding the Q signal region, there is an excess observed in data over
predicted backgrounds. The excess over background is shown in Table 2. CDF
performs a simultaneous unbinned likelihood fit to SC and OC data. To the already
described background components, four peaks are added, one for each of the expected
Σb states. Each peak is a sum of two Breit-Wigner shapes, each convoluted with two
Gaussian resolution functions. The detector resolution has a dominant narrow core
and a small broader shape describing the tails where the PDF for each peak takes
both into account. Due to low statistics, CDF constrains m(Σ∗+

b ) − m(Σ+
b ) and

m(Σ∗−
b ) − m(Σ−

b ) to be the same. The results of the fit are given in Tab. 3 and
displayed in Fig. 5(left).

All systematic uncertainties on the mass difference measurements are small com-
pared to their statistical errors. The systematic errors from the tracking sources are
determined by comparing the mean and the width of the peak in m(D∗+) −m(D0)
between data and Monte Carlo simulation split up in several regions of track pT . The
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Sample Data events Bkg events Data excess over bkg
Same charge 416 268 148
Opposite charge 406 298 108

Table 2: Summary of the number of events in the Q signal region (Q ∈ [0.03,
0.1] GeV/c2) for data and predicted background.

Parameter Value Parabolic Error MINOS Errors
Q(Σ+

b ) (MeV/c2) 48.4 2.02 (+2.02, -2.29)
Q(Σ−

b ) (MeV/c2) 55.9 0.963 (+0.990, -0.959)
Q(Σ∗

b ) - Q(Σb) (MeV/c2) 21.3 1.93 (+2.03, -1. 94)
Σ+
b events 29 12.0 (+12.4, -11.6)

Σ−
b events 60 14.3 (+14.8, -13.8)

Σ∗+
b events 74 16.8 (+17.2, -16.3)

Σ∗−
b events 74 17.8 (+18.2, -17.4)

-ln(Likelihood) -24553.5 – –

Table 3: Fit parameters and error values from the fit to data. Positive and negative
errors are quoted separately as the error range is asymmetric.

largest discrepancy of the D∗+ peak is 0.06 MeV/c2 which is taken as the systematic
error for all four peaks. The discrepancy in the mass resolution could be as large
as 20%. The effect of a broader resolution is evaluated via a sample of Toy Monte
Carlo experiments. The remaining systematics come from assumptions made in the
fit to the data, such as the use of fixed background shapes. For the parameters as-
sociated with an individual systematic uncertainty, Toy MC samples are generated
where these parameters are varied. The sample is then fit with both the default fit
and the fit with varied parameters. The difference between fit parameter values in
the varied fit and the default fit is caused by the systematic variation and constitutes
the associated systematic error.

To evaluate the significance of the measurement, the null hypothesis is tested.
The data is fit with no signal and with the standard fit using four peaks. Then
the likelihood ratio is computed as LR = L1/L2, where L2 is the four signal peak
hypothesis and L1 is the corresponding hypothesis with no peaks. The result of this
fit is shown in Figure 5(right) and a likelihood ratio of ∼ 10−19 is obtained indicating

the observation of the Σ
(∗)±
b states.

To summarize, the lowest lying charged Λ0
bπ resonant states are observed in 1 fb−1

of data collected by the CDF detector. These are consistent with the lowest lying
charged Σ

(∗)±
b baryons. The Q values of Σ−

b and Σ+
b , and the Σ∗

b -Σb mass difference,
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Figure 5: (left) Simultaneous fit to the Σb states and (right) with an alternate signal
description assuming no signal is present (null hypothesis).

are measured to be:
- m(Σ−

b )−m(Λ0
b)−m(π) = 55.9± 1.0 (stat) ±0.1 (syst) MeV/c2,

- m(Σ+
b )−m(Λ0

b)−m(π) = 48.4+2.0
−2.3 (stat) ±0.1 (syst) MeV/c2,

- m(Σ∗−
b )−m(Σ−

b ) = m(Σ∗+
b )−m(Σ+

b ) = 21.3+2.0
−1.9 (stat) +0.4

−0.2 (syst) MeV/c2.
Using the best CDF mass measurement for the Λ0

b mass, which ism(Λ0
b) = 5619.7±

1.2 (stat) ±1.2 (syst) MeV/c2, the absolute mass values and number of events are:
- m(Σ+

b ) = 5808+2.0
−2.3 (stat) ±1.7 (syst) MeV/c2, N(Σ+

b ) = 29+12.4
−11.6 (stat) +5.0

−3.4 (syst),
- m(Σ−

b ) = 5816+1.0
−1.0 (stat) ±1.7 (syst) MeV/c2, N(Σ−

b ) = 60+14.8
−13.8 (stat) +8.4

−4.0 (syst),
- m(Σ∗+

b ) = 5829+1.6
−1.8 (stat) ±1.7 (syst) MeV/c2, N(Σ∗+

b ) = 74+17.2
−16.3 (stat) +10.3

−5.7 (syst),
- m(Σ∗−

b ) = 5837+2.1
−1.9 (stat) ±1.7 (syst) MeV/c2, N(Σ∗−

b ) = 74+18.2
−17.4 (stat) +15.6

−5.0 (syst).

4 Decay of B Hadrons

In this Section we focus on a new CDF result involving the branching fractions and
time-integrated direct CP asymmetries for B0 and B0

s decay modes into pairs of
charmless charged hadrons B → h+h−.
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4.1 Results from Charmless Two-Body Decays B → h+h−

The decay modes of B mesons into pairs of charmless pseudo-scalar mesons are effec-
tive probes of the quark-mixing matrix (CKM) and sensitive to potential new physics
effects. The large production rate of B hadrons at the Tevatron allows measuring
such decays in new modes, which are important to supplement our understanding of
B meson decays. The still unobserved B0

s → K−π+ decay mode could be used to mea-
sure the angle γ [15] of the CKM unitarity triangle and its CP asymmetry could be a
powerful model-independent test of the source of direct CP violation in the B meson
system [16]. This may provide useful information to solve the current discrepancy
between the asymmetries observed in the neutral and charged B modes [17]. The
B0
s → π+π− and B0 → K+K− decay channels proceed only through annihilation

diagrams, which are currently poorly known and constitute a source of significant
uncertainty in many theoretical calculations [18, 19]. A measurement of both modes
would allow a determination of the strength of penguin-annihilation diagrams [20].

Data Selection

CDF analysed a sample (integrated luminosity L ∼ 1 fb−1) of pairs of oppositely
charged particles with pT > 2 GeV/c and pT (1) + pT (2) > 5.5 GeV/c, used to form
B0

(s) meson candidates. In addition, the trigger required a transverse opening-angle
20◦ < ∆φ < 135◦ between the two tracks, to reject background from particle pairs
within the same jet and from back-to-back jets. In addition, both charged particles
are required to originate from a displaced vertex with a large impact parameter d0

(100 µm < d0 < 1 mm), while the B0
(s) meson candidate is required to be produced

in the primary pp interaction (d0(B) < 140 µm) and to have traveled a transverse
distance Lxy(B) > 200 µm.

In the offline analysis, an unbiased optimization procedure determines a tightened
selection on track-pairs fit to a common decay-vertex. CDF chooses selection cuts
minimizing directly the expected uncertainty (through several pseudo-experiments) of
the physics observables to be measured. CDF decided to use two different sets of cuts,
optimizing separately the measurements of ACP (B0 → K+π−) and B(B0

s → K−π+).
For the latter, the sensitivity for discovery and limit setting [21] was optimized rather
than the statistical uncertainty on the particular observational parameter, since this
mode had not yet been observed. It is verified that the former set of cuts is also
adequate to measure other decay rates of the larger yield modes (B0 → π+π−, B0

s →
K+K−), while the latter, tighter set of cuts, is well suited to measure the decay
rates and CP asymmetries related to the rare modes (B0

s → π+π−, B0 → K+K−,
Λ0
b → pπ−, Λ0

b → pK−).
In addition to tightening the trigger cuts in the offline analysis, other discrim-

inating variables such as the isolation of the B0
(s) meson and the information pro-

vided by the 3D reconstruction capability of the CDF tracking system are used,
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Figure 6: (left) Invariant mass distribution of B → h+h− candidates passing all
selection requirements optimized to measure B(B0

s → K−π+), using the pion mass
assumption for both decay products. The cumulative projections of the likelihood fit
for each mode are overlaid in (right).

allowing a great improvement in the signal purity. Isolation is defined as I(B) =
pT (B)/[pT (B) +

∑
i pT (i)], in which the sum runs over every other track within a

cone of radius one in the η − φ space around the B0
(s) meson flight-direction. By

requiring I(B) > 0.5 the background is reduced by a factor four while keeping almost
80% of the B signal. The 3D silicon tracking allows to resolve multiple vertices along
the beam direction and to reject fake tracks reducing the background by another
factor of two, with small inefficiency on the signal. The resulting ππ invariant mass
distribution shown in Figure 6(left) display a clean signal of B → h+h− decays. In
spite of a good mass resolution (≈ 22 MeV/c2), the various B → h+h− modes overlap
into an unresolved mass peak.

Fit of Sample Composition

The resolution in invariant mass and in particle identification is not sufficient for sep-
arating individual decay modes on an event-by-event basis. Therefore CDF performs
an unbinned maximum likelihood fit, combining kinematic and particle identifica-
tion information, to statistically determine the contribution of each mode and the
CP asymmetries. For the kinematic portion, CDF uses three loosely correlated ob-
servables to summarize the information carried by all possible values of invariant mass
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of the B candidate, resulting in different mass assignments to the two outgoing parti-
cles. These are: (a) the mass mππ calculated with the charged pion mass assignment
to both particles, (b) the signed momentum imbalance α = (1 − p1/p2)q1, where p1

(p2) is the lower (higher) of the particle momenta, and q1 is the sign of the charge
of the particle of momentum p1, and (c) the scalar sum of the particle momenta
ptot = p1 + p2. Using these three variables, the mass of any particular mode m12 can
be written as:

m2
12 = m2

ππ − 2m2
π +m2

1 +m2
2 − 2

√
p2

1 +m2
π

√
p2

2 +m2
π − 2

√
p2

1 +m2
1

√
p2

2 +m2
2, (1)

p1 =
1− |α|
2− |α| ptot, p2 =

1

2− |α| ptot, (2)

where m1 (m2) is the mass of the lower (higher) momentum particle. For simplicity
Eq. (1) is written as a function of p1 and p2 instead of α and ptot but in the likelihood
fit it is used as a function of α and ptot.

Particle identification (PID) information is summarized by a single observable κ
for each track defined as

κ =
dE/dx− dE/dx(π)

dE/dx(K)− dE/dx(π)
. (3)

With the chosen observables, the likelihood contribution of the ith event is written
as:

Li = (1− b)
∑

j

fjLkin
j LPID

j + b
(
fALkin

A LPID
A + (1− fA)Lkin

E LPID
E

)
(4)

where:
Lkin
j = R(mππ −Mj(α, ptot), α, ptot)Pj(α, ptot), (5)

Lkin
A = A(mππ|c2, m0)PA(α, ptot), (6)

Lkin
E = ec1mππPE(α, ptot), (7)

LPID
j(E,A) = Fj(E,A)(κ1, κ2, α, ptot). (8)

The index ‘A(E)’ labels the physical (combinatorial) background-related quantities,
the index j runs over the twelve distinguishable B → h+h− and Λ0

b → ph modes
(Fig. 7), and fj are their respective fractions, to be determined by the fit together with
the total background fraction b and with the fraction of the physical (combinatorial)
background fA(E). The conditional probability density R(mππ −Mj(α, ptot), α, ptot)
is the mass resolution function of each mode j when the correct mass is assigned to
both tracks. In fact, the average mass Mj(α, ptot) is the value of mππ obtained from
Eq. (1) by setting the appropriate particle masses for each decay mode j. Making a
simple variable change, R(mππ −Mj(α, ptot), α, ptot) = R(mj −mB0(B0

s ,Λ
0
b
), α, ptot) is

obtained where mj is the invariant mass computed with the correct mass assignment
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Figure 7: Average mππ vs α for simulated samples of (left) B0
s and (right) Λ0

b can-
didates, where self-tagging final states (K+π− and K−π+, ph− and ph+) are treated
separately. The corresponding plots for the B0 are similar to B0

s but shifted for the
mass difference.

to both particles for each mode j. R is parameterized using the detailed detector
simulation [22]. To take into account non-Gaussian tails due to the emission of
photons in the final state, CDF includes in the simulation soft photon emission of
particles in agreement with recent QED calculations [23]. CDF checks the quality
of the mass resolution model using about 500K D0 → K−π+ decays as shown in
Figure 8(left). The mass line-shape of the D0 → K−π+ peak is fitted fixing the
signal shape from the model, only allowing to vary the background function. CDF
obtains good agreement between data and simulation. In Eq. (5) the nominal B0,
B0
s and Λ0

b masses as measured by CDF [24] are used in order to cancel common
systematic uncertainties. The background mass distribution is determined in the fit
by varying the parameters c1, c2 and m0 in Eq. (6,7). The probability Pj(α, ptot) is
the joint probability distribution of (α, ptot) and is parameterized for each mode j
by a product of polynomial and exponential functions fitted to Monte Carlo samples
produced by a detailed detector simulation [22]. The background function PA(E) is
obtained from the mass sidebands of the data.

A sample of 1.5M D∗+ → D0π+ → [K−π+]π+ decays, where the D0 decay prod-
ucts are identified by the charge of the D∗+ pion, was used to calibrate the dE/dx
response over time and over the entire tracking volume, and to determine the F func-
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Figure 8: Tagged D0 → K−π+ decays from D∗+ → D0π+ → [K−π+]π+. (left)
Check of the mass line shape template performing a 1-dimensional binned fit where
the signal mass line shape is completely fixed from the model. (right) Distribution
of dE/dx (mean COT pulse-width) around the average pion response for calibration
samples of kaons (left) and pions (right).

tions in Eq. (8). Using a > 95% pure D0 sample, CDF obtains a 1.4 σ separation
between kaons and pions as shown in Fig. 8(right), corresponding to an uncertainty
on the measured fraction of each class of particles that is just 60% worse than the
uncertainty attainable with ideal separation. The background term in Eq. (8) is sim-
ilar to the signal terms, but allows for independent pion, kaon, proton, and electron
components, which are free to vary independently. Muons are indistinguishable from
pions with the available dE/dx resolution.

Fit Results

CDF performs two separate fits. The first one uses the cuts optimized to measure
the direct ACP (B0 → K+π−) and the second one is optimized to measure B(B0

s →
K−π+). Significant signals are seen for the B0 → π+π−, B0 → K+π−, and B0

s →
K+K− modes, previously observed by CDF [25]. Three new rare modes are observed
for the first time: B0

s → K−π+, Λ0
b → pπ− and Λ0

b → pK−, while no evidence is
obtained for the B0

s → π+π− and B0 → K+K− decay channels.
To convert the yields returned from the fit into relative branching fractions, CDF

applies corrections for efficiencies of trigger and offline selection requirements for the
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different decay modes. The relative efficiency corrections between various modes
do not exceed 20%. Most corrections are determined from the detailed detector
simulation [22], with some exceptions which are measured using data. A momentum-
averaged relative isolation efficiency between B0

s and B0 mesons of 1.07 ± 0.11 is
determined from fully-reconstructed samples of B0

s → J/ψ φ, B0
s → D−

s π
+, B0 →

J/ψK∗0, and B0 → D−π+. The lower specific ionization of kaons with respect to
pions in the drift chamber is responsible for a ≃ 5% lower efficiency to reconstruct a
kaon. This effect is measured in a sample of D+ → K−π+π+ decays triggered with the
two track trigger, using the unbiased third track. The only correction needed by the
direct CP asymmetries ACP (B0 → K+π−) and ACP (B0

s → K−π+) is a ≤ 0.6% shift
due to the different probability for K+ and K− to interact with the tracker material.
This correction uses a sample of 1M prompt D0 → K−π+ decays reconstructed and
selected with the same criteria as the B → h+h− decays. Assuming the Standard
Model expectation ACP (D0 → K−π+) = 0, the difference between the number of

reconstructed D0 → K−π+ decays and D
0 → K+π− provides a measurement of

the detector-induced asymmetry between K+π− and K−π+ final states. Since CDF
uses the same fit technique developed for the B → h+h− decays, this measurement
provides also a robust check on all possible charge asymmetry biases of the detector
and dE/dx parameterizations.

The B0
s → K+K− and B0

s → π+π− modes require a special treatment, since they
contain a superposition of the flavour eigenstates of the B0

s meson. Their time evolu-
tion might differ from the one of the flavour-specific modes if the width difference ∆Γs
between the B0

s mass eigenstates is significant. The current result is derived under
the assumption that both modes are dominated by the short-lived B0

s component,
that means Γs = Γd, and ∆Γs/Γs = 0.12 ± 0.06 [26, 27]. The latter uncertainty is
included in estimating the overall systematic uncertainty.

The dominant contributions to the systematic uncertainty are as follows. The
statistical uncertainty on the isolation efficiency (B0

s modes), the uncertainty on the
dE/dx calibration and parameterization and the uncertainty of the combinatorial
background model. The first one is the larger systematics of all measurements with
the meson B0

s in the initial state except for ACP (B0
s → K−π+). This uncertainty

is preliminary and conservative, a significant improvement is expected for the final
results. The second one, due to dE/dx, is a large systematics of all measurements,
although the parameterization of the specific ionization dE/dx is very accurate. The
fit of the sample composition is very sensitive to the PID information. The third
systematic error is due to the statistical uncertainty of the possible combinatorial
background models and it is a dominant systematics for the observables of the rare
modes. Smaller systematic uncertainties are assigned for the trigger efficiencies, phys-
ical background shapes and kinematics, and the B meson masses and lifetimes.

The measured relative branching fractions are listed in Table 4, where fd and fs
indicate the respective production fractions of B0 and B0

s mesons from the fragmen-
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Mode Nsignal Quantity Measurement B [10−6]
B0 → K+π− 4045± 84 ACP (B0) −0.086± 0.023± 0.009

B0 → π+π− 1121± 63 B(B0
→π+π−)

B(B0→K+π−) 0.259± 0.017± 0.016 5.10± 0.33± 0.36

B0
s → K+K− 1307± 64 fs

fd

B(B0
s→K+K−)

B(B0→K+π−) 0.324± 0.019± 0.041 24.4± 1.4± 4.6

B0
s → K−π+ 230± 34± 16 fs

fd

B(B0
s→K−π+)

B(B0→K+π−) 0.066± 0.010± 0.010 5.0± 0.75± 1.0

ACP (B0
s ) 0.39± 0.15± 0.08

AΓ(B0
s ) −3.21± 1.60± 0.39

B0
s → π+π− 26± 16± 14 fs

fd

B(B0
s→π+π−)

B(B0→K+π−) 0.007± 0.004± 0.005 0.53± 0.31± 0.40

(< 1.36 @ 90% CL)

B0 → K+K− 61± 25± 35 B(B0
→K+K−)

B(B0→K+π−) 0.020± 0.008± 0.006 0.39± 0.16± 0.12

(< 0.7 @ 90% CL)

Λ0
b → pK− 156± 20± 11

B(Λ0
b→pπ−)

B(Λ0
b
→pK−)

0.66± 0.14± 0.08

Λ0
b → pπ− 110± 18± 16

Table 4: Results on data sample optimized to measure ACP (B0 → K+π−) (top)
and B(B0

s → K−π+) (bottom). Absolute branching fractions are normalized to the
world-average values B(B0 → K+π−) = (19.7± 0.6)× 10−6, fs = (10.4± 1.4)% and

fd = (39.8 ± 1.0)% [17]. We use ACP (B0) = B(B
0
→K−π+)−B(B0→K+π−)

B(B
0
→K−π+)+B(B0→K+π−)

, ACP (B0
s ) =

B(B
0
s→K+π−)−B(B0

s→K−π+)

B(B
0
s→K+π−)+B(B0

s→K−π+)
and AΓ(B0

s ) = fd
fs

Γ(B
0
→K−π+)−Γ(B0→K+π−)

Γ(B
0
s→K+π−)−Γ(B0

s→K−π+)
. The first quoted

uncertainty is always statistical, the second is systematic.

tation of b quarks in pp collisions. An upper limit is also quoted for modes in which
no significant signal is observed [28]. The absolute branching fraction results listed
are obtained by normalizing the data to the world-average of B(B0 → K+π−) [17].

CDF reports the first observation of three new rare charmless decays B0
s → K−π+,

Λ0
b → pπ− and Λ0

b → pK− with a significance respectively of 8.2σ, 6σ and 11.5σ.
The significance includes both statistical and systematic uncertainty. The statistical
uncertainty to evaluate the significance is estimated using several pseudo-experiments
with no contributions from rare signals.

The rate of the newly observed mode B(B0
s → K−π+) = (5.0±0.75±1.0) ·10−6 is

in agreement with the latest theoretical expectation [29] which is lower than previous
predictions [18, 30]. CDF measures for the first time in the B0

s meson system the
direct CP asymmetry ACP (B0

s → K−π+) = 0.39 ± 0.15 ± 0.08. This value favors
a large CP violation in B0

s mesons, on the other hand it is also compatible with
zero. Ref. [16] suggests a robust test of Standard Model expectations versus new
physics comparing the direct CP asymmetries in the B0

s → K−π+ and B0 → K+π−

decay modes. Using HFAG input [17], CDF measures Γ(B
0
→K−π+)−Γ(B0→K+π−)

Γ(B0
s→K−π+)−Γ(B

0
s→K+π−)

=

0.84 ± 0.42 ± 0.15 (where Γ is the decay width) in agreement with the Standard
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Model expectation of one. Assuming that the relationship above yields one and using
as input the branching fraction B(B0

s → K−π+) measured in this analysis, the world
average for ACP (B0 → K+π−) and the B(B0 → K+π−) [17], the expected value for
ACP (B0

s → K−π+) ≈ 0.37 is estimated in agreement with the CDF measurement.
The rate of the mode B(B0

s → K+K−) = (24.4± 1.4± 4.6) · 10−6 is in agreement
with the latest theoretical expectation [31, 32] and with the previous CDF measure-
ment [25]. An improved systematic uncertainty is expected for the final analysis of
the same sample. The results for the B0 meson are in agreement with world av-
erage values [17]. The measurement ACP (B0 → K+π−) = −0.086 ± 0.023 ± 0.009
is the world’s second best measurement and the significance of the new world av-
erage AavgCP (B0 → K+π−) = −0.095 ± 0.013 moved from 6σ to 7σ. CDF updates
the upper limits and quotes also the absolute branching fractions of the currently
unobserved annihilation-type modes: B0 → K+K− and B0

s → π+π−. The rate
B(B0 → K+K−) = (0.39± 0.16 ± 0.12) · 10−6 has the same uncertainty as the cur-
rent measurements [17], while the B0

s → π+π− upper limit (already the world’s best
limit [25]) is improved by a factor of 1.3, approaching the expectations from recent
calculations [19,33]. CDF also reports the first observation of two new baryon charm-
less modes Λ0

b → pπ− and Λ0
b → pK−, and measures B(Λ0

b → pπ−)/B(Λ0
b → pK−) =

0.66± 0.14± 0.08 in agreement with expectations from Ref. [34].

5 Summary

We review recent result on heavy quark physics focusing on Run II measurements
of B hadron spectroscopy and decay at the Tevatron. A wealth of new B physics
measurements from CDF and DO has been available. These include the spectroscopy
of excited B states (B∗∗, B∗∗

s ) and the observation of the Σb baryon. The discus-
sion of the decays of B hadrons and measurements of branching fractions focuses on
charmless two-body decays of B → h+h−. We report several new B0

s and Λ0
b decay

channels.
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1 Abstract

We review the theoretical status of the lifetime ratios τB+/τBd
and τBs/τBd

and of
the mixing quantities ∆Ms, ∆Γs and φs. We show that the ratio ∆Γs/∆Ms can be
determined with almost no non-perturbative uncertainties. Finally we explain how
this precise determination of the standard model values can be used to find possible
new physics contributions in ∆Ms, ∆Γs, ∆Γs/∆Ms and asfs. Combining the latest
experimental bounds on these quantities one already gets some hints for new physics
contributions.

2 Introduction

Inclusive decays (see e.g. [1] or [2] and references therein) and lifetimes of heavy
mesons can be calculated within the framework of the so-called heavy quark expansion
(HQE) [3,4]. In this approach the decay rate is calculated in an expansion in inverse
powers of the heavy b-quark mass.

Γ = Γ0 +
Λ2

m2
b

Γ2 +
Λ3

m3
b

Γ3 + . . . (1)

Γ0 represents the decay of a free heavy b-quark, according to this contribution all
b-mesons have the same lifetime. The first correction arises at order 1/m2

b , they are
due to the kinetic and the chromomagnetic operator. At order 1/m3

b the spectator
quark gets involved in the weak annihilation and Pauli interference diagrams [3, 5].
This contributions are numerically enhanced by a phase space factor of 16π2. Each
of the Γi contains perturbatively calculable Wilson coefficients and non-perturbative
parameters, like decay constants or bag parameters. Unfortunately the theoretical
predictions for the decay constants vary over a wide range: quenched lattice de-
terminations for fBs tend to give values of O(200) MeV, while recent unquenched
calculations with 2+1 dynamical light flavors give values around 260 MeV - for a
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more detailed discussion see [6–8]. Since lifetime differences depend quadratically
on the decay constants, going from 200 MeV to 260 MeV results in an increase of
70%. Here clearly theoretical progress is necessary to pin down the error on the decay
constants considerably.

In view of several new theoretical and experimental developments we update the
numbers present in the literature (see e.g. [9]).

3 Lifetimes

The lifetime ratio of two heavy mesons can be written as

τ1
τ2

= 1 +
Λ3

m3
b

(
Γ

(0)
3 +

αs
4π

Γ
(1)
3 + . . .

)
+
Λ4

m4
b

(
Γ

(0)
4 +

αs
4π

Γ
(1)
4 + . . .

)
+ . . . (2)

If one neglects small isospin or SU(3) violating effects one has no 1/m2
b corrections 1

and a deviation of the lifetime ratio from one starts at order 1/m3
b .

3.1 τB+/τBd

The leading term Γ
(0)
3 has been determined in [3,10]. For a quantitative treatment of

the lifetime ratios NLO QCD corrections are mandatory - Γ
(1)
3 has been determined

in [11,12]. Subleading effects of O(1/mb) turned out to be negligible [13]. The matrix
elements of the arising four-quark operators have been determined in [14]. Using the
result from [11]

τ(B+)

τ(B0
d)
− 1 = τ(B+)

[
Γ(B0

d)− Γ(B+)
]

(3)

= 0.0325
τ(B+)

1.653 ps

( |Vcb|
0.04

)2 ( mb

4.8GeV

)2
(

fB
200MeV

)2

×
[

(1.0± 0.2)B1 + (0.1± 0.1)B2 − (18.4± 0.9) ǫ1 + (4.0± 0.2) ǫ2

]
+ δ1/m

one gets with the matrix elements from Becirevic [14] (B1 = 1.10 ± 0.20; B2 =
0.79±0.10; ǫ1 = −0.02±0.02; ǫ2 = 0.03±0.01) and the values Vcb = 0.0415, mb = 4.63
GeV and fB = 216 MeV [15]:

[
τ(B+)

τ(B0
d)

]

NLO

= 1.063± 0.027 , (4)

1In the case of τΛb
/τBd

these effects are expected to be of the order of 5%.
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which is in excellent agreement with the experimental number [16, 17]

[
τ(B+)

τ(B0
d)

]
= 1.071± 0.009 . (5)

From Eq. (3) one clearly sees that a precise knowledge of the color octet bag pa-
rameters ǫ1 and ǫ2 - these parameters are of order 1/Nc - is mandatory since their
coefficients are numerically enhanced. Here clearly more work has to be done.

3.2 τBs
/τBd

In the lifetime ratio τBs/τBd
a cancellation of weak annihilation contributions arises,

that differ only by small SU(3)-violation effects. One expects a number that is close
to one [10, 12, 18, 19]

τ(Bs)

τ(Bd)
= 1.00± 0.01 . (6)

This expectation is confirmed by experiment [17, 20]

τ(Bs)

τ(Bd)
= 0.957± 0.027 , (7)

although more precise experimental numbers would be very desirable.

3.3 τB+
c

The lifetime of the doubly heavy meson Bc has been investigated in [21]

τ(Bc) = 0.52+0.18
−0.12 ps . (8)

In addition to the b-quark now also the c-charm quark can decay, giving rise to the
biggest contribution to the total decay rate. The current experimental number [22]

τ(Bc) = 0.469± 0.027 ps (9)

agrees nicely with the theoretical prediction, but it has much smaller errors. Here
clearly some theoretical improvements are necessary to pin down the error.

4 Mixing Parameters

In this section we briefly investigate the status of the mixing parameters. For a more
detailed review we refer the interested reader to [7].
The mixing of the neutral B-mesons is described by the off diagonal elements Γ12 and
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M12 of the mixing matrix. Γ12 stems from the absorptive part of the box diagrams -
only internal up and charm quarks contribute, while M12 stems from the dispersive
part of the box diagram, therefore being sensitive to heavy internal particles like
the top quark or heavy new physics particles. By diagonalizing the mixing matrix we
obtain the physical eigenstates BH and BL with defined masses (MH ,ML) and defined
decay rates (ΓH ,ΓL) in terms of the flavor eigenstates Bs = (bs) and Bs = (bs):

BH := p B + q B , BL := p B − q B with |p|2 + |q|2 = 1 . (10)

The calculable quantities |M12|, |Γ12| and φ = arg(−M12/Γ12) can be related to three
observables:

• Mass difference:

∆M := MH −ML = 2|M12|
(

1 +
1

8

|Γ12|2
|M12|2

sin2 φ+ ...

)
(11)

|M12| is due to heavy internal particles in the boxdiagrams like the top-quark
or SUSY-particles.

• Decay rate difference:

∆Γ := ΓL − ΓH = 2|Γ12| cosφ

(
1− 1

8

|Γ12|2
|M12|2

sin2 φ+ ...

)
(12)

|Γ12| is due to light internal particles: particles, like the up- and the charm-
quark. It is therefore very insensitive to new physics contributions.

• Flavor specific/semileptonic CP asymmetries:

A decay Bq → f is called flavor specific, if the decays Bq → f and Bq → f are
forbidden and if no direct CP violation occurs, i.e. |〈f |Bq〉| = |〈f |Bq〉|. Some
examples are Bs → D−

s π
+ or Bq → Xlν (therefore the name semileptonic CP

asymmetry). The flavor specific CP asymmetry is defined as

afs =
Γ
(
Bq(t)→ f

)
− Γ

(
Bq(t)→ f

)

Γ
(
Bq(t)→ f

)
+ Γ

(
Bq(t)→ f

) = −2

(∣∣∣∣
q

p

∣∣∣∣− 1

)

= Im
Γ12

M12
=

∆Γ

∆M
tanφ .

4.1 Mass difference

Calculating the box diagram with internal top quarks one obtains

M12,q =
G2
F

12π2
(V ∗

tqVtb)
2M2

WS0(xt)BBqf
2
Bq
MBq η̂B (13)
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The Inami-Lim function S0(xt = m2
t/M

2
W ) [23] is the result of the box diagram without

any gluon corrections. The NLO QCD correction is parameterized by η̂B ≈ 0.84
[24]. The non-perturbative matrix element of the operator Q = (bq)V−A(bq)V−A is
parameterized by the bag parameter B and the decay constant fB

〈Bq|Q|Bq〉 =
8

3
BBqf

2
Bq
MBq . (14)

Using the conservative estimate fBs = 240 ± 40 MeV [7] and the bag parameter B
from JLQCD [25] we obtain

∆Ms = 19.3± 6.4± 1.9 ps−1 (15)

The first error stems from the uncertainty in fBs and the second error summarizes
the remaining theoretical uncertainties. The determination of ∆Md is affected by
even larger uncertainties because here one has to extrapolate to the small mass of the
down-quark. The ratio ∆Ms/∆Md is theoretically better under control since in the
ratio of the non-perturbative parameters many systematic errors cancel.

This year also ∆Ms was measured, leading to the pleasant situation of having
very precise experimental numbers at hand [20, 26, 27]

∆Md = 0.507± 0.004 ps−1 , (16)

∆Ms = 17.77± 0.12 ps−1 . (17)

To be able to distinguish possible new physics contributions to ∆Ms from QCD
uncertainties much more precise numbers for fBs are needed.

4.2 Decay rate difference and flavor specific CP asymmetries

In order to determine the decay rate difference of the neutral B-mesons and flavor
specific CP asymmetries a precise determination of Γ12 is needed. With the help of
the HQE Γ12 can be written as

Γ12 =
Λ3

m3
b

(
Γ

(0)
3 +

αs
4π

Γ
(1)
3 + . . .

)
+
Λ4

m4
b

(
Γ

(0)
4 +

αs
4π

Γ
(1)
4 + . . .

)
+ . . . (18)

The leading term Γ
(0)
3 was determined in [28]. The numerical and conceptual im-

portant NLO-QCD corrections (Γ
(1)
3 ) were determined in [29–31]. Subleading 1/m-

corrections, i.e. Γ
(0)
4 were calculated in [19,32] and even the Wilson coefficients of the

1/m2-corrections (Γ
(0)
5 ) were calculated and found to be small [33].

Besides the already known operator Q in the calculation of Γ12 three additional
operators arise Q̃, QS and Q̃S. The tilde stands for a color rearrangement and index
S corresponds to a S-P Dirac structure instead of the V-A-structure. Q = Q̃ and it
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can be shown [7,19,29] that a certain combination of Q,QS and Q̃S is suppressed by
powers of 1/mb and αs

Q̃ = Q and R0 = QS + α1Q̃S +
α2

2
Q = O

(
1

mb
, αs

)
(19)

with αi = 1 +O (αs), for more details see [7]. In the literature [19,28–31] always Q̃S

was eliminated - with the help of Eq. (19) - and one was left with the operator basis
{Q,QS}, which we call in the following the old basis. Working in the old basis one
finds several serious drawbacks:

• An almost complete cancellation of the coefficient of the operator Q takes place,
while the operatorQS is dominant. So in the ratio ∆Γs/∆Ms the only coefficient
that is free of non-perturbative uncertainties is numerically negligible.

• The 1/m corrections are abnormally large - all contributions have the same sign.

• The αs-corrections and the remaining µ-dependence is unexpectedly large.

In [7] it was found, that expressing Γ12 in terms of the new basis {Q, Q̃S} one gets a
result, that is free of the above shortcomings. The change of the basis corresponds
to throwing away certain contributions of O(α2

s) and O(αs/mb), which is beyond the
calculated accuracy. For our new determination of Γ12 we also use the MS-scheme [34],
besides the pole scheme for the b-quark mass. Moreover we sum up logarithms of the
form z ln z - with z = m2

c/m
2
b - to all orders, following [11] and of course we have to

include also subleading CKM-structures to determine afs, as done in [30, 31].
In the old basis one obtains

∆Γs =

(
fBs

240 MeV

)2 [
0.002B + 0.094B′

S −
(
0.033BR̃2

+ 0.019BR0 + 0.005BR

)]
,

(20)

∆Γs
∆Ms

= 10−4 ·
[
0.9 + 40.9

B′
S

B
−
(

14.4
BR̃2

B
+ 8.5

BR0

B
+ 2.1

BR

B

)]
,(21)

with

〈Bs|QS|Bs〉 = −5

3
B′
Sf

2
Bs
MBs , B′

X := BX

M2
Bs

(mb +ms)
2 . (22)

In Eq. (21) we have explicitly shown the dependence on the dominant 1/m opera-
tors R2 and R0 (see [7, 19] for the definition). The remaining power corrections are
summarized in the coefficient of BR. One clearly sees that the cancellation in the co-
efficient of B leads to the undesirable situation, that the only coefficient in ∆Γ/∆M
that is free of non-perturbative uncertainties is negligible.
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This changes however dramatically if one uses the new basis

∆Γs =

(
fBs

240 MeV

)2 [
0.105B + 0.024B̃′

S −
(
0.030BR̃2

− 0.006BR0 + 0.003BR

)]

(23)

∆Γs
∆Ms

= 10−4 ·
[
46.2 + 10.6

B′
S

B
−
(

13.2
BR̃2

B
− 2.5

BR0

B
+ 1.2

BR

B

)]
(24)

with

〈Bs|Q̃S|Bs〉 =
1

3
B̃′
Sf

2
Bs
MBs . (25)

Now the dominant part of ∆Γ/∆M can be determined without any hadronic uncer-
tainties!
Using the non-perturbative parameters from [25, 35], we obtain the following final
numbers (see [7] for the complete list of the numerical input parameters)

∆Γs = (0.096± 0.039) ps−1 ⇒ ∆Γs
Γs

= ∆Γs · τBd
= 0.147± 0.060 , (26)

asfs = (2.06± 0.57) · 10−5 , (27)

∆Γs
∆Ms

= (49.7± 9.4) · 10−4 , (28)

φs = 0.0041± 0.0008 = 0.24◦ ± 0.04 . (29)

The composition of the theoretical error of ∆Γ is compared for the use of the old and
the new basis in Fig. (1). The by far dominant error comes from the decay constant
fBs , followed by the uncertainty due to the power suppressed operator R̃2 and the
remaining µ-dependence. In this case the theoretical improvement due to the change
of basis is somehow limited by the huge uncertainty due to fBs , which is the same in
both bases.

This changes if one looks at the composition of the theoretical error of ∆Γ/∆M
in Fig. (2). Since now fBs cancels the dominant error comes from the uncertainty
due to the power suppressed operator R̃2 and the remaining µ-dependence.

One clearly sees that the change of the basis resulted in a considerable reduction
of the theoretical error , almost a factor 3 in the case of ∆Γs/∆Ms!
To improve our theoretical knowledge of the mixing quantities further one needs more
precise values of the non-perturbative parameters, like the decay constants or the
power suppressed operators. If accurate non-perturbative parameters are available
one might think about NNLO calculations (α2

s or αs/mb-corrections) to reduce the
remaining µ-dependence.
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Figure 1: Error budget for the determination of ∆Γs in the old and the new basis.

4.3 New Physics

New physics (see e.g. [36]) is expected to have almost no impact on Γ12 but it can
change M12 considerably. Therefore one can write

Γ12,s = ΓSM
12,s , M12,s = MSM

12,s ·∆s ; ∆s = |∆s|eiφ
∆
s (30)

With this parameterisation the physical mixing parameters can be written as

∆Ms = 2|MSM
12,s| · |∆s| (31)

∆Γs = 2|Γ12,s| · cos
(
φSM
s + φ∆

s

)
(32)

∆Γs
∆Ms

=
|Γ12,s|
|MSM

12,s|
· cos

(
φSM
s + φ∆

s

)

|∆s|
(33)

asfs =
|Γ12,s|
|MSM

12,s|
· sin

(
φSM
s + φ∆

s

)

|∆s|
(34)

Now we combine the current experimental knowledge about the mixing parameters
to find out whether Bs-mixing is described by the standard model alone, or whether
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Figure 2: Error budget for the determination of ∆Γs/∆Ms in the old and the new
basis.

we already get some signals of new physics contributions.
The mass difference ∆Ms is now known very precisely [26, 27]

∆Ms = 17.77± 0.10(syst) ± 0.07 (stat) ps−1 CDF. (35)

For the remaining mixing parameters in the Bs-system only experimental bounds
are available. The width difference ∆Γs/Γs was investigated at ALEPH, BELLE,

CDF, D0 by analyzing the decays Bs → D
(∗)+
s + D

(∗)−
s [37], Bs → J/Ψ + φ [38] and

Bs → K+ + K− [39] and the flavor specific lifetime of the Bs meson [40]. A recent
combination of all these results yields [41]

∆Γs = 0.097± 0.042 ps−1 , (36)

∆Γs
∆Ms

= (56± 24)× 10−4 . (37)

Except the angular analysis Bs → J/Ψ + φ all other determinations are affected by
some drawbacks, described in [7]. Moreover the D0 collaboration has updated their
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results [38] for the decay Bs → J/Ψ + φ in [17, 26, 42] using 1fb−1 of data. Setting
the value of the mixing phase φs to zero they obtain [17, 26, 42]

∆Γs = 0.12± 0.08+0.03
−0.04 ps−1 , (38)

allowing for a non-zero value of the mixing phase φs they get

∆Γs = 0.17± 0.09± 0.03 ps−1 , (39)

φs = −0.79± 0.56± 0.01 . (40)

In the following we will for ∆Γs and φs only use the numbers from Eq. (39) and Eq.
(40).

The semileptonic CP asymmetry in the Bs system has been determined directly
in [43] and found to be

as,direct
sl = (24.5± 19.3± 3.5) · 10−3 . (41)

Moreover the semileptonic CP asymmetry can be extracted from the same sign
dimuon asymmetry that was measured in [44] to be

asl = (−2.8± 1.3± 0.9) · 10−3 . (42)

Updating the numbers in [45, 46] one sees that

asl = (0.582± 0.030) adsl + (0.418± 0.047) assl (43)

In [45,46] the experimental bound for adsl was used to extract from Eq.(42) and Eq.(43)
a bound on assl. Due to the huge experimental uncertainties in adsl this strategy resulted
in a large error on assl. Since in the Bd-system there is not much room left for new
physics contributions, we think it is justified to use the theoretical number of adsl.
Using adsl = − (0.48± 0.12) · 10−3 we get from Eq.(42), Eq.(43) and Eq.(42) already
a nice bound

as,dimuon
sl = (−6.0± 3.2± 2.2) · 10−3 . (44)

Combining this number with the direct determination [43] we get our final experi-
mental number for the semileptonic CP asymmetries

assl = (−5.2± 3.2± 2.2) · 10−3 . (45)

Now we combine these experimental numbers with the theoretical errors to extract
bounds in the imaginary ∆s-plane by the use of Eqs. (31), (32), (33) and (34), see
Fig. (3).

The comparison of experiment and standard model expectation for ∆Ms, ∆Γs,
φs, ∆Γs/∆Ms and assl presented in figure 3 already shows some hints for deviations
from the standard model.
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Figure 3: Current experimental bounds in the complex ∆s-plane. The bound from
∆Ms is given by the red (dark-grey) ring around the origin. The bound from
∆Γs/∆Ms is given by the yellow (light-grey) region and the bound from asfs is given
by the light-blue (grey) region. The angle φ∆

s can be extracted from ∆Γs (solid lines)
with a four fold ambiguity - one bound coincides with the x-axis! - or from the an-
gular analysis in Bs → J/Ψφ (dashed line). If the standard model is valid all bounds
should coincide in the point (1,0). The current experimental situation shows a small
deviation, which might become significant, if the experimental uncertainties in ∆Γs,
assl and φs will go down in near future.
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5 Conclusion and outlook

Theoretical predictions of the lifetimes of heavy mesons are in excellent agreement
with the experimental numbers. We do not see any signal of possible duality viola-
tions. To become more quantitative in the prediction of τB+/τBd

the non-perturbative
estimates of the bag parameters B1, B2 and ǫ1, ǫ2 have to be improved. For τBs/τBd

more precise experimental numbers are needed, while in the case of τBc theoretical
progress is mandatory.
The theoretical uncertainty in the mixing parameter ∆M is completely dominated
by the decay constant. We have presented a method (see [7] for more details) to re-
duce the theoretical error in ∆Γ, ∆Γ/∆M and afs considerably. This relatively clean
standard model predictions can be used to look for new physics effects in Bs-mixing.
From the currently available experimental bounds on ∆Γs and afs one already gets
some hints for deviations from the standard model. This situation will improve dra-
matically as soon as more data are available.

For a further reduction of the theoretical uncertainty in ∆Γ a much higher ac-
curacy than currently available on the decay constants is necessary. If this problem
is solved or if one looks at quantities like ∆Γ/∆M and afs where the dependence
on fB cancels, then the dominant uncertainty comes from the unknown matrix ele-
ments of the power suppressed operators. Here any non-perturbative estimate would
be very desirable. If accurate non-perturbative parameters are available one might
think about NNLO calculations (α2

s or αs/mb-corrections) to reduce the remaining
µ-dependence.

I would like to thank the organizers of HQL2006 for the invitation and Uli Nierste
for the pleasant collaboration.
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Lattice QCD has always played a relevant role in the studies of flavor physics and,
in particular, in the Unitarity Triangle (UT) analysis. Before the starting of the B
factories, this analysis relied on the results of lattice QCD simulations to relate the
experimental determinations of semileptonic B decays, K−K and Bd,s−Bd,s mixing
to the CKM parameters. In the last years much more information has been obtained
from the direct determination of the UT angles from non-leptonic B decays. In this
talk, after a presentation of recent averages of lattice QCD results, we compare the
outcome of the “classical” UT analysis (UTlattice) with the analysis based on the
angles determinations (UTangles). We discuss the role of the different determinations
of Vub, and show that current data do not favour the value measured in inclusive
decays. Finally we show that the recent measurement of ∆ms, combined with ∆md

and εK , allows a quite accurate extraction of the values of the hadronic parameters,
B̂K , fBs B̂

1/2
Bs and ξ. These values, obtained “experimentally” by assuming the validity

of the Standard Model, are compared with the theoretical predictions from lattice
QCD.

1 Introduction

Lattice QCD has always played a relevant role in the history of the UT fit since the
very beginning. At the time when the B factories had not started yet, the “classical”
UT analysis relied on the results of lattice QCD simulations to relate the experimental
studies of semileptonic B decays, Bd,s−Bd,s and K−K mixing to the CKM parame-
ters. Despite the lattice results were mostly obtained in the quenched approximation
at that time, and some of the experimental determinations were still rather rough,
these analyses allowed to reach at least three important results for flavor physics in
the Standard Model (SM): i) the amount of indirect CP violation observed in kaon
mixing (εK) was shown to be fully consistent with the expectation based on the CKM
mechanism of CP violation; ii) and iii) quite accurate predictions for sin 2β and ∆ms

were obtained.
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Predictions of sin 2β exist since more than 15 years, see Fig. 1 (left): the first
indication of a large value of this parameter, namely sin 2β > 0.55, dates back to
1992 [1]. In 1995, the prediction sin 2β = 0.65±0.12 was derived [2]. Five years later,
when direct measurements were not available yet, we obtained the more accurate
estimate sin 2β = 0.698± 0.066 [3]. These results are in remarkable agreement with
the present experimental average, sin 2β = 0.675± 0.026 [4].

 year

∆m
s (

p
s-1

)

Figure 1: Evolution of the predictions for sin 2β (left) and ∆ms (right) over the
years. The corresponding experimental determinations are indicated by larger bands
and stars. See [5, 6] for the full list of original references

.

A similar situation holds for ∆ms. A precise indirect determination of ∆ms from
the other constraints of the UT fit was available since 1997: ∆ms ∈ [6.5, 15.0] ps−1

at 68% probability and ∆ms < 22 ps−1 at 95% probability [7]. A compilation of
the predictions for ∆ms by various collaborations as a function of time is shown
in Fig. 1 (right). As can be seen from the plot, even in recent years, and despite
the improved measurements, in some approaches [8, 9] the predicted range was very
large (or corresponds only to a lower bound [8]). An upgraded version of our SM
“prediction” for ∆ms obtained from the full UT fit is ∆ms = (18.4± 2.4) ps−1 [5], in
remarkable agreement with the direct measurement ∆ms = (17.77± 0.12) ps−1 [10].
In Fig. 2 we show the compatibility plot for ∆ms, which illustrates the agreement, at
better than 1 σ level, of the measured value with the SM expectation.

In the last years, we got much more information on the UT from the direct deter-
minations of the angles α, β and γ, obtained at the B factories from the studies of CP
asymmetries in non-leptonic B decays. In the following we will call the ensemble of
these measurements UTangles: they allow a determination of ρ and η independently of
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Figure 2: Compatibility plot of the measured value ∆ms = (17.77± 0.12) ps−1 with
the SM expectation from the other constraints of the UT fit.

the hadronic parameters computed on the lattice. The precision in constraining ρ and
η from the UTangles is by now comparable to that obtained from the lattice-related
constraints, denoted as UTlattice. The latter include the determination of |Vub| / |Vcb|
from semileptonic B decays, ǫK , ∆md and ∆ms.

In this talk, after a presentation of recent averages of lattice QCD results, we will
compare the outcome of the UTlattice and UTangles analyses. We will discuss the role
played by the different determinations of Vub and show that the value measured in
inclusive decays is not favoured by the data. Finally, we will show that the recent
measurement of the Bs-meson mixing amplitude ∆ms, combined with ∆md and ǫK ,
allows a quite accurate extraction of the values of the hadronic matrix elements
relevant for K − K and Bs,d − Bs,d mixing. Assuming the validity of the SM, we
determine these hadronic quantities from the experimental data and compare them
with recent lattice calculations. The content of this talk is mostly based on Ref. [6],
but we take here the opportunity to update the results by taking into account the
most recent experimental findings [5].

2 Averages of Lattice QCD results

Lattice QCD is the theoretical tool of choice to compute hadronic quantities. Being
only based on first principles, it does not introduce additional free parameters besides
the fundamental couplings of QCD, namely the strong coupling constant and the
quark masses. In addition, the systematic uncertainties affecting the results of lattice
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calculations can be systematically reduced in time, with the continuously increasing
availability of computing power and the development of new algorithms and improved
theoretical techniques.

In spite of the appealing features of the lattice approach, the accuracy currently
reached in the determination of the hadronic matrix elements is typically still at
the level of 10-15%. So far, the main limiting factor for achieving an improved
precision has been the lack of sufficient computing power, which has often prevented
the possibility of performing “full QCD” simulations and forced the introduction of
the quenched approximation. In this approximation an error is introduced which,
besides being process dependent, is also difficult to reliably estimate.

Most of the lattice calculations relevant to B-physics used so far the quenched
approximation. There are few exception in which Nf = 2 dynamical quarks are
included in the QCD vacuum fluctuations [11]- [14] and only a single calculation with
Nf = 2 + 1 [15] 1. A similar situation holds for the lattice studies of K −K mixing.
Only three unquenched calculations of the kaon parameter BK have been produced
so far, one including Nf = 2 dynamical quarks [16] and two with Nf = 2 + 1 [17,18].

It is important to emphasise that the quenched results, in spite of being unsatis-
factory for having been obtained with unrealistic Nf = 0, have the advantage that
the whole methodology of extracting the desired information from the simulation has
been developed and understood, the procedure of non-perturbative renormalization
has been implemented, and the whole plethora of results have been checked by many
different groups, using various versions of the gauge and fermionic lattice actions. In a
number of cases even the continuum extrapolation has been shown to be smooth. The
unquenched studies, on the other hand, are sound for being unquenched (although
the dynamical quarks are still much heavier than the physical up and down quarks).
However, the consequences of the so called fourth-root trick implemented with the
staggered fermion formulation are not clear, the non-perturbative renormalization in
most of the cases is not carried out, and the results have not been checked yet by
different groups. In this respect, unquenching is still a work in progress. At the same
time, it is should be noted that the capability of decreasing significantly the values
of the simulated light quark masses in recent unquenched calculations has allowed to
largely reduce the uncertainty associated with the chiral extrapolation. Particularly
relevant cases, in this respect, are the determinations of the pseudoscalar decay con-
stant fB and of the ratio ξ [15]. For all these reasons it is important to take into
account, when producing averages of lattice QCD results, the outcome of the several
more recent lattice calculations. The average lattice values that are being used in the

1The “+1” indicates that an heavier strange quark is included in the sea, besides the two degen-
erate up and down quarks
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UT analysis, for the quantities relevant to K- and B-physics, are:

B̂K = 0.79± 0.04± 0.081001[19],

fBsB̂
1/2
Bs = 262± 35 MeV , ξ = 1.23± 0.06,

fBd = 189± 27 MeV , fBs = 230± 30 MeV1001[20]. (1)

3 UTlattice, UTangles and role of |Vub|
In Fig. 3 we show the results of the UT fit as obtained from the lattice-related
constraints, UTlattice, the direct determinations of the UT angles, UTangles, and
the full analysis [5, 6]. The corresponding determinations of ρ and η, as derived
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Figure 3: Determination of ρ and η from UTlattice (left), UTangles (center) and the
full UT (right) analyses. The 68% and 95% total probability contours are shown,
together with the 95% probability regions from the individual constraints.

independently from the UTlattice and UTangles analyses, are

UTlattice UTangles

ρ = 0.188± 0.036 , ρ = 0.134± 0.039

η = 0.371± 0.027 , η = 0.335± 0.020 . (2)

We firstly note that the errors have comparable sizes, i.e. the two analyses have
reached at present a comparable level of accuracy. It is also interesting to observe
that the UTangles fit, based on the direct determination of the UT angles, does not
rely at all on theoretical calculation of the hadronic matrix elements, for which there
was a long debate about the treatment of values and error distributions [21]. In the
UTangles analysis, the treatment of theoretical errors is not an issue.

The results in eq. (2) also show the existence of a tension between the values of
ρ and η obtained from the two analyses. This is also illustrated by the effects of the
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various constraints in the full UT fit, shown in the right plot of Fig. 3. It mainly
appears to be a tension between the (presently quite accurate) measurement of sin 2β
and the constraint coming from the determination of |Vub| from semileptonic B decays.
The poor agreement is also evidenced by the comparison between the experimental
value sin 2β = 0.675(26) and the value obtained by using all the other constraints
in the UT fit, i.e. sin 2β = 0.759(37). The compatibility plot of sin 2β, presented in
Fig. 4, shows that this tension is indeed at the 2 σ level.
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Figure 4: Compatibility plot of the experimental value of sin 2β and the prediction
from the rest of the UT fit.

In order to further investigate where the tension comes from, it is worth recalling
that there is a systematic difference between the exclusive and inclusive determination
of |Vub| (the inclusive values are always larger than the exclusive ones). Current
averages and errors are:

|Vub|excl. = (35.0± 4.0)× 10−4

|Vub|incl. = (44.9± 3.3)× 10−4 (3)

These determinations also rely on non-perturbative hadronic quantities: the semilep-
tonic form factors for exclusive semileptonic B decays and the HQET parameters Λ,
λ1 and λ2, for inclusive ones. While the form factors are determined from lattice QCD
calculations and QCD sum rules, the HQET parameters are extracted, together with
|Vub|, directly the from the fits of the experimental data. In this latter case, however,
a certain amount of model dependence has to be introduced, and various approaches
(BLNP [22], DGE [23], BLL [24]) are currently considered. The systematic difference
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between the exclusive and inclusive determination of |Vub| might be explained by the
uncertainties of the theoretical approaches.

In Fig. 5 we show the compatibility plot between the direct determinations of
|Vub| from exclusive and inclusive analyses and the rest of the fit. While the exclusive
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Figure 5: Compatibility plot between the direct determinations of |Vub| from exclusive
(cross) and inclusive (star) analyses and the rest of the UT fit.

determination is in remarkable agreement with the expectation from the UT analysis
in the SM, the inclusive value of |Vub| shows a deviation which is almost at the 3 σ
level. Our analysis suggests that, although both the exclusive and inclusive results
are still compatible, there could be some problem with the theoretical calculations,
and/or with the estimate of the uncertainties, of inclusive b→ u semileptonic decays.
In order to clearly solve this tension, an effort should be made to increase the precision
of lattice QCD determinations of the form factors of B → π and B → ρ semileptonic
decays, providing all of them in the unquenched case, with low light quark masses
and studying the continuum limit of the relevant form factors. Note that this tension
among exclusive and inclusive calculations is a peculiarity of |Vub|, since the inclusive
and exclusive determinations of |Vcb| are in much better agreement.

4 Constraints on lattice parameters

Assuming the validity of the SM, the constraints in the ρ-η plane from UTangles
and semileptonic B decays, combined with the measurements of ∆md, ∆ms and
ǫK , allow the “experimental” determination of several hadronic quantities which were
previously taken from lattice QCD calculations. This approach has the advantage that
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the extracted values of B̂K and of the B mixing parameters fBs,d B̂
1/2
Bs,d (or equivalently

fBs B̂
1/2
Bs and ξ) can be compared directly with the theoretical predictions from lattice

QCD.

Besides B̂K , fBs B̂
1/2
Bs and ξ, we can also extract the values of the leptonic de-

cay constants fB and fBs from the fit, using in addition the lattice values of the B
mixing parameters, B̂Bd = B̂Bs = 1.28 ± 0.05 ± 0.09 [20]. With respect to the de-
cay constants, the lattice calculations of the B-parameters are typically affected by
smaller uncertainties, since some sources of systematic errors (like those related to
the determination of the lattice scale and to chiral logs effects) are either absent or
largely reduced. Moreover, quenched and unquenched estimates of the B parameters
are found to be quite consistent within each others.

The results for B̂K , fBs B̂
1/2
Bs , ξ, fB and fBs extracted from the UT fit are presented

in Tab. 1, together with the average values from lattice QCD calculations [19,20] also
given in eq. (1). The agreement between the two determinations is remarkable. On
the one hand, this comparison provides additional evidence of the spectacular success
of the SM in describing flavor physics. On the other hand, the results given in
Tab. 1 illustrate the accuracy and the reliability reached at present by lattice QCD
calculations. The allowed probability regions in the BK vs. ξ, fBsB̂

1/2
Bs vs. BK and

fBsB̂
1/2
Bs vs. ξ planes derived from the UT fit are shown in Fig. 6, together with the

results from lattice QCD calculations.

The UTfit determination of fBs B̂
1/2
Bs has an accuracy of about 2%, which reflects

the precision reached in the experimental determination of ∆ms. This uncertainty
on fBs B̂

1/2
Bs is by far smaller than the one reached by lattice QCD calculations. On

the other hand, the errors on the UTfit and lattice QCD determinations of B̂K and ξ
have comparable size, leaving in these cases the opportunity for further improvement
of the theoretical calculations.

It is worth recalling that the phenomenological extraction of the hadronic param-
eters and the comparison with lattice results assumes the validity of the SM and it is
meaningful in this framework only. A similar strategy could be followed in any given
extension of the SM when enough experimental information is available. In general,
however, a model-independent UT analysis beyond the SM cannot be carried out
without some “a priori” theoretical knowledge of the relevant hadronic parameters.

B̂K fBs B̂
1/2
Bs (MeV) ξ fBd (MeV) fBs (MeV)

UT fit 0.75± 0.09 261± 6 1.24± 0.08 187± 13 231± 9
LQCD 0.79± 0.04± 0.08 262± 35 1.23± 0.06 189± 27 230± 30

Table 1: Comparison between determinations of the hadronic parameters from the
UT fit and the averages from lattice QCD calculations (eq. (1)).
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Figure 6: Two-dimensional constraints in the BK vs. ξ, fBs
√
B̂s vs. BK and fBs

√
B̂s

vs. ξ planes, using the UTangles result for the CKM matrix and the experimental
information on εK , ∆md and ∆ms. The error bars show the results from lattice QCD
calculations.

For this reason, the error in the calculation of the hadronic matrix elements affects
the uncertainties in the determination of the New Physics parameters [25,26], which
is at present one of the main motivations for the studies of flavor physics.

5 Conclusions

The recent precise determination of ∆ms by the CDF Collaboration allows a sub-
stantial improvement of the accuracy of the UT fit. Thanks to this measurement,
it is possible to extract from the experiments the value of the relevant hadronic pa-
rameters, assuming the validity of the SM. The results of this fit turn out to be in
remarkable agreement with the theoretical predictions of lattice QCD. It is also re-
markable that the measurement of ∆ms, combined with all the information coming
from the UT fit, allows the determination of fBs B̂

1/2
Bs with an accuracy of about 2%

(fBs B̂
1/2
Bs = 261± 6 MeV).

The only exception to the general consistency of the UT fit is given by the inclusive
semileptonic b→ u decays, the analysis of which relies on the parameters of the shape
function and other model-dependent assumptions. We observed that the present
determination of |Vub| using inclusive methods is disfavoured by all other constraints
almost at the 3 σ level. This can come either from the fact that the central value of
|Vub| from inclusive decays is too large, or from the smallness of the estimated error,
or both. We think that it is worth investigating whether the theoretical uncertainty
of the inclusive analysis has been realistically estimated. At the same time, an effort
should be done for a substantial improvement of the theoretical and experimental
accuracy in the extraction of |Vub| from exclusive decays. Indeed in the future a
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confirmation of these results, with smaller errors, might reveal the presence of New
Physics in the generalised UT analysis [26].

I warmly thank the organisers for the very pleasant and stimulating atmosphere
of the conference. I am indebted to all my friends of the UTfit Collaboration, with
which most of the results presented in this talk have been obtained.
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Hadronic B decays
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D - 52074 Aachen, Germany

I briefly summarize the factorization approach to hadronic B decays emphasizing the-
oretical results that have become available recently. The discussion of its application
to data is abridged, and only the determination of γ = (71±5)◦ from time-dependent
CP asymmetries is included in some detail.

1 Introduction

Many observables at the B factories are connected with branching fractions, CP
asymmetries and polarization of exclusive, hadronic B decays. They provide access
to the flavour and spin structure of the weak interaction, but a straightforward in-
terpretation is usually obscured by the strong interaction. In technical terms, the
difficult (long-distance) part of the strong interaction resides in the matrix elements
〈f |Oi|B〉, where Oi is an operator in the effective weak interaction Lagrangian.

Systematic approaches to hadronic B decays are based on expansions in small
parameters. The two available options exploit approximate flavour symmetries (ex-
pansion parameter mq/Λ, mq a light quark mass), or the large energy transfer in
B decays (expansion parameter Λ/mb), resulting in two frameworks – “SU(3)” and
“Factorization” – that could hardly be different methodically and technically. In
practice, both frameworks are implemented only at the leading order, and additional
assumptions are usually necessary (neglecting “small” amplitudes; estimating Λ/mb

corrections). Despite this restriction, there has been much progress by applying and
working out these theories over the past few years. In the following I focus on the
factorization approach. Furthermore, f will be assumed to be a charmless, two-body,
meson final state; the mesons are assumed to be pseudoscalar or vector mesons from
the ground state nonet.

2 Theory of hadronic decays (factorization)

The starting point is the investigation of Feynman diagrams with external collinear
lines (energetic, massless lines with momenta nearly parallel to one of the two fi-
nal state mesons, M1 or M2), one nearly on-shell heavy-quark line, and soft lines
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(representing the light degrees of freedom in the B meson). The simultaneous rel-
evance of collinear and soft configurations implies three relevant scales: mb,

√
mbΛ,

and Λ. In the heavy-quark limit the first two are perturbative, and only the third is
long-distance. Factorization amounts to showing that the long-distance contributions
to the matrix elements 〈[c1][c2]|Oi|[s]〉 are actually contained in the simpler matrix
elements 〈[c1]|(qb)(0)|[s]〉 (form factors), 〈[ci]|q(x)q(0)|0〉, and 〈0|q(x)b(0)|[s]〉 (light-
cone distribution amplitudes). It is then assumed that if this holds perturbatively to
all orders for all quark-gluon matrix elements, then it does for the hadronic matrix
elements.

Factorization in a similar form was first applied to B decays in [1] as a phe-
nomenological approximation akin to the vacuum saturation approximation for the
four-quark operator matrix elements relevant to BB mixing. Intuitively, factorization
might work, because the partons that eventually form the meson M2 that does not
pick up the spectator quark escape the B remnant as an energetic, low-mass, colour-
singlet system, and hadronize far away and therefore independently from the remnant.
This qualitative argument was given in [2] for the decay Bd → D+π−. In [3] it was
shown to hold for charmless decays, where the disruption of the B meson is much
more violent, and a calculational framework was provided, in which the phenomeno-
logical factorization approach was contained as a leading-order approximation. At
the same time, the next-to-leading order corrections were computed.

The new factorization formula included a new mechanism, spectator-scattering,
where a hard-collinear interaction with the soft remnant takes place. Thanks to the
development of soft-collinear effective theory (SCET), this mechanism is now much
better understood. In the following I sketch the rederivation of the factorization
formula in SCET [4–6].

Integrating out fluctuations on the scale mb at leading power in the Λ/mb ex-
pansion amounts to an analysis of the structure of hard subgraphs with external
hard-collinear, collinear and soft lines. Those identified as leading are then calculated
perturbatively in αs(mb). Formulated as an operator matching equation from QCD
to SCETI, the result of this analysis reads

Oi =
[
χ(0)(tn−)χ(0)

]
∗
(
CI
i (t)

[
ξhv
]

+ CII
i (t, s) ∗

[
ξ 6A⊥(sn+)hv

])
. (1)

Remarks: (a) The short-distance coefficient CI
i incorporates corrections to naive fac-

torization. The second term describes spectator-scattering with its own short-distance
coefficient CII

i . (b) The second term is a leading contribution despite the fact that
the corresponding operator is suppressed in dimensional and SCETI power counting.
This follows by extension of the power-counting analysis of [5]. (c) The meson M2

factorizes already below the scale mb [6], since SCETI does not contain interactions
between the χ(0) fields and the collinear-1 and soft fields. It follows that at leading
power in the heavy-quark expansion, the strong interaction phases originate from the
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short-distance coefficients CI,II
i at the hard scale. (d) The result above must be modi-

fied to account for a non-factorizing effect when the final state contains an η(′) meson.
This effect is explained in [7], but appears to have been missed in the SCET red-
erivation of the factorization theorem for mesons with flavour-singlet components [8].
Taking the hadronic matrix element of (1) gives

〈M1M2|Oi|B〉 = ΦM2(u) ∗
(
T I(u)FBM1(0) + CII(τ, u) ∗ ΞBM1(τ, 0)

)
, (2)

where I have reintroduced the full QCD form factor FBM1(0) resulting in a slight
modification of the short-distance coefficients. ΞBM1(τ, 0) denotes a new, unknown,
non-local form factor, which depends on the convolution variable τ .

The different implementations of factorization can be distinguished broadly by
their treatment of the different factors in (2). In the PQCD approach [9] the form
factors FBM1(0) and ΞBM1(τ, 0) are assumed to be short-distance dominated, and
claimed to be calculable in a generalized factorization framework (k⊥-factorization).
All four quantities, T I, CII, FBM1(0), ΞBM1(τ, 0) have been calculated at leading order.
Recently, some next-to-leading order (NLO) corrections to T I have been included. In
the QCD factorization approach [3] it is assumed that the standard heavy-to-light
form factors receive a leading soft contribution, and are therefore not calculable.
However, ΞBM1(τ, 0) is dominated by perturbative hard-collinear interactions, and
factorizes further into light-cone distribution amplitudes (see below). In the BBNS
implementation of QCD factorization, FBM1(0) is a phenomenological input (usually
from QCD sum rules). The other three quantities, T I, CII, ΞBM1(τ, 0) have been cal-
culated at the next-to-leading order. In the BPRS implementation [6] the use of per-
turbation theory at the hard-collinear scale

√
mbΛ is avoided, and both form factors

are fit to hadronic B decay data. This approach is restricted to leading-order in the
short-distance coefficients, since only then does the unknown form factor ΞBM1(τ, 0)
enter the equations through a single moment. There is another difference between
BBNS and BPRS, who claim that (1) is not valid for diagrams with internal charm
quark loops. (This should be distinguished from [10], which speculates about large
power corrections from charm loops or annihilation.) I believe that the theoretical
arguments leading to this conclusion are wrong [11]. For phenomenology, the impor-
tant consequence from treating charm loop diagrams as non-perturbative is that the
penguin amplitudes must be determined from data, such that no CP asymmetry can
be predicted from theory alone. Since the tree amplitudes are also determined from
data (namely, through the two form factors; the phase of C/T is automatically zero
in a leading-order treatment), the BPRS approach has much more in common with
amplitude fits to data than with QCD/SCET calculations.

The QCD factorization argument is completed by noting that the non-local SCETI

form factor ΞBM1(τ, 0) factorizes into light-cone distribution amplitudes, when the
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hard-collinear scale
√
mbΛ is integrated out [5]. Inserting

ΞBM1(τ, 0) = J(τ ;ω, v) ∗ ΦB(ω) ∗ ΦM1(v) (3)

into (2) results in the original QCD factorization formula with the additional insight
that the spectator-scattering kernel T II = H II ∗ J factorizes into a hard and hard-
collinear kernel. The development of SCET was crucial to identify the operators and
precise matching prescriptions that make the calculation of higher-order corrections
to spectator-scattering feasible.

3 Higher-order calculations

On the calculational side one of the main efforts over the past few years has been
the calculation of one-loop corrections to spectator-scattering, which formally repre-
sents a next-to-next-to-leading contribution in the QCD factorization approach. This
programme is now complete. The hard-collinear correction to J has been calculated
in [12–14]; the hard correction to H II in [15, 16] for the tree amplitudes and in [17]
for the QCD penguin and electroweak penguin amplitudes. (An earlier calculation of
the QCD penguin contribution [18] disagrees with [17].) The main results are sum-
marized as follows: (a) The convolution integrals are convergent, which establishes
factorization of spectator-scattering at the one-loop order. (b) Perturbation theory
works for spectator-scattering, including perturbation theory at the hard-collinear
scale. (c) The correction enhances the colour-suppressed tree amplitude, and reduces
the colour-allowed one. This improves the description of the tree-dominated decays
to pions and ρ mesons. (d) The correction to the colour-allowed QCD penguin am-
plitude is negligible. Thus there is no essential change in the predictions of branching
fractions and CP asymmetries of penguin-dominated decays.

The evaluation of the colour-suppressed tree amplitude gives [17]

a2(ππ) = 0.18− [0.15 + 0.08i]NLO

+
[ rsp

0.485

]{
[0.12]LO + [0.05 + 0.05i]NLO + [0.07]tw3

}
. (4)

Here rsp = (9fM1 f̂B)/(mbF
BM1(0)λB) defines a combination of hadronic parame-

ters that normalizes the spectator-scattering effect. Eq. (4) shows the importance
of computing quantum corrections: the naive factorization value 0.18 is nearly can-
celed by the 1-loop vertex correction calculated in [3]. It now appears that the
colour-suppressed tree amplitude is generated by spectator-scattering. It is not ex-
cluded that rsp is a factor of two larger than 0.485, in which case a2 becomes rather
large. My interpretation of the pattern of the ππ, πρ and ρρ branching fractions is
that spectator-scattering is important [19]. On the other hand, the large direct CP
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asymmetry in Bd → π+π− cannot be explained by known radiative corrections, and
remains a problem.

Next-to-leading order corrections have recently been implemented in the PQCD
approach for the first time [20]. More precisely, the 1-loop kernel T I from the QCD
factorization approach is used as a short-distance coefficient for the subsequent tree-
level PQCD calculation. The numerical impact is again strongest on the colour-
suppressed tree amplitude, C. But while this correction (−[0.15 + 0.08i]NLO in (4))
results in a near cancellation of the naive factorization term in the QCD factorization
approach, it provides an enhancement of C by a factor of several in [20]. This resolves
the πK puzzle in the PQCD approach.

I am rather sceptical about the possibility to perform accurate calculations in the
PQCD approach. A complete NLO calculation in the PQCD approach requires a
calculation of all one-loop spectator-scattering diagrams (similar to [15–17]) rather
than the 1-loop BBNS kernels. The calculation of T I is done with on-shell external
lines, but when the vertex diagram appears as a subdiagram in a larger diagram
with hard-collinear exchanges, the external lines of the subdiagram can be far off-
shell. Hence T I is not the appropriate quantity to be used. The numerical differences
between (4) and [20] despite the same input T I can be traced to the choice of scales.
The one-loop correction to T I makes the result less sensitive to variations of the
renormalization scale in the Wilson coefficients, but only for scales larger than about
1.5 GeV, below which perturbation theory breaks down. Factorization shows that
the scale of the Wilson coefficients should be of order mb. However, in the PQCD
approach the scales mb and

√
mbΛ are not distinguished, and the Wilson coefficients

are evaluated at very low scales (to 500 MeV), where perturbation theory is not
reliable. An unphysical enhancement of the Wilson coefficients at small scales is also
the origin of the large penguin and annihilation amplitude in the PQCD approach. Yet
a variation of the renormalization scale is not included in theoretical error estimates.

4 Power-suppressed effects

Power corrections to the QCD penguin amplitudes are essential for a successful phe-
nomenology within the factorization framework. The most important Λ/mb effect is
the scalar QCD penguin amplitude rχa6. Fortunately, the bulk contribution to this
amplitude appears to be calculable, although its factorization properties are not yet
understood. This power correction is responsible for the differences between PP , PV
and V V final states and the η(′)K(∗) final states [7]. The calculated pattern is in very
good agreement with experimental data.

The second most important power correction is presumably weak annihilation. I
emphasize “presumably”, since there is no unambiguous empirical evidence of any
weak annihilation contribution in charmless decays, and only upper limits can be
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derived. The theoretical difficulty with power corrections is reflected in the different
treatments of annihilation. In PQCD it is calculable and large. In the BBNS im-
plementation of factorization it is represented by a phenomenological parameter [21],
not very large, but it makes the calculation of CP asymmetries uncertain. In the
BPRS implementation it is neglected together with all power corrections. This is
phenomenologically viable, since the charm penguin amplitude is fit to data anyway.
Some weak annihilation amplitudes have been calculated with light-cone QCD sum
rules [22]; the result is compatible with the BBNS parameterization.

It is not difficult to write down the power-suppressed operators in SCET [23]. The
problem is that the factorization formula involves convolutions, which usually turn out
to be divergent at the endpoints, making the result meaningless. The inadequacy of
SCET in addressing this well-known problem in hard-exclusive scattering was pointed
out in various forms in [5,24], but no solution was offered. In the recent paper [25] it is
proposed that endpoint divergences can be eliminated by a new type of factorization
(“zero-bin”). This would be a breakthrough; however, I do not see how “zero-bin”
factorization could possibly be correct, since it cuts off the endpoint contributions
without defining the appropriate non-perturbative objects that would represent the
endpoint region. Thus, the new factorization-scale dependence is not consistently
canceled.

To explain this I compare the treatment of a certain weak annihilation diagram
in “zero-bin” factorization [26] with the BBNS parameterization [19, 21]. In the first

method, the divergent integral αs
∫ 1

0
dxφM2(x)/x2 is interpreted as

−φ′
M2

(1) · αs ln
mB

µ−
+ F, (5)

in the second as

−φ′
M2

(1)
(

1 + ̺Ae
iϕA

)
· αs ln

mB

Λ
+ F, (6)

where

F ≡ αs

∫ 1

0

dx
φM2(x) + xφ′

M2
(1)

x2 (7)

is a finite, subtracted integral. In [26] µ− is taken to be of order mb, thus the first term
in (5) is of order αs and perturbative. The endpoint contribution is effectively set to
zero, but the dependence on the arbitrary factorization scale µ− is not canceled. A
candidate non-perturbative parameter for the endpoint contribution could be φ′

M2
(1),

but this object is not defined in SCET, so a field-theoretical definition of the method
is missing. The second expression (6) looks similar, but now there is a large endpoint
logarithm, and αs lnmB/Λ is of order 1. The endpoint contribution is considered
to be non-perturbative, and is parameterized by the complex quantity ̺Ae

iϕA. It
is again the absence of a field-theoretical definition of this quantity that makes the
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BBNS parameterization a phenomenological model. Expression (6) is clearly a more
conservative treatment of the problem than (5).

It is evident that in the absence of a field-theoretical definition of the zero-bin
subtraction method, the statement that “annihilation is real and calculable” is wishful
thinking (I share the wish.); it also contradicts the QCD sum rule calculation [22].
My strong criticism (prompted by strong claims) is not to mean that the problem of
endpoint factorization is not important. To the contrary, its solution is prerequisite
to further progress in SCET.

5 Phenomenology (omitted)

There is not enough space to discuss the factorization calculations of branching frac-
tions and CP asymmetries and the comparison with data. I focus on the calculation
of the CP-violating S parameters and the determination of γ in the following section.
A very brief summary of the other topics discussed in the talk reads:

• The global comparison of all B → PP, PV data with scenario S4 of [19] re-
mains impressively good, including CP asymmetries, but there are persistent
exceptions. The same is true for the PQCD [20,30] and BPRS [8,31] approaches.

• An enhancement of the electroweak penguin amplitude to explain the πK sys-
tem is no longer compelling. The difference between the CP asymmetries in
π0K± and π∓K± seems to require an enhancement of the colour-suppressed
tree amplitude, which cannot be explained by factorization.

• There exist interesting effects [27,28] in B → V V decays, which motivate further
polarization studies. See [29] for a comprehensive analysis of these decays.

6 Determination of γ from Sf

The time-dependent CP asymmetries Sf in tree-dominated ∆D = 1 decays are par-
ticularly suited [19, 21] to determine the CKM phase γ (or α; I assume that β is
determined experimentally) in the framework of QCD factorization, since hadronic
uncertainty enters only in the penguin correction; the dependence on strong phases
is reduced, because it arises only through cos δ; the sensitivity to γ is maximal near
γ ∼ 70◦.

Figure 1 shows that for f = (ππ, πρ, [ρρ]L) and measurements Sf = (−0.59 ±
0.09, 0.03 ± 0.09,−0.06 ± 0.18) (HFAG averages), one obtains (ignoring a second
solution that does not lead to consistent results) γ = (70+13

−10, 69 ± 7, 73 ± 8)◦. The
three determinations are in agreement with each other, resulting in the average γ =
(71± 5)◦. See [19, 29] for details.
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Figure 1: CKM phase γ from Sf with f = (ππ, πρ, [ρρ]L).

7 Conclusion

The subject of hadronic decays has been and still is a very fertile ground for developing
new theoretical concepts in heavy flavour physics. A lot has been learned about
hadronic dynamics. Moreover, γ is by now known rather well from charmless decays.
There should be some way to include this information in the CKM fits.
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[18] X. q. Li and Y. d. Yang, Phys. Rev. D 72 (2005) 074007 [hep-ph/0508079].

[19] M. Beneke and M. Neubert, Nucl. Phys. B 675, 333 (2003), [hep-ph/0308039].

457



M. Benecke Hadronic B decays

[20] H. n. Li, S. Mishima and A. I. Sanda, Phys. Rev. D 72 (2005) 114005 [hep-
ph/0508041].

[21] M. Beneke, G. Buchalla, M. Neubert and C. T. Sachrajda, Nucl. Phys. B 606
(2001) 245 [hep-ph/0104110].

[22] A. Khodjamirian, T. Mannel, M. Melcher and B. Melic, Phys. Rev. D 72, 094012
(2005) [hep-ph/0509049].

[23] T. Feldmann and T. Hurth, JHEP 0411, 037 (2004) [hep-ph/0408188].

[24] T. Becher, R. J. Hill, B. O. Lange and M. Neubert, Phys. Rev. D 69, 034013
(2004) [hep-ph/0309227]; T. Becher, R. J. Hill and M. Neubert, Phys. Rev. D
69, 054017 (2004) [hep-ph/0308122].

[25] A. V. Manohar and I. W. Stewart, [hep-ph/0605001].

[26] C. M. Arnesen, Z. Ligeti, I. Z. Rothstein and I. W. Stewart, [hep-ph/0607001].

[27] A. L. Kagan, Phys. Lett. B 601 (2004) 151 [hep-ph/0405134].

[28] M. Beneke, J. Rohrer and D. Yang, Phys. Rev. Lett. 96 (2006) 141801 [hep-
ph/0512258].

[29] M. Beneke, J. Rohrer and D. Yang, [hep-ph/0612290].

[30] H. n. Li and S. Mishima, Phys. Rev. D 74 (2006) 094020 [hep-ph/0608277].

[31] C. W. Bauer, I. Z. Rothstein and I. W. Stewart, Phys. Rev. D 74 (2006) 034010
[hep-ph/0510241].

458



Measurements of the Top Quark at the Tevatron

Collider

Lucio Cerrito
on behalf of the CDF and D⊘ Collaborations
Particle Physics Research Centre
Department of Physics
Queen Mary, University of London
E1 4NS London, U.K.

1 Introduction

We present recent preliminary measurements of the top-antitop pair production cross
section and determinations of the top quark pole mass, performed using the data
collected by the CDF and D⊘ Collaborations at the Tevatron Collider(1). In the
lepton plus jets final state, with semileptonic B decay, the pair production cross sec-
tion has now been measured at CDF using ∼760 pb−1 of proton-antiproton collisions
at a centre-of-mass energy of

√
s=1.96 TeV. A measurement of the production cross

section has also been made with ∼1 fb−1 of data in the all-jets final state by the CDF
Collaboration. The mass of the top quark has now been measured using ∼1 fb−1 of
collision data using all decay channels of the top quark pair, yielding the most precise
measurements of the top mass to date.

Top quarks are produced at the Tevatron Collider predominantly in pairs of top-
antitop via quark-antiquark scattering (∼85%) and gluon-gluon fusion (∼15%). The
decay of top quarks proceeds before hadronization almost exclusively as t → Wb,
therefore it is common to classify the final state of a tt event according to the decay
modes of the W bosons. The decay channels are labelled as: dilepton, when both
W ’s from the top pair decay leptonically, lepton plus jets when one the W ’s decays
leptonically and the second decays hadronically, and all hadronic, when both W ’s
decay hadronically. The identification of b quarks in jets is made either through the
measurement of a displaced secondary vertex in the event (due to the long lifetime
of B-hadrons), or through the detection of a muon or electron from the semileptonic
decay of B-hadrons.

1The Tevatron is a proton-antiproton synchrotron accelerator producing collisions at a centre-
of-mass energy of 1.96 TeV (Run II) in two locations (CDF and D⊘). The Tevatron operated until
1998 (Run I) at a centre-of-mass energy of 1.8 TeV.
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The measurement of the tt production cross section provides a test of the theory of
Quantum Chromo Dynamics (QCD), while the comparison of the measurements from
different decay channels allows probing both the production and decay mechanism
described by the standard model (SM). At

√
s=1.96 TeV, the predicted tt cross section

is σtt = 6.8+0.7
−0.9 pb for a top mass (Mt) of 175 GeV/c2 [1]. The top quark mass, on the

other hand, is a crucial ingredient of the SM and its precision measurement, combined
with the independent measurement of the mass of the W boson, allows predicting the
SM Higgs boson mass.

2 Top Quark Pair Production Cross Section

2.1 Lepton plus jets events with soft muon b-tagging

This analysis is based on data corresponding to an integrated luminosity of ∼760
pb−1, collected with the CDF II detector [2–5] between March 2002 and September
2005. The data are collected with an inclusive lepton trigger that required an electron
(muon) with ET > 18 GeV (PT > 18 GeV/c) [6]. From the inclusive lepton dataset
we select events offline with a reconstructed isolated electron ET (muon PT ) greater
than 20 GeV, missing ET > 20 GeV and at least 3 jets with ET > 15 GeV. Back-
ground events, predominantly due to QCD production of W bosons with multiple
jets, are rejected in the first instance using the total event energy HT > 200 GeV
(HT is the scalar sum of the electron ET , muon PT , missing ET and jet ET for jets
with ET > 8 GeV and |η| < 2.4). To further enhance the top quark signal against
background events, we identify events with one or more b-jets by searching inside jets
for semileptonic decays of B-hadrons into muons (with PT > 3 GeV/c, ∆R < 0.6 from
a jet axis). From 85 candidate tt events and 27.3±2.5 expected background events,
and considering the detector acceptance and event selection efficiency, we determine
a cross section of 7.8±1.7(stat)+1.1

−1.0(syst) pb. The result is in good agreement with
our previous measurement [7], which used an integrated luminosity of ∼200 pb−1 or
about 1/4th of the presently analysed dataset.

2.2 All hadronic events

This analysis is performed using ∼1.0 fb−1 of pp collisions at
√
s=1.96 TeV, selected

with a multijet trigger. The trigger requires at least four calorimeter clusters with
ET ≥ 15 GeV and a total transverse energy exceeding 175 GeV. Candidate tt events
are required to have between 6 and 8 jets with ET > 15 GeV and |η| <2.0, and jets
must be separated in η−φ by ∆R ≥0.5. Due to the low signal (S) to background (B)
ratio after the trigger and topoligical selections defined above, a neural network (NN)
based kinematical selection is applied. The NN is a Multilayer perceptron (MLP
[8]), a feed-forward network with an input layer, hidden layers and an output layer.
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The inputs to the NN include variables such as the total and sub-leading transverse
energy, centrality, aplanarity and dijet and trijet masses [9]. The single output node
provides the variable NNout on which we base the selection. The final additional
requirement is that at least one jet has a displaced secondary vertex (called a tag),
compatible with the presence of one or more b-jets in the event. The best selection
cut on NNout is determined considering the total expected signal and background
and maximising ∆(B+S)/S. We observe 1233 tags from within the selected sample,
with a background expectation of 846±37 tags. The excess of tags with respect to
the background is ascribed to the tt production and from this excess we measure a
production cross section of: 8.3±1.0(stat)±0.5(lum)+2.0

−1.5(syst) pb.
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Figure 1: Preliminary measurements of the tt production cross section at
√
s=1.96

TeV measured by (a):CDF and (b): D⊘.

2.3 Overview of tt production cross section measurements

The overview of preliminary measurements of the tt production cross section at the
Tevatron is shown in Figure 1 for the CDF experiment (a) and for the D⊘ experi-
ment (b). The measurements analyse datasets corresponding to integrated luminosity
between ∼200 pb−1 and∼1 fb−1. A systematic uncertainty of about 6%, on the knowl-
edge of the integrated luminosity of the samples, is common to all measurements for
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each experiment. All the results are in good agreement with the SM calculation, and
the measured cross section averaged over different decay channels has now reached
a similar accuracy (∼12%) to the theoretical prediction. Moreover, the measured
cross section appears, within the current uncertainties, in good agreement among the
different decay channels.

3 Top Quark Pole Mass

3.1 Dilepton events

The dilepton channel, consisting of the decays tt→ bℓ−νℓbℓ
′+ν ′ℓ, has a small branching

fraction but allows measurements which are less reliant on the calibration of the jet
energies than measurements in channels with hadronic W decays. This analysis is
based on an integrated luminosity of ∼1.0 fb−1 collected with the CDF II detector
between March 2002 and March 2006. Top candidate events are selected by requiring
two leptons, both with ET > 20 GeV (PT > 20 GeV/c form muons) and at least
one of which is isolated (2). Candidate events must also have at least two jets with
ET > 15 GeV, measured within |η| <2.5. We also require candidate events to have
/ET > 25 GeV and, in events with /ET < 50 GeV, that the /ET vector is at least 20◦ from
the closest lepton or jet. In order to extract maximum information from the sample,
we adapt in this analysis a technique based on leading-order production cross section
and a parametrized description of the jet energy resolution. Per-event likelihoods in
top mass are combined to construct a joint likelihood from which the top quark mass
(Mt) is determined. The total expression for the probability of a given pole mass for
a specific event can be written as:

P (x|Mt) =
1

N

∫
dΦ8|Mtt(p;Mt)|2

∏

jets

W (p, j)W (pT , U)fPDF(q1)fPDF(q2), (1)

where the integral is over the entire six-particle phase space, q is the vector of in-
cominig parton-level quantities, p is the vector of resulting parton-level quantities:
lepton and quark momenta. The functions W are called transfer functions, and
parametrise the probability of measuring a detector-level observable (j, U) given
a parton-level observable (p, pT ). Finally, |Mtt(p;Mt)| is the tt production ma-
trix element as defined in [10, 11]. Background events are taken into account by
constructing a generalized per-event probability which includes terms for each back-
ground, calculated with a differential cross section similar to Equation 1. After cali-
brating the technique with Monte Carlo simulations of the experiment, we measure:

2An isolated lepton is one for which no more than 10% extra energy is measured in a cone of
∆R ≡

√
(∆φ)2 + (∆η)2 ≤ 0.4 around the lepton
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Mtop=164.5±3.9(stat)±3.9(syst) GeV/c2. The single largest source of systematic un-
certainty comes from the uncertainty in the jet energy calibration (±3.5 GeV/c2).
Other significant systematic uncertainties are due to the Monte Carlo modeling of tt
production and decay, and the modeling of the background events.

3.2 Lepton plus jets events

This analysis is a preliminary measurement of the top quark mass from the lepton plus
jets decay channel using ∼940 pb−1 of data collected from March 2002 to February
2006 with the CDF II detector. Events are selected requiring a single, high-transverse
energy (greater than 20 GeV), well-isolated lepton, large missing energy from the
neutrino (greater than 20 GeV), and exactly four central jets with high transverse
energy (greater than 15 GeV, |η| < 2.0), two from the b quarks and two from the
hadronic W . Of these jets we require at least one to be identified as originating from a
vertex displaced from the primary vertex. In order to reject most non-W background,
we further require the axis between missing transverse energy and leading jet, ∆φ, not
be collinear for the lowest values of missing transverse energy passing our selection.
The method to determine the top quark mass is similar to the one described in Section
3.1 for dilepton events, whereby we create a likelihood for each event by combining
a signal probability with a background probability. However, in this analysis the
combined likelihood describes, and is maximised for, not only the top quark mass
but also the jet energy scale (JES, an overall multiplicative factor to the jet energy
measurements), and the fraction of events consistent with the signal hypothesis. The
JES systematic uncertainty is measured constraining the mass of the W from the
two untagged jets to 80.4 GeV/c2, and we assume the JES determined for the W-
jets also applies to b-jets. An additional systematic uncertainty is included to take
into account the difference between the JES determined from the hadronic decaying
W , and the proper b-jets energy scale. Simulated samples with different top quark
masses as input are used to validate and calibrate the anaysis method. The extracted
top mass is found to be unbiased with respect to the top quark mass for which the
input events were generated. From 166 events passing our selection requirements
we measure: Mtop=170.9±2.2(stat+JES)±1.4(syst) GeV/c2. The quoted systematic
error include uncertainties on the Monte Carlo modeling of tt production and decay,
the detector response, and the modeling of background events.

3.3 All hadronic events

This analysis is performed using ∼ 1 fb−1 of pp collisions at
√
s = 1.96 TeV collected

with the CDF II detector. The technique used is based on a comparison, through
likelihood maximization, of the top invariant mass distribution in data with a Monte
Carlo simulation of the top signal and background events. The event selection is
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described in Section 2.2. We define a quantity (χ2) as a function of one free parameter,
the top mass itself, and use the first 6 jets in order of decreasing ET to fully reconstruct
the event. Of the possible permutations of jet assignments compatible with the tt
decay chain, we choose the one with the lowest χ2. The χ2 contains two terms which
constrain the light quark jets to form the two W masses. Then a third jet four-
momentum is added in order to form two objects closely spaced in the unknown
mass. An additional term is added to account for the uncertainties on jet momentum
measurements. The definition is thus as follows:

χ2 =
(mjj1 −mW )2

Γ2
W

+
(mjj2 −mW )2

Γ2
W

+
(mjjj1 −mt)

2

Γ2
t

+
(mjjj2 −mt)

2

Γ2
t

+

N∑

i=1

(pfit
i − pdata

i )2

σ2
i

,

(2)

where mjj is the invariant mass of the dijet, mjjj is the invariant mass of the trijet,
mW = 80.4 GeV/c2 and ΓW=2.1 GeV/c2 the W boson mass and width, Γt=1.5
GeV/c2 and mt the free parameter, with the constraint that the mass of the two top
quarks be equal. The distribution of invariant mass for background events is derived
from the data using the sample before the b-tagging request, and is then corrected for
the presence of top events. Given a model for signal and background mass templates,
we use a likelihood function to determine the mass of the top quark that best describes
the data, as well as extracting the number of signal (ns) and background (nb) tags in
the sample. We measure ns = 334 ± 33 and nb = 573 ± 26 tags and the top quark
mass of Mt=174.0±2.2(stat)±4.8(syst) GeV/c2. Systematic uncertiainties are largely
due to the uncertainty on the jet energy measurements (±4.5 GeV/c2), with smaller
contributions (≤1.0 GeV/c2) from the Monte Carlo modeling of the top signal and
the detector response.

3.4 Overview and combination of the top quark mass mea-
surements

The recent preliminary measurements of the top quark mass at CDF, together with
the measurements of the D⊘ experiment, are summarized in Figure 2 [12]. The
plot includes published measurements from Tevatron data in Run I (1992-1996) and
preliminary measurments in Run II, in all three decay channels of the top quark
pair. The measurements in the different channels are reasonably consistent with each
other. The combination of the measurements, taking into account the statistical and
systematical uncertainties and their correlations, yields the preliminary world average
mass of the top quark: Mt=171.4±1.2(stat)±1.8(syst) GeV/c2, which corresponds to
a total uncertainty of 2.1 GeV/c2. The precision on the mass measurement is limited
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by the systematic uncertainties, which are dominated by the calibration of the jet
energy measurements.

Mtop   [GeV/c2]

Mass of the Top Quark (*Preliminary)
Measurement Mtop   [GeV/c2]

CDF-I   di-l 167.4 ± 11.4

D∅ -I     di-l 168.4 ± 12.8

CDF-II  di-l* 164.5 ±  5.6

D∅ -II    di-l* 178.1 ±  8.3

CDF-I   l+j 176.1 ±  7.3

D∅ -I     l+j 180.1 ±  5.3

CDF-II  l+j* 170.9 ±  2.5

D∅ -II    l+j* 170.3 ±  4.5

CDF-I   all-j 186.0 ± 11.5

CDF-II  all-j* 174.0 ±  5.2

CDF-II  lxy* 183.9 ± 15.8

χ2 / dof  =  10.6 / 10

Tevatron Run-I/II* 171.4 ±  2.1

150 170 190

Figure 2: Summary of the measurements included in the world average mass of the
top quark.

4 Conclusions

We have presented recent preliminary measurements of the top quark pair production
cross section and the top quark mass at the Tevatron Collider. All recent measure-
ments are now using ∼1 fb−1 of proton-antiproton collision data at a center-of-mass
energy of

√
s = 1.96 TeV. All tt cross section measurements are in good agreement

with the SM calculation, and the precision of the CDF average cross section is ap-
proaching the theoretical accuracy of ∼ ±12%. The world average mass of the top
quark is: Mt=171.4±1.2(stat)±1.8(syst) GeV/c2 and is therefore now known with an
accuracy of 1.2%. The systematic uncertainty, which limits the precision to the mass
measurement, is expected to improve as larger data sets are collected at the Tevatron
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Collider. It can be reasonably expected that with the full Run II data set the top
quark mass could be known to better than 1%.

Bibliography

[1] M.Cacciari, S.Frixione, G.Ridolfi, M.L.Mangano and P.Nason, JHEP 0404(2004)
68.

[2] F. Abe et al., Nucl. Instrum. Methods Phys. Res. A 271, 387 (1988).

[3] D. Amidei, et al., Nucl. Instrum. Methods Phys. Res. A 350, 73 (1994).

[4] F. Abe et al., Phys Rev. D 52, 4784 (1995).

[5] P. Azzi et al., Nucl. Instrum. Methods Phys. Res. A 360, 137 (1995).

[6] The transverse momentum, PT , is the projection of a particle’s momentum onto
the plane perpendicular to the beam axis. The pseudorapidity, η, is defined as:
−ln tan(θ/2), where θ is the polar angle with respect to the direction of the
proton beam. The missing transverse energy, /ET , is the transverse component of
the energy imbalance in the calorimeter, and is identified with the undetected
neutrino’s transverse momenta.

[7] D. Acosta et al., Phys. Rev. D 72, 032002, 2005.

[8] See http://schwind.home.cern.ch/schwind/talks/ITseminar/index.htm and
http://www.fynu.ucl.ac.be/users/c.delaere/level2/MLP for a description of
MLP.

[9] For a description of these variables see F. Abe et al., Phys. Rev. Lett. 79, 1992
(1997).

[10] G. Mahlon, S. Parke, Phys. Lett. B 411, 173 (1997).

[11] G. Mahlone, S. Parke, Phys. Rev. D 55, 7249 (1996).

[12] The Tevatron Electroweak Working Group, FERMILAB-TM-2355-E, hep-
ex/0608032 (2006).

466



Charm and beauty structure of the proton

Riccardo Brugnera1

Dipartimento di Fisica dell’Universitá di Padova and
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1 Introduction

Heavy quarks production is an important testing ground for quantum chromodynam-
ics (QCD), because QCD calculations are expected to be reliable if a hard scale is
present in the process. In heavy quarks production a hard scale is provided by the
quark mass. Moreover heavy quarks production can give direct access to the gluon
density in the proton due to the fact that it proceeds, in QCD, almost exclusively
via photon-gluon fusion, where a photon from the incoming electron interacts with
a gluon in the proton giving an heavy quark-anti-quark pair. Results will be shown
both for deep-inelastic scattering (DIS), where the virtuality of the exchanged boson
Q2 is large, and photo-production, where the Q2 is equal to zero. Various experi-
mental techniques are used in order to select charm and beauty events, ranging from
the measurement of D∗ cross section to impact parameter analyses. The results are
found to be compatible with the predictions of perturbative QCD (pQCD).

This paper is organized as follows. The relevant features of the HERA collider and
of the H1 and ZEUS detectors are described in section 2. In section 3, an introduction
to the physics of heavy quarks production in ep collisions is given. The sections 4 and
5 illustrate the tagging methods and the experimental results for the charm quark,
while 6 and 7 do the same for the beauty quark. The charm and beauty structure
functions are presented in section 8. The results obtained for the gluon polarization
by the COMPASS Collaboration are described in section 9. Finally the conclusions
are drawn in section 10.

2 The HERA collider and its two multipurpose

experiments: H1 and ZEUS

HERA is the first ep collider and consists of two separate rings of circumference 6.3
km, one a warm magnet electron (or positron) ring with maximum energy 30 GeV and

1On behalf of the H1 and ZEUS Collaborations.
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the other a superconducting magnet proton ring of maximum energy 920 GeV. The
rings are brought together at four intersection regions, two of them are occupied by
the experiments H1 and ZEUS. The HERA life can be divided in two parts: HERA-I
from 1992 to 2000 and HERA-II from 2003 to the middle of 2007. During the first
period, HERA worked with e± beam of 27.5 GeV while the energy of the proton beam
was raised from 820 GeV to 920 GeV. The beam spot had the dimension of 150×30
µm2 and the integrated luminosity collected by each experiments was about 130 pb−1.
At the end of 2000 there was a long shutdown, in which both HERA and the two
experiments made important upgrades. In 2003 HERA started its functioning and
it is to foreseen to work up to the middle of 2007. During the HERA-II period the
energies of the lepton and proton beams remained unchanged: 27.5 GeV and 920 GeV
respectively. A reduced beam spot (80×20 µm2) and more reliable beams operation
have enhanced a lot the delivered luminosity to the experiments (∼ 180 pb−1 per
experiment from 2003 to 2005). In Fig. 1 the integrated luminosities per period are
shown as function of the day of the run.

Figure 1: The integrated luminosity delivered by HERA, subdivided into HERA-I
period and HERA-II, versus the days of running. The HERA-II period is further-
more divided in HERA-II with electrons (HERA-II e−) and HERA-II with positrons
(HERA-II e+).

The H1 [1] and ZEUS [2] detectors are general purpose detectors with nearly her-
metic calorimetric coverage. They are designed in order to investigate all aspects of
high energy ep collisions. In particular both the scattered electron and the hadronic
system in a hard ep interaction are measured. They are differentiated principally
by the choices made for the calorimetry. The H1 collaboration has stressed elec-
tron identification and energy resolution, while the ZEUS Collaboration has put its
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emphasis on optimizing calorimetry for the hadronic measurements. The detector
designs reflect these different emphases. The H1 detector has a large diameter mag-
net encompassing the main liquid argon calorimeter, while the ZEUS detector has
chosen a uranium-scintillator sampling calorimeter with equal response to electrons
and hadrons. Cross sectional view of the H1 and ZEUS detectors are presented in
Fig. 2 and 3 respectively.

Figure 2: Cross sectional view of the H1 detector.

3 Production of Heavy Quarks in ep collisions

In pQCD, at leading order (LO), two distinct classes of processes contribute to the
production of heavy quarks (charm and beauty) in ep collisions at HERA. In direct-
photon processes (Fig. 4a), the photon emitted from the electron enters the hard
process γg → QQ directly. In resolved-photon processes (Fig. 4b to 4d), the photon
fluctuates into a hadronic state before the hard interaction and acts as a source of
partons, one of which takes part in the hard interaction. Resolved photon processes
are expected to contribute significantly in the photo-production regime, in which the
photon is quasi-real, and to be suppressed towards higher Q2.

Next-to-leading order (NLO) calculations in several schemes are available [3, 4].
In DIS regime, all approaches assume that Q2 and heavy quark mass mQ provide a
hard enough scale to allow the applicability of pQCD and to garantee the validity
of the factorization theorem. In photo-production regime the hard scale is given by
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Figure 3: Cross sectional view of the ZEUS detector.

the transverse momentum of the heavy quark pt,Q and mQ. In the fixed-order, or
“massive”, scheme 2, u, d, s are the only active flavours in the structure functions
of the proton and photon. The heavy quarks are assumed to be produced only at
perturbative level via photon-gluon fusion. This scheme is expected to work well in
regions where p2

t,Q ∼ m2
Q (if in photo-production regime) or where Q2 ∼ m2

Q (if in
DIS regime). At higher transverse momenta or Q2, calculations based on this scheme
can break down due to large logarithms ∼ ln(p2

t,Q/m
2
Q) (∼ ln(Q2/m2

Q)). In this case
the resummed, or “massless”, scheme 3 [5] should be applicable. In this scheme,
charm and beauty are regarded as active flavours (massless partons) in the structure
functions of the proton and photon and are fragmented from massless partons into
massive hadrons after the hard process. There are also calculations4 which tempt to
treat the heavy quarks correctly for all Q2. Therefore, at low Q2, an heavy quark
is produced dynamically through the boson-gluon fusion process, whereas, at high
Q2, heavy quark parton densities are introduced. The transition between the two
extremes is treated in different way by different authors [6].

2The scheme is often referred to as fixed flavour number scheme (FFNS).
3The scheme is often referred as the zero mass variable flavour number scheme (ZMVFNS).
4The scheme is commonly referred to as variable flavour number scheme (VFNS).
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Figure 4: Heavy Quarks production processes in leading order pQCD.

4 Charm production: tagging methods

The main method used for charm tagging is the identification of the D∗ mesons using
the decay channel D∗+ → D0π+

s with the subsequent decay D0 → K−π+, where πs
refers to the low momentum π in the decay. The decay particles of the D∗ meson are
reconstructed in the central detector, usually without particle identification. In Fig. 5
it is shown a distribution of the mass difference ∆M = M(Kππs)−M(Kπ) from the
ZEUS Collaboration. A clear signal is seen around the nominal valueM(D∗)−M(D0).
In order to mantain under control the combinatorial background, various cuts are
made on the pt of the tracks and on the energy of the event. Of course also other
charmed hadrons were identified and analyzed, such as D+, Ds, Λc, but with less
statistics. Finally, the sistematic use of the vertex detectors, first implemented in
H1 and now also in ZEUS, is changing dramatically the perspective of the physical
analysis in the charm sector as it already happened in the beauty one (see section 6
and 7).

5 Charm production: experimental results

The status of the charm analysis can be summarized by the two plots of Fig. 6,
where the differential D∗ cross section as a function of the pseudo-rapidity5 of the D∗

mesons, η(D∗) on the left, and the differential D∗ cross sections as a function of Q2

on the right are shown [7].
The plot on the left of Fig. 6 shows the good agreement between the ZEUS and

H1 data. The bands in both plots represent the NLO predictions using the HVQDIS
program [8], the widths of the bands correspond to the uncertainties in the mass

5The pseudo-rapidity η corresponding to a polar angle θ ( measured respect to the positive z-axis,
corresponding to the the incoming proton beam direction) is given by η = -ln tan(θ/2).
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Figure 5: The distribution of the mass difference, ∆M = M(Kππs) −M(Kπ), for
D∗ candidates. The D∗± candidates (dots) are shown compared to the wrong charge
combinations (histogram). The shaded region shows the signal region. The number
of D∗ mesons is determined by subtracting the wrong charge background.

of the charm, in the renormalization and factorization scales, in the proton parton
density functions and in the fragmentation. Rather remarkable is the fact that the
dσ/dQ2 data are well described by NLO calculations over five orders of magnitude.
Some discrepancies between data and theory are seen in photoproduction: D∗ pho-
toproduction cross sections [9] as function of the transverse momentum, pT (D∗), and
η(D∗) show that the predictions from NLO QCD are too low for pT (D∗) > 3 GeV and
η(D∗) > 0. Part of this deficit may be due to hadronisation effects. The predictions
for single jet and dijet production accompanied by a D∗ meson should have smaller
uncertainties from these effects. For that aim the following correlations were studied:
the difference in the azimuthal angle, ∆φ(D∗,jet), between the D∗ and a jet not con-
taining the D∗ meson and those between the two jets of highest transverse energy,
∆φjj, and the squared transverse momentum of the dijet system, (pjjT )2. For the LO
2 → 2 process, the two jets, or the D∗ and a jet not containing the D∗ meson, are
produced back-to-back with ∆φ = π and very low pT . Large deviations from these
values may come from higher-order QCD effects. In Fig. 7 the differential cross sec-
tion as function of the ∆φ(D∗,jet) is shown, a large fraction of the produced D∗+jet
combinations deviates from back-to-back configuration indicating the importance of
higher order contributions. The available NLO calculations (massive FMNR [4] and

472



R. Brugnera Charm and beauty structure of the proton

0

1

2

3

-1.5 -1 -0.5 0 0.5 1 1.5

HERA, D* in DIS

η(D*)

dσ
/d

η(
D

*)
 (

nb
)

H1 (prel.) 99-00
ZEUS 98-00
HVQDIS mc = 1.35 GeV
ZEUS NLO QCD fit
HVQDIS mc = 1.3 GeV
CTEQ5F3

)
2

   (GeV2Q

-110 1 10 210 310

)2
   

(n
b

/G
eV

2
/d

Q
σd

-410

-310

-210

-110

1

10

ZEUS DIS BPC D* (prel.) 98-00

ZEUS DIS D* 98-00

=1.35 GeV, ZEUS NLO pdf fitcHVQDIS, M

ZEUS

Figure 6: On the left, differential D∗ cross sections as a function of η(D∗), filled points
from the ZEUS experiment and empty squares from the H1 experiment. The bands
are the NLO predictions of HVQDIS. On the right, differential D∗ cross sections as a
function of Q2 for low Q2 (dots) and from results on D∗ production in DIS (triangle)
compared to the NLO predictions from HVQDIS. The data come from the ZEUS
Collaboration.

ZMVFNS [10]) underestimate significantly the observed cross sections in the region
∆φ(D∗,jet)< 120o. The cross section dσ/d∆φjj, see Fig. 8, is reasonable reproduced
by the NLO predictions in the direct-enriched region, that is xobsγ > 0.756 , although
the data exhibit a somewhat harder distribution. In the resolved-enriched region,
xobsγ < 0.75, the data exhibit a harder spectrum than for xobsγ > 0.75. The NLO
prediction of the cross section for xobsγ < 0.75 has a significantly softer distribution
compared to the data. The low- xobsγ region is more sensitive to higher-order topologies
not present in the massive NLO prediction. The predictions from PYTHIA MC [11]
reproduce neither the shape nor the normalisation of the data for low and high xobsγ .
However, the predictions from the HERWIG MC [12] give an excellent description
of the shapes of all distributions, although the normalisation is underestimated by
a factor of 2.5. The fact that a MC programme incorporating parton showers can
successfully describe the data whereas the NLO QCD prediction cannot indicates
that the QCD calculation requires higher orders. Matching of parton showers with
NLO calculations such as in the MC@NLO programme [13], which is not currently
available for the processes studied here, should improve the description of the data.

6xobs
γ represents the fraction of the photon momentum partecipating to the hard scattering.
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Figure 7: D∗+jet cross sections as function of ∆φ(D∗,jet) compared with the predic-
tions of the NLO calculations FMNR and ZMVFNS.

6 Beauty production: tagging methods

The H1 and ZEUS Collaborations have presented measurements in which the events
containing beauty are identified in the following manners: using high pT leptons
(mainly muons) from semileptonic b-decays, or using the impact parameters of all
tracks coming from secondary decay vertices (inclusive lifetime tag analysis), or finally
using double tagged events (D∗ + µ, µµ).

In the first method, the transverse momentum prelT of the muon with respect to the
axis of the associated jets exhibits a much harder spectrum for muons from b-decays
than for the other sources. Sometime, in order to enhance the signal to noise ratio
also the signed impact parameter δ of the muon track with respect to the primary
event vertex is used, this quantity reflects the lifetime of the particle from which the
muon decays. The relative contributions from b, c and light quarks are determined by
a fit to the prelT distribution or to a combined fit to the prelT and δ distributions using
the shapes of Monte Carlo b, c and light quarks distributions as templates.

In the second method, the track selection requires full silicon vertex detector in-
formation. From the measured impact parameter δ a lifetime significance S = δ/σδ
is calculated. Two independent distributions are constructed. S1 is the significance
distribution of tracks in events with exactly one selected tracks. S2 contains the sig-
nificances of the tracks with the second highest significance for events with two or
more selected tracks. Events in which the tracks with the first and second highest

474



R. Brugnera Charm and beauty structure of the proton

ZEUS

0 1 2 3
-410

-310

-210

-110

1 >0.75obs
γx

ZEUS 98-00

Jet energy scale uncertainty

0 1 2 3
-410

-310

-210

-110

1 <0.75obs
γx

NLO QCD (massive)

 had.⊗NLO QCD (massive) 

Beauty

0 1 2 3
-410

-310

-210

-110

1
>0.75obs

γx

 2.5×HERWIG

 1.5×PYTHIA

0 1 2 3
-410

-310

-210

-110

1
<0.75obs

γx

 e
’+

D
*+

jj+
X

) 
(n

b/
ra

d.
)

→
(e

p
jj φ∆

/dσ
d

 (rad.)
jjφ∆  (rad.)

jjφ∆

(a) (b)

(c) (d)

Figure 8: Cross section for the process ep → e + D∗ + jj + X separated into (a,c)
direct enriched (xobsγ > 0.75) and (b,d) resolved enriched (xobsγ < 0.75). The data
(solide dots) are compared (a,b) to the massive QCD prediction with (solid line) and
without (dotted line) hadronisation corrections applied. The theoretical uncertain-
ties (hatched band) come from the change in scales simultaneously with the change
in charm mass. The beauty component is also shown (lower histogram). The data
are also compared (c,d) with HERWIG (solid line) and PYTHIA (dashed line) MC
predictions multiplied by the indicated factors. The data come from the ZEUS Col-
laboration.

absolute significance have different signs are removed from the S2 distribution. The
subtracted significance distributions are obtained by bin-wise subtraction of the num-
bers of entries on the negative side from those on the positive side. The subtraction
method substantially reduces the systematic uncertainties due to track and vertex
resolutions. The relative contributions from b, c and light quarks are determined
from a fit to the subtracted S1 and S2 distributions and the total number of events,
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using the shapes of Monte Carlo b, c and light quarks distributions as templates.

In the third method, doubled tagged events, events are selected containing at
least one reconstructed D∗ and at least one muon, D∗ + µ, or two muons in the
final state (µµ). In order to suppress the various types of backgrounds the charge
and angle correlations of the D∗ with respect to the muon and of the two muons are
exploited. These double tagged measurements extend to significantly lower centre-
of mass energies of the bb system than measurements based on leptons and/or jets
with high transverse momentum. Furthermore, these double tagged events permit
to test higher order QCD effects. For instance, in the photon-gluon rest frame the
angle between the heavy quarks is 180o at leading order, but at NLO it can differ
significantly from this value due to hard gluon radiation.

7 Beauty production: experimental results

Differential measurements from H1 and ZEUS are available for beauty production
in photoproduction and DIS [14], [15] using the lepton+jet(s) tag method. Figure
9 shows the differential photoproduction cross sections as a function of the muon
transverse momentum (on the left) and of the pseudo-rapidity for the process ep →
ebbX → ejjµ. The H1 and ZEUS data, which are in reasonable agreement when they
are compared in the same phase space region (see the dσ/dηµ plot on the right side),
are compared to a NLO calculation in the massive scheme [4]. The NLO calculations
describe the ZEUS data well. Comparing with the H1 data, the NLO calculations
predict a less steep behaviour for the dσ/dpµt and is lower than the H1 data in the
lower momentum bin by roughly a factor of 2.5; at higher transverse momenta better
agreement is observed. In DIS (data not shown), the total cross section measurements
made by the H1 and ZEUS Collaborations are somewhat higher than the predictions.
The observed excess is pronounced at large muon pseudo-rapidities, low values of Q2

and muon transverse momentum.

As said in section 6, using double tagged events [16, 17] it is possible to measure
the b production up to very low pt values. In Fig. 10 the differential cross sections
as a function of the muon transverse momentum pµT (plot on the left) and the muon
pseudo-rapidity ηµ (plot on the right), for muons from b decays in dimuon events and
restricted to the phase space pµt > 1.5 GeV and -2.2< ηµ < 2.5 for both muons are
shown. Very good agreement is observed with the PYTHIA+RAPGAP [18] predic-
tions scaled by a factor 1.95 (histogram). Apart from the normalization, the leading
parton shower approach yields a good description of the corresponding physics pro-
cesses within the entire accessible phase space. The data are also compared to the
absolute NLO prediction in the massive scheme convoluted with the hadronization
from PYTHIA MC (shaded band). Again, good agreement in shape is observed,
with a tendency to underestimate the data normalisation. A potential trend for in-
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Figure 9: Differential cross sections as a function of the muon transverse momentum
pµT (on the left) and the muon pseudo-rapidity ηµ (on the right), for muons coming
from b decays in dijet events. The two sets of data coming from the H1 and ZEUS
experiments were measured in different phase space regions. The full error bars are
the quadratic sum of the statistical (inner part) and systematic uncertainties. The
bands represent the NLO predictions convoluted with their uncertaintites obtained
by varying the b-quark mass and the renormalization and factorization scales.

creasing data/theory deviations towards low pt and/or high η, suggested by other
measurements as said before, is not supported.

Exploiting the experimental possibilities offered by its microvertex detector, H1
has measured charm and beauty photoproduction using events with two or more jets
at high transverse momentum [19]. In this analysis events containing heavy quarks
are distinguished from light quark events by the long lifetime of c and b flavoured
hadrons, which lead to the displacements of tracks from the primary vertex (see
section 6). This analysis provides the first simultaneous measurement of charm and
beauty in photoproduction, extending to larger values of transverse jet momentum
than previous measurements. In Fig. 11 the measured differential cross sections for
charm (plot on the left) and beauty (plot on the right) as functions of the transverse
momentum of the leading jet pjet1t are shown. Both charm and beauty data are
reasonbly well described in shape both by the Monte Carlo simulations (PYTHIA
and CASCADE7 [20]) and the NLO QCD (FMNR) calculations. For charm, the

7The CASCADE program implements the kt-factorisation approach instead of the usual collinear
factorisation approach. In the γg∗ → QQ matrix element, which takes the heavy quark mass into
account, the incoming gluon is treated off mass-shell and can have a finite transverse momentum.
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Figure 10: Differential cross sections as a function of the muon transverse momentum
pµT (on the left) and the muon pseudo-rapidity ηµ (on the right), for muons from b
decays in dimuon events. Data come from the ZEUS experiment. The full error bars
are the quadratic sum of the statistical (inner part) and systematic uncertainties.
The data are compared to the NLO QCD predictions (shaded band) and to the MC
predictions (histogram).

NLO QCD calculation is somewhat lower than the measurement but still in reasonable
agreement within the theoretical errors, for beauty the disagreement is slightly higher.
The MC’s predict a normalisation which is similar to that of FMNR. The bulk of
the disagreement between data and NLO calculation, especially for the beauty, is
observed in the region of small values of xobsγ where the prediction lies below the data.
Restricting the data to xobsγ > 0.85, a significant improvement can be obtained: the
charm cross sections are in good agreement with the NLO QCD calculation both in
normalisation and shape, the beauty cross sections are also reasonably well described.

The major part of the results shown in this section were obtained in the photopro-
duction regime (Q2 < 1 GeV2), and they differ greatly due to different experimental
cuts, different tagging-methods. It is difficult to compare each other and also to
extract a general message from the comparison between data and NLO QCD calcula-
tions. In order to overcome these difficulties the various measured cross sections were
translated to b-quark differential cross sections as a function of the quark transverse
momentum, dσ(ep → bX)/dpbT , in the pseudo-rapidity range |ηb| < 2. In Fig. 12
the so extrapolated differential cross sections are shown and compared with the NLO
QCD (FMNR) calculations (shaded band). The data are in reasonable agreement
between them, they tend to be somewhat higher than the predictions, the disagree-
ment is concentrated at low and medium values of pbT , at high values there is a nice
agreement.

The calculations are performed at LO, higher order QCD corrections are simulated with initial state
parton showers.
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Figure 11: Differential charm (on the left) and beauty (on the right) photoproduction
cross sections dσ/dpjet1t for the process ep → e(cc or bb)X → ejjX. The full error
bars are the quadratic sum of the statistical (inner part) and systematic uncertainties.
The solid lines indicate the prediction from a NLO QCD calculation, corrected for
hadronisation effects, and the shaded band shows the estimated uncertainty. The
absolute predictions from PYTHIA (dashed lines) and CASCADE (dotted lines) are
also shown.

8 The charm and beauty structure functions

The structure functions more frequently studied (F2 and xF3) are inclusive objects
and thus contain contributions from both valence and sea quarks. The H1 and ZEUS
detectors have the ability to provide identification of a particular quark flavour open-
ing so the possibility of studying the contribution of that flavour to F2. This is
particularly important in the case of heavy flavours, as they are likely produced in
the hard scattering and not in the subsequent hadronisation of the struck parton. In
other words very precise theoretical predictions can be done as explained in the sec-
tion 3. Due to the fact that at order αs heavy quark production in DIS occurs through
boson-gluon fusion process (see Fig. 4), this process involves the gluon density xg
directly so it gives an experimental handle on this quantity.

F cc
2 is calculated from the measured charm cross sections as follows:

• The cross section for cc is calculated from the D∗ cross section [21] (extrapolated
to the full phase space) using:

σ(ep→ eccX) =
1

2

σ(ep→ eD∗X)

P (c→ D∗)
(1)

where P (c → D∗) is the probability that a charm quark will produce a D∗

meson (about 25%). As said in the sections 4 and 6, the advent of the micro-
vertex detectors has permitted to distinguish events containing heavy quarks
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Figure 12: Differential cross section for b-quark production as a function of the b-
quark transverse momentum pbT for b-quark pseudo-rapidity |ηb| < 2 and for Q2 < 1
GeV2, 0.2 < y < 0.8. The various points show results from the H1 and ZEUS
Collaborations using different b-tag methods. The full error bars are the quadratic
sum of the statistical (inner part) and systematic uncertainties. The dashed line shows
the NLO QCD prediction with the theoretical uncertainty shown as the shaded band.
The continuous line shows the kt factorization predictions from CASCADE MC.

from light quark events by the long lifetimes of c and b flavoured hadrons, which
lead to displacements of tracks from the primary vertex. Furthermore the results
can be obtained in kinematic regions where there is little extrapolation needed
to the full phase space and so the model dependent uncertainty due to the
extrapolation is small. These measurements were done by the H1 Collaboration
[22].

• Finally F cc
2 is related to ep→ eccX cross-section by:

d2σ(cc)

dxdQ2
=

2πα2

Q4x
((1 + (1− y)2)F cc

2 − y2F cc
L ), (2)

where the small contribution from F cc
L is calculated from QCD, while xF3 is

neglected due to the fact that the measurements are made at small Q2.

In Fig. 13 (plot on the left) all the data about F cc
2 are shown as function of x at

Q2 values between 2 and 500 GeV2. The various data sets, obtained with different
techniques, are in good agreement between them. The structure function F cc

2 shows
a rise with decreasing x at constant values of Q2. The rise becomes steeper at higher
Q2. The data are compared to calculations using the recent ZEUS NLO fit [23],
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in which the parton densities in the proton are parameterized by performing fits to
inclusive DIS measurements from ZEUS and fixed-target experiments. The prediction
describes the data well for all Q2 and x except for the lowest Q2, where some difference
is observed. In Fig. 13 (plot on the right) the ratio F cc

2 /F2 is shown as function of
x at fixed values of Q2. The charm contribution to F2 rises from 10% to 30% as
Q2 increases and x decreases. The strong rise of F cc

2 at low values of x is similar to
that of the gluon density and thus supports the hypothesis that charm production is
dominated by the boson-gluon fusion mechanism.
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Figure 13: On the left plot, the measured F cc
2 at Q2 values between 2 and 500 GeV2 as

a function of x is shown while on the right plot the measured ratio F cc
2 /F2 . Data from

the H1 and ZEUS experiments using different charm tagging are shown. The data
are shown with statistical uncertainties (inner bars) and statistical and systematic
uncertainties added in quadrature (outer bars). The curves represent the ZEUS NLO
fit.

Using the help of the micro-vertex detector it was possible to measure the structure
function F bb

2 [22] in a similar manner to those depicted for the F cc
2 . The measurement

of the b cross section (and so of F bb
2 ) is particularly challenging since b events comprise
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only a small fraction (typically < 5%) of the total cross section. In Fig. 14 the

measured F bb
2 (by the H1 Collaboration) is shown as function of Q2. The measurement

shows positive scaling violations which increase with decreasing of x. The data are
compared with the variable flavour number scheme QCD predictions from MRST [24]
and CTEQ [25] at NLO and a recent calculation at NNLO [26]. The predictions are
found to describe the data reasonably well. The beauty contribution to F2, in the
present kinematic range, increases rapidly with Q2 from 0.4% at Q2 = 12 GeV2 to
1.5% at Q2 = 60 GeV2.
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Figure 14: The measured F bb
2 shown as function of Q2 for various x values. The inner

error bars show the statistical errors, the outer error bars represent the statistical and
systematic errors added in quadrature. The prediction of QCD are also shown.
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9 Polarized gluon distribution

In this section, results obtained by the COMPASS Collaboration [27] on the deter-
mination of the polarized gluon distribution ∆g using the open charm processes in
polarized deep inelastic scattering are presented. Formally, one may write for the
spin of the proton:

1

2
=

1

2
∆Σ + ∆g+ < Lz >, (3)

where ∆Σ is the contribution from the quarks and antiquarks, ∆g from the gluons
and the last term the mean contribution of any orbital angular momentum of the
constituents. While for ∆Σ the situation starts to be solid, the challenge remains
to measure ∆g and < Lz >. The COMPASS experiment at CERN is a facility for
spectroscopy and spin physics using hadron and muon beams from the SpS with a
variety of targets and a range of sophisticated detectors for analyzing the final state.
With a wide range of particle identification devices, the measurement of ∆g through
the boson-gluon fusion production of cc pairs is a primary aim. This first measurement
was performed by scattering a positive muon polarized beam at 160 GeV on a solid
polarized target. COMPASS has searched for Do mesons in the decay Do → K−π+.
To reduce background the neutral D’s was also tagged by requiring them to come
from the decay D∗+ → Doπ+. In the measurement there is no reconstruction of
the Do vertex, all the reconstruction is based on the determination of the invariant
mass and in the identification of the kaon through the RICH detector. The result is
∆g/g = −0.57± 0.41(stat) at a x value of the gluon equal to 0.15 and at a Q2 = 13
GeV2; the systematic error is smaller than the statistical one. In Fig. 15 the gluon
polarization ∆g/g as a function of x at fixed Q2 is shown. The points represent the
present LO analyses of hadron helicity asymmetries (mainly from high pT hadrons).
The result from open charm obtained by COMPASS is also shown (star symbol). It
is smaller than - but still compatible with - zero. COMPASS performed a NLO fits to
the spin-dependent structure function g1(x,Q

2) world data. Two about equally good
solutions for ∆g(x,Q2) were found, one with a positive and one with a negative first
moment ∆G.

10 Conclusions

In the previous pages, part of the results obtained by the H1 and ZEUS Collaborations
in the field of heavy flavours has been summarized. We have seen that their charm
and beauty data are in satisfactory agreement. In photo-production regime, beauty
and charm data are in general agreement with the NLO predictions, even if beauty
data are partially slightly higher. Charm production gives a large contribution to the
inclusive DIS cross section: it was measured with good precision in a large part of
phase space, NLO QCD calculations describe the data within accuracy. The first F bb

2
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Figure 15: Gluon polarization ∆g/g as a function of x at Q2 = Q2
0 obtained by NLO

QCD fits (bands) and from LO analyses of hadron helicity asymmetries (symbols).

measurement was also shown. All the presented results come from the HERA-I period,
much more will come using all the statistics from HERA-II period. In the polarized
DIS field the new preliminary result on ∆g/g from the COMPASS Collaboration using
open charm was shown. The measurement, considered the most model-independent
tool to study gluon-polarisation, still suffers from big statistical uncertainties, they
will be highly reduced using the large amount of data that COMPASS will collect in
the near future.
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Abstract

We review some fundamental aspects of the theory of neutrino masses
and mixing. The results of neutrino oscillation experiments are inter-
preted as evidence of three-neutrino mixing. Implications for the mix-
ing parameters and the neutrino masses are discussed, with emphasis on
the connection with the measurements of the absolute values of neutrino
masses in beta decay and neutrinoless double-beta decay experiments and
cosmological observations.

1 Introduction to Neutrino Masses

In the Standard Model (SM) neutrinos are massless. This is due to the fact that, in
the SM, neutrinos are described by the left-handed chiral fields νeL, νµL, ντL only.
Since the corresponding right-handed fields νeR, νµR, ντR do not exist in the SM, a
Dirac mass term,

LD =
∑

α,β=e,µ,τ

ναLM
D
αβ νβR + H.c. , (1)

is precluded. Here MD is a complex 3 × 3 mass matrix (see Refs. [1–4]). On the
other hand, the other elementary fermions (quarks and charged leptons) are described
by left-handed and right-handed chiral fields, which allow them to have Dirac-type
masses after the spontaneous electroweak symmetry breaking SU(2)L × U(1)Y →
U(1)Q generated by the Higgs mechanism. Note that the off-diagonal terms in the

Dirac mass matrix MD violate the conservation of the lepton numbers Le, Lµ and Lτ ,
whereas the total lepton number L = Le + Lµ + Lτ is conserved.

In 1937 Ettore Majorana [5] discovered that a massive neutral fermion can be
described by a two-component spinor, which is simpler than a four-component Dirac
spinor. The fundamental difference of a Majorana fermion with respect to a Dirac
fermion is that for a Majorana fermion the particle and antiparticle states coincide.
In other words, charge conjugation does not have any effect on a Majorana fermion
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field. Since charge conjugation inverts the chirality, in the SM there are three right-
handed neutrino fields (ναL)C ≡ νCαR, for α = e, µ, τ . In the Majorana theory, the
right-handed neutrino fields in Eq. (1) are identified with the corresponding charge-
conjugated right-handed neutrino fields νCeR, νCµR, νCτR, leading to the Majorana mass
term1

LM
L =

1

2

∑

α,β=e,µ,τ

ναL (MM
L )αβ ν

C
βR + H.c. , (2)

with a complex symmetric 3×3 mass matrix MM
L (see Refs. [1–4]). Although allowed

by the field content of the SM, this Majorana mass term is forbidden by the gauge
symmetries of the SM. It could be generated by the Vacuum Expectation Value (VEV)
of a Higgs triplet, which is absent in the SM. Note that the Majorana mass term LM

L

violates the conservation of the total lepton number L by two units.
Summarizing, the field content and the gauge symmetries of the SM hinder the

existence of the Dirac and Majorana mass terms in Eqs. (1) and (2). This prediction
of the SM is in contradiction with the experimental evidence of neutrino oscillations,
which are due to neutrino masses and mixing (see Refs. [1–4, 6–10]). Therefore, it is
necessary to extend the SM in order to describe the real world.

The simplest extension of the SM consists in the introduction of the three right-
handed neutrino fields νeR, νµR, ντR, which are singlets under the gauge symmetries
of the SM. In this way, the neutrino fields become similar to the other elementary
fermion fields, which have both left-handed and right-handed components. The Dirac
mass term in Eq. (1) can be generated by the same Higgs mechanism which generates
the Dirac masses of charged leptons and quarks. However, a surprise arises: the
Majorana mass term for the right-handed neutrino fields,

LM
R =

1

2

∑

α,β=e,µ,τ

νCαL (MM
R )αβ νβR + H.c. , (3)

is invariant under the gauge symmetries of the SM and, hence, allowed. Therefore, the
seemingly innocuous introduction of right-handed neutrino fields leads to fundamental
new physics: Majorana neutrino masses and the existence of processes with |∆L| = 2.

In general, in a model with left-handed and right-handed neutrino fields, the
neutrino mass term is of the Dirac-Majorana type LD+M = LD + LM

R , which can be
written as

LD+M =
1

2

(
νL νCL

)(
0 MD

(MD)T MM
R

)(
νCR
νR

)
+ H.c. , (4)

where νTL =
(
νTeL νTµL νTτL

)
and νTR =

(
νTeR νTµR νTτR

)
. In the mass matrix, the

3× 3 block which would correspond to MM
L is set to zero because LM

L is forbidden by

1The additional factor 1/2 is put by hand in order to avoid double counting in the derivation of
the field equations using the canonical Euler-Lagrange prescription.
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the gauge symmetries of the SM, as explained above. Since the Dirac mass matrix
MD is generated by the Higgs mechanism of the SM, its elements are proportional

to the VEV of the Higgs doublet, vSM =
(√

2GF

)−1/2
= 246 GeV, where GF is the

Fermi constant. Hence, the elements of MD are expected to be at most of the order
of 102 GeV. This constraint is expressed by saying that they are “protected” by the
gauge symmetries of the SM. On the other hand, since the Majorana mass term of the
right-handed neutrino fields is invariant under the gauge symmetries of the SM, the
elements of MM

R are not protected by the SM gauge symmetries. In other words, from
the SM point of view, the elements of MM

R could have arbitrarily large values. If MM
R

is generated by the Higgs mechanism at a high-energy scale of new physics beyond
the SM, the elements of MM

R are expected to be of the order of such new high-energy
scale, which could be as high as a grand-unification scale of about 1015 GeV. In this
case, the total mass matrix can be approximately diagonalized by blocks, leading to
a light 3× 3 mass matrix

Mlight ≃MD (MM
R )−1MDT , (5)

and a heavy 3 × 3 mass matrix Mheavy ≃ MM
R . The three light and the three heavy

masses are given, respectively, by the eigenvalues of Mlight and Mheavy. Therefore,
there are three heavy neutrinos which are practically decoupled from the low-energy
physics in our reach and three light neutrinos whose masses are suppressed with
respect to the elements of the Dirac mass matrix MD by the small matrix factor
(MM

R )−1MDT . This is the famous see-saw mechanism [11–14], which explains natu-
rally the smallness of the three light neutrino masses. It is important to note that the
see-saw mechanism predicts that massive neutrinos are Majorana particles, leading
to the existence of new measurable phenomena with |∆L| = 2. The most accessible
is neutrinoless double-β decay (see section 3.3).

The see-saw mechanism is a particular case (see Ref. [15]) of the following general
argument [16] in favor of Majorana massive neutrinos as a general consequence of
new physics beyond the SM at a high-energy scale Λ. The most general effective
low-energy Lagrangian can be written as

Leff = LSM +
Ω5

Λ
+
Ω6

Λ2
+ . . . , (6)

where LSM is the SM Lagrangian. The additional non-SM terms contain the field
operators Ω5, Ω6, . . ., which have energy dimension larger than four, as indicated by
the index. These operators contain SM fields only. Furthermore, they are constrained
to be invariant under the SM gauge symmetries, because the new high-energy theory
by which they are generated is an extension of the SM. They are not included in
LSM, because they are not renormalizable (similarly to the Fermi Lagrangian, which
is the effective non-renormalizable Lagrangian of weak interactions for energies much
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smaller than vSM). Since each Lagrangian term must have energy dimension equal to
four, the non-SM terms in Eq. (6) are suppressed by appropriate negative powers of
the high-energy scale Λ. The less-suppressed non-SM term is the 5-D operator

Ω5 =
∑

αβ

gαβ (LTαL σ2 Φ) C† (ΦT σ2 LβL) + H.c. , (7)

where LαL, Φ, C and σi are, respectively, the left-handed lepton doublets (α = e, µ, τ),
the Higgs doublet, the charge-conjugation matrix and the Pauli matrices (i = 1, 2, 3).
At the electroweak symmetry breaking, Ω5 generates a Majorana mass term of the
type in Eq. (2), with the mass matrix

(MM
L )αβ =

v2
SM

Λ
gαβllvSM = 246 GeV . (8)

Hence, the neutrino masses are naturally suppressed by the very small ratio vSM/Λ
with respect to the masses of the charged leptons and quarks, which are proportional
to vSM. It is remarkable that the 5-D operator in Eq. (7) is unique, in contrast to
the multiplicity of 6-D operators (see Ref. [17]), which include operators for nucleon
decay. Hence, Majorana neutrino masses provide the most accessible window on new
physics beyond the SM.

2 Three-Neutrino Mixing

The mass matrix of the three light neutrinos (either Dirac or Majorana) can be
diagonalized through the unitary transformation

ναL =
3∑

k=1

Uαk νkL , (9)

where U is the 3× 3 unitary mixing matrix. An important consequence of neutrino
mixing is the existence of neutrino flavor oscillations, which depend on the elements
of the mixing matrix and on the squared-mass differences ∆m2

kj ≡ m2
k−m2

j . Neutrino
oscillations have been observed (see Refs. [2–4, 7–10]) in solar and reactor neutrino
experiments (νe → νµ,τ ), with a squared-mass difference [9]

∆m2
SOL = 7.92 (1± 0.09)× 10−5 eV2 [2σ] , (10)

and in atmospheric and accelerator neutrino experiments (νµ → ντ ), with a squared-
mass difference [18]

∆m2
ATM = 2.6

(
1+0.14
−0.15

)
× 10−3 eV2 [2σ] . (11)
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Figure 1: The two three-neutrino schemes allowed by the hierarchy ∆m2
SOLll∆m

2
ATM.

Hence, there is a hierarchy of squared-mass differences:

∆m2
ATM ≃ 30 ∆m2

SOL . (12)

This hierarchy is easily accommodated in the framework of three-neutrino mixing,
in which there are two independent squared-mass differences. We label the neutrino
masses in order to have

∆m2
SOL = ∆m2

21 , (13)

∆m2
ATM ≃ |∆m2

31| ≃ |∆m2
32| . (14)

The two possible schemes are illustrated in Fig. 1. They differ by the sign of ∆m2
31 ≃

∆m2
32.
Information on neutrino mixing is traditionally obtained from the analysis of the

experimental data in the framework of an effective two-neutrino mixing scheme, in
which oscillations depend on only one squared-mass difference (∆m2) and one mix-
ing angle (ϑ). This approximation is allowed [19] by the smallness of |Ue3|, which
is the only element of the mixing matrix which affects both the solar-reactor and
atmospheric-accelerator oscillations, as illustrated in Fig. 2. In fact, solar and reactor
experiments have observed the disappearance of electron neutrinos, which depends
only on the elements of the mixing matrix which connect νe with the three massive
neutrinos: Ue1, Ue2 and Ue3. On the other hand, the hierarchy of squared-mass differ-
ences in Eq. (12) implies that ν1 and ν2 are practically the same in atmospheric and
accelerator oscillations and contribute through |Uα1|2 + |Uα2|2 = 1 − |Uα3|2. Hence
these oscillations depend only on the third column of the elements of the mixing
matrix.
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Ue1

Uµ1 Uµ2

Uτ1 Uτ2

ATM
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Uµ3

Ue3

U =

SOL Ue2

Figure 2: Schematic description of the contributions of the elements of the mixing
matrix to solar (SOL) and atmospheric (ATM) neutrino oscillations.

The smallness of |Ue3| is known from the results of the CHOOZ and Palo Verde
experiments (see Ref. [20]), leading to [18]

|Ue3|2 = 0.008+0.023
−0.008 [2σ] . (15)

In this case, in the standard parameterization of the mixing matrix (see Ref. [4]),
we have |Ue3|2 = sin2 ϑ13, the effective mixing angle measured in solar and reactor
experiment is approximately equal to ϑ12 and the effective mixing angle measured in
atmospheric and accelerator experiment is approximately equal to ϑ23. An analysis
of the data yields large values for ϑ12 and ϑ23 [9, 18]:

sin2 ϑ12 = 0.314
(
1+0.18
−0.15

)
[2σ] , (16)

sin2 ϑ23 = 0.45
(
1+0.35
−0.20

)
[2σ] . (17)

The mixing angle ϑ23 is close to maximal (π/4). The mixing angle ϑ12 is large, but
less than maximal.

From the determination of the mixing angles, it is possible to reconstruct the
allowed ranges for the elements of the mixing matrix: at 2σ we have

|U |2σ ≃




0.78− 0.86 0.51− 0.61 0.00− 0.18
0.21− 0.57 0.41− 0.74 0.59− 0.78
0.19− 0.56 0.39− 0.72 0.62− 0.80


 . (18)

One can see that all the elements of the mixing matrix are large, except |Ue3|, for
which we have only an upper bound.

A mixing matrix of the type in Eq. (18), with two large mixing angles (ϑ12 and
ϑ23), is called “bilarge”. Several future experiments are aimed at a measurement of
the small mixing angle ϑ13 (see Ref. [21]), whose finiteness is crucial for the existence
of CP violation in the lepton sector, for the possibility to measure matter effects with
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Figure 3: Values of neutrino masses as functions of the lightest mass, m1 in the normal
scheme (a) and m3 in the inverted scheme (b). Solid lines correspond to the best-fit.
Dashed lines enclose 2σ ranges.

future neutrino beam passing through the Earth and for the possibility to distinguish
the normal and inverted schemes in future oscillation experiments.

As a first approximation, it is instructive to consider ϑ13 = 0. In this case, the
mixing matrix is given by

U =




cϑ12 sϑ12 0
−sϑ12cϑ23 cϑ12cϑ23 sϑ23

sϑ12sϑ23 −cϑ12sϑ23 cϑ23


 , (19)

where cϑij
≡ cosϑij and sϑij

≡ sinϑij . Choosing the attractive values

sin2 ϑ12 =
1

3
, sin2 ϑ23 =

1

2
, (20)

which are within the ranges in Eqs. (16) and (17), we have the so-called “tri-bimaximal“
mixing matrix [22]

U =





√
2/3 1/

√
3 0

−1/
√

6 1/
√

3 1/
√

2

1/
√

6 −1/
√

3 1/
√

2



 . (21)

The name is due to the fact that the magnitudes of all the elements of the second
column are equal (trimaximal mixing) and the third column have only two finite
elements, which have the same magnitude (bimaximal mixing).

In the approximation in Eq. (19), we have

νe = cϑ12ν1 + sϑ12ν2 , (22)
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which is a two-neutrino mixing relation. In oscillations, electron neutrinos can trans-
form in the orthogonal state

ν⊥ = −sϑ12ν1 + cϑ12ν2 = cϑ23νµ − sϑ23ντ . (23)

Hence, The state in which solar and reactor electron neutrinos transform is a super-
position of νµ and ντ determined by the atmospheric mixing angle ϑ23. The closeness
of ϑ23 to maximal mixing implies an approximate equal amount of νµ and ντ . If one
further takes into account that the SNO experiment measured a suppression of about
1/3 of the solar νe flux for E & 6 MeV, it follows that the flux of high-energy solar
neutrinos on the Earth is composed of an approximately equal amount of νe, νµ and
ντ .

3 The Absolute Scale of Neutrino Masses

Since neutrino oscillations depend on the differences of the squared neutrino masses,
other types of experiments are needed in order to determine the absolute values
of neutrino masses. However, what is really unknown from the results of neutrino
oscillation experiments is only one mass, since the other masses can be determined
from the known difference of the squared neutrino masses. In the three-neutrino
mixing schemes in Fig. 1, it is convenient to choose as unknown the lightest mass
(m1 in the normal scheme and m3 in the inverted scheme) and plot the masses as
shown in Fig. 3. One can see that, in the normal scheme, if m1 is small, there is a
normal mass hierarchy m1llm2llm3. On the other hand, in the inverted scheme, if
m3 is small, there is a so-called “inverted mass hierarchy” m3llm1 . m2, since m1

and m2 are separated by the small solar mass splitting. In both schemes, the three
neutrino masses are quasi-degenerate for

m3 & m2 & m1 ≫
√

∆m2
ATM ≃ 5× 10−2 eV . (24)

In the next three subsections, we discuss the tree most efficient methods for the
determination of the absolute scale of neutrino masses: β decay, cosmological obser-
vations and neutrinoless double-β decay.

3.1 Beta Decay

The measurement of the energy spectrum of electrons emitted in nuclear β decay
provides a robust kinematical measurement of the effective electron neutrino mass.

Let us consider first, for simplicity, a massive electron neutrino without mixing.
In this case, the differential decay rate in allowed2 β-decays is proportional to the

2Allowed β-decays are characterized by the independence of the nuclear matrix element from the
electron energy.
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square of the Kurie function

K(T ) =

[
(Q− T )

√
(Q− T )2 −m2

νe

]1/2

, (25)

where Q = Mi −Mf − me (Mi and Mf are, respectively, the masses of the initial
and final nuclei and me is the electron mass) and T = Ee−me is the electron kinetic
energy. If mνe = 0, the Kurie function is a decreasing linear function of T , going to
zero at the so-called “end-point” of the spectrum, T = Q, as illustrated by the dotted
line in Fig. 4 for tritium β decay. A small electron neutrino mass affects the electron
spectrum near the end-point, which shifts to T = Q −mνe , as shown by the dashed
line in Fig. 4. Therefore, in practice, information on the value of the neutrino mass is
obtained looking for a distortion of the Kurie plot with respect to the linear function
near the end-point. Using this technique, the Mainz tritium experiment [23] obtained
the most stringent upper bound on the electron neutrino mass:

mνe < 2.3 eV [95% CL] . (26)

The Troitzk tritium experiment [24] obtained the comparable bound mνe < 2.5 eV
[95% CL]. The main reason why tritium β-decay experiments are the most sensitive
to the electron neutrino mass is that tritium β-decay has one of the smallest Q-
values among all known β-decays. Since the relative number of events occurring in
an interval of energy ∆T below the end-point is proportional to (∆T/Q)3, a small
Q-value is desirable for a maximization of the fraction of decay events that occur
near the end-point of the spectrum. Moreover, tritium β-decay is a superallowed
transition between mirror nuclei3 with a relatively short half-life (about 12.3 years),
which implies an acceptable number of observed events during the experiment lifetime.
Another advantage of tritium β-decay is that the atomic structure is less complicated
than those of heavier atoms, leading to a more accurate calculation of atomic effects.

In the case of neutrino mixing, the Kurie function is given by

K(T ) =
[

(Q− T )
3∑

k=1

|Uek|2
√

(Q− T )2 −m2
k

]1/2
. (27)

This is a function of 5 parameters, the three neutrino masses and two mixing pa-
rameters (the unitarity of the mixing matrix implies that

∑3
k=1 |Uek|2 = 1). The

main characteristics of the distortion of the Kurie function with respect to the linear
function corresponding to massless neutrinos are:

3Superallowed transitions are allowed transitions between nuclei belonging to the same isospin
multiplet. Mirror nuclei are pairs of nuclei which have equal numbers of protons and neutrons plus
an extra proton in one case and an extra neutron in the other. In this case, the overlap of the initial
and final nuclear wave functions is close to one, leading to a large nuclear matrix element.
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Figure 4: Kurie plot for tritium β decay. Dotted line: the linear Kurie function
for mνe = 0. Dashed line: Kurie function in Eq. (25) for mνe = 5 eV. Solid line:
Kurie function in Eq. (27) for two-neutrino mixing with m1 = 5 eV, m2 = 15 eV and
ϑ = π/4.

(a) A shift of the end-point of the spectrum from T = Q to T = Q −mlht, calling
νlht the lightest massive neutrino component of νe (if Ue3 = 0, νlht = ν1 in both
the normal and inverted schemes; otherwise, νlht = ν1 in the normal scheme and
νlht = ν3 in the inverted scheme).

(b) Kinks at the electron kinetic energies Tk = Q −mk, for νk 6= νlht, with corre-
sponding strength determined by the value of |Uek|2.

This behavior of the Kurie function is illustrated by the solid line in Fig. 4, which
describes the case of two-neutrino mixing (Ue3 = 0) with m1 = 5 eV, m2 = 15 eV and
ϑ = π/4 (|Ue1|2 = |Ue2|2 = 1/2).

If, in the future, effects of the neutrino masses will be discovered in tritium or
other β-decay experiments, a precise analysis of the data may reveal kinks of the
Kurie function due to mixing of the electron neutrino with more than one massive
neutrino. In this case, the data will have to be analyzed using Eq. (27).

However, so far tritium experiments did not find any effect of the neutrino masses
and their data have been analyzed in terms of the one-generation Kurie function in
Eq. (25), leading to the upper bound in Eq. (26). How this result can be interpreted
in the framework of three-neutrino mixing, in which Eq. (27) holds? The exact
expression ofK(T ) in Eq. (27) cannot be reduced to the one-generation Kurie function
in Eq. (25). In order to achieve such a reduction in an approximate way, one must note
that, if an experiment does not find any effect of the neutrino masses, its resolution
for the measurement of Qβ−T is much larger than the values of the neutrino masses.
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Considering mkllQβ − T , we have

K2 = (Q− T )2
∑

k

|Uek|2
√

1− m2
k

(Q− T )2 ≃ (Q− T )2
∑

k

|Uek|2
[
1− 1

2

m2
k

(Q− T )2

]

= (Q− T )2

[
1− 1

2

m2
β

(Q− T )2

]
≃ (Q− T )2

√

1−
m2
β

(Q− T )2

= (Q− T )
√

(Q− T )2 −m2
β , (28)

with mβ given by

m2
β =

∑

k

|Uek|2m2
k . (29)

The approximate expression of K(T ) in terms of mβ is the same as the expression
in Eq. (25) of the one-generation Kurie function in terms of mνe . Therefore, mβ

can be considered as the effective electron neutrino mass in β-decay. In the case of
three-neutrino mixing, the upper bound in Eq. (26) must be interpreted as a bound
on mβ:

mβ < 2.3 eV [95% CL] . (30)

If the future experiments do not find any effect of neutrino masses, they will provide
more stringent bounds on the value of mβ.

In the standard parameterization of the mixing matrix, we have

m2
β = c212 c

2
13 m

2
1 + s2

12 c
2
13m

2
2 + s2

13m
2
3 . (31)

Although neutrino oscillation experiments do not give information on the absolute
values of neutrino masses, they give information on the squared-mass differences
∆m2

21 and ∆m2
31 and on the mixing angles ϑ12 and ϑ13 (see Eqs. (10), (11), (15), (16)

and (17)). As shown in Fig. 3, the values of the neutrino masses can be determined
as functions of the lightest mass (m1 in the normal scheme and m3 in the inverted
scheme). Therefore, also mβ can be considered as a function of the lightest mass, as
shown in Fig. 5. The middle solid lines correspond to the best fit and the extreme
solid lines delimit the 2σ allowed range. We have also shown with dashed lines the
best-fit and 2σ ranges of the neutrino masses (same as in Fig. 3), which help to
understand their contribution to mβ .

From Fig. 5 one can see that, in the case of a normal mass hierarchy (normal
scheme with m1llm2llm3), the main contribution to mβ is due to m2 or m3 or both,
because the upper limit for mβ is larger than the upper limit for m2. In the case of an
inverted mass hierarchy (inverted scheme with m3llm1 . m2), mβ has practically the
same value as m1 and m2. In the case of a quasi-degenerate spectrum, mβ coincides
with the approximately equal value of the three neutrino masses in both the normal
and inverted schemes.
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Figure 5: Effective neutrino mass mβ in tritium β-decay experiments as a function of
the lightest mass (m1 in the normal scheme and m3 in the inverted scheme; see Fig. 1).
Middle solid lines correspond to the best-fit values of the oscillation parameters.
Extreme solid lines enclose 2σ ranges. Dashed lines show the best-fit values and 2σ
ranges of individual masses. In the inverted scheme, the best-fit values and 2σ ranges
of m1 and m2 are practically the same and coincide with the best-fit value and 2σ
range of mβ .

Figure 5 shows that the present experiments and the future KATRIN experi-
ment [25], with an expected sensitivity of about 0.2 eV, give information on the ab-
solute values of neutrino masses in the quasi-degenerate region in both the normal
and inverted schemes. From the Mainz upper bound in Eq. (26), for the individual
neutrino masses we obtain

mk < 2.3 eV [95% CL] , (32)

with k = 1, 2, 3.
One can note from Fig. 5 that the allowed ranges of mβ in the normal and inverted

schemes in the case of a mass hierarchy are quite different and non overlapping: the
lower limit for mβ in the inverted scheme is about 4.7× 10−2 eV, whereas the upper
limit for mβ in the normal scheme is about 1.1× 10−2 eV. If future experiments find
an upper bound for mβ which is smaller than about 4.7×10−2 eV, the inverted scheme
will be excluded, leaving the normal scheme as the only possibility.

Figure 5 shows also that β-decay experiments will not have to improve indefinitely
for finding the effects of neutrino masses: the ultimate sensitivity is set at about
4× 10−3 eV, which is the lower bound for mβ in the case of a normal mass hierarchy.
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Figure 6: Sum of neutrino masses in the two schemes of three-neutrino mixing indi-
cated by neutrino oscillation data, as a function of the lightest mass (m1 in the normal
scheme in (a) and m3 in the inverted scheme in (b)). The three solid lines represent
the best-fit and 2σ uncertainty band obtained from the squared-mass differences in
Eqs. (10) and (11). The two horizontal dotted lines represent the approximate cos-
mological upper bound range in Eq. (33), and the two vertical dotted lines give the
corresponding upper bound range for the lightest mass. The dashed curves show the
three individual masses.

Of course, when some β-decay experiment will reveal the effects of neutrino masses, a
more complicated analysis using the expression of K(T ) in Eq. (27) will be needed. In
that case, it may be possible to distinguish between the normal and inverted schemes
even if both are allowed (i.e. mβ & 4.7× 10−2 eV).

3.2 Cosmological Bounds on Neutrino Masses

If neutrinos have masses of the order of 1 eV, they constitute a so-called “hot dark
matter”, which suppresses the power spectrum of density fluctuations in the early
universe at “small” scales, of the order of 1–10 Mpc (see Ref. [26]). The suppression
depends on the sum of neutrino masses

∑
kmk.

Recent high precision measurements of density fluctuations in the Cosmic Mi-
crowave Background (WMAP) and in the Large Scale Structure distribution of galax-
ies (2dFGRS, SDSS), combined with other cosmological data, led to stringent upper
limits on

∑
kmk, of the order of a fraction of eV [18, 27–29]. The most crucial type

of data are the so-called Lyman-α forests, which are absorption lines in the spectra
of high-redshift quasars due to intergalactic hydrogen clouds with dimensions of the
order of 1–10 Mpc. Unfortunately, the interpretation of Lyman-α data may suffer
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Figure 7: Absolute value |m2β | of the effective Majorana neutrino mass in 2β0ν decay
as a function of the lightest mass m1 in the normal scheme (a) and m3 in the inverted
scheme (b). The white areas in the strips need CP violation. The two horizontal
dotted lines correspond to the extremes of the upper bound range in Eq. (38). The
two vertical dotted lines show the corresponding upper bounds for m1 (a) and m3

(b).

from large systematic uncertainties. Summarizing the different limits obtained in
Refs. [18, 27–29], we estimate an approximate 2σ upper bound

∑

k

mk . 0.2− 0.5 eV , (33)

with the extremes reached with or without Lyman-α data. These limits are shown in
Fig. 6, where we have plotted the value of

∑
kmk as a function of the unknown value

of the lightest mass, using the values of the squared-mass differences in Eqs. (10)
and (11). One can see that cosmological measurements are starting to explore the
interesting region in which the tree neutrinos are not quasi-degenerate. In the future,
the inverted scheme can be excluded by an upper bound of about 9× 10−2 eV on the
sum of neutrino masses.

3.3 Neutrinoless Double-Beta Decay

Neutrinoless double-β decay (2β0ν) is a very important process, because it is not only
sensitive to the absolute value of neutrino masses, but mainly because it is allowed
only if neutrinos are Majorana particles [30, 31]. The observation of neutrinoless
double-β decay would represent a discovery of a new type of particles, Majorana
particles. This would be a fundamental improvement in our understanding of nature.
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Neutrinoless double-β decays are processes of the type N (A,Z)→ N (A,Z±2) +
e∓+e∓, in which no neutrino is emitted, with a change of two units of the total lepton
number. These processes are forbidden in the Standard Model. The 2β0ν half-life of
a nucleus N is given by (see Refs. [32–35])

[T 0ν
1/2(N )]−1 = GN

0ν |MN
0ν |2
|m2β|2
m2
e

, (34)

where GN
0ν is the phase-space factor, MN

0ν is the nuclear matrix element and

m2β =

3∑

k=1

U2
ekmk (35)

is the effective Majorana mass. The phase space factor can be calculated with small
uncertainties (see, for example, Table 3.4 of Ref. [32] and Table 6 of Ref. [33]).

In spite of many experimental efforts, so far no experiment observed an unques-
tionable signal4. The most stringent bound has been obtained in the Heidelberg-
Moscow 76Ge experiment [41]:

T 0ν
1/2(76Ge) > 1.9× 1025 y [90% CL] . (36)

The IGEX experiment [42] obtained the comparable limit T 0ν
1/2(76Ge) > 1.57× 1025 y

[90% CL]. For the future, many new 2β0ν experiments are planned and under prepa-
ration (see Refs. [35, 43]), since the quest for the Majorana nature of neutrinos is of
fundamental importance.

The extraction of the value of |m2β| from the data has unfortunately a large sys-
tematic uncertainty, which is due to the large theoretical uncertainty in the evaluation
of the nuclear matrix element M0ν (see Refs. [34, 35]). In the following, we will use
as a possible range for the nuclear matrix element |M0ν | the interval which covers
the results of reliable calculations listed in Tab. 2 of Ref. [35]:

1.5 . |M76Ge
0ν | . 4.6 , (37)

which corresponds to an uncertainty of a factor of 3 for the determination of |m2β |
from T 0ν

1/2(76Ge). Using the range (37), the upper bound (36) implies (G
76Ge
0ν = 6.31×

10−15 y−1)
|m2β| . 0.3− 1.0 eV . (38)

Figure 7 shows the allowed range for |m2β | as a function of the unknown value of
the lightest mass, using the values of the oscillation parameters in Eqs. (10), (11), (15),

4There is a claim of an observation of the 2β−

0ν decay of 76Ge with T 0ν
1/2(

76Ge) = 1.19+1.00
−0.17×1025 y

[36,37]. However, this measurement is rather controversial [38–40]. The issue can only be settled by
future experiments (see Ref. [35]).
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(16) and (17). One can see that, in the region where the lightest mass is very small,
the allowed ranges for |m2β | in the normal and inverted schemes are dramatically
different. This is due to the fact that in the normal scheme strong cancellations
between the contributions of m2 and m3 are possible, whereas in the inverted scheme
the contributions of m1 and m2 cannot cancel, because maximal mixing in the 1−2
sector is excluded by solar data (ϑ12 < π/4 at 5.8σ [44]). On the other hand, there is
no difference between the normal and inverted schemes in the quasi-degenerate region,
which is probed by the present data. From Fig. 7 one can see that, in the future, the
normal and inverted schemes may be distinguished by reaching a sensitivity of about
10−2 eV.

4 Conclusions

The results of neutrino oscillation experiments have shown that neutrinos are massive
particles, there is a hierarchy of squared mass differences and the mixing matrix is
bilarge i.e. with two large and one small mixing angles.

From the theoretical point of view, it is very likely that massive neutrinos are
Majorana particles, with a small mass connected to new high-energy physics beyond
the Standard Model by a see-saw type relation. An intense experimental effort is
under way in the search for neutrinoless double-β decay, which is the most accessible
signal of the Majorana nature of massive neutrinos.

Since neutrino oscillations depend on the differences of the squared neutrino
masses, the absolute scale of neutrino masses is still not known, except for upper
bounds obtained in β decay and neutrinoless double-β decay experiments and through
cosmological observations.

The measurement of the effective electron neutrino mass in β decay experiments is
robust but very difficult. The future KATRIN experiment [25] will reach a sensitivity
of about 0.2 eV.

Cosmological observations have already pushed the upper limit for the sum of
the neutrino masses at a few tenths of eV, in the interesting region in which the tree
neutrinos are not quasi-degenerate. Significant improvements are expected in the near
future (see Ref. [26]), with the caveat that cosmological information on fundamental
physical quantities depend on the assumption of a cosmological model and on the
interpretation of astrophysical observations.

Let us finally mention that we have not considered the indication of νµ → νe
transitions, found in the LSND experiment [45]. This signal is under investigation
in the MiniBooNE experiment at Fermilab [46]. This check is important, because
a confirmation of the LSND signal could require an extension of the three-neutrino
mixing scheme (see Refs. [2, 7]).
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1 Introduction

Mysteries about neutrinos are several and of different nature. We know that they
are neutral particles with an extraordinary little mass compared to the one of all the
others. Although they are massive we have not succeeded yet in measuring their mass.
We do not know if the neutrino is a particle different from its antiparticle or rather as
hypothesized [1] by Majorana in 1937 they are the same particle. Majorana observed
that the minimal description of spin 1/2 particles involves only two degrees of freedom
and that such a particle, absolutely neutral, coincides with its antiparticle. If the
Majorana conjecture holds then it will be possible to measure an extremely fascinating
and rare process that takes the name of Neutrinoless Double Beta Decay (0ν DBD).
The net effect of this ultra rare process will be to transform two neutrons in a nucleus
into two protons and simultaneously to emit two electrons. Since no neutrinos will
be present in the final state the sum of the energy of the two electrons will be a
line. The rate of this yet unobserved phenomenon will also allow a determination,
although not precise, of the neutrino mass. A set of pioneering experiments [2] has
been performed for this search. With the exception of one, all of them resulted into
a negative observation. The one claiming a positive evidence [3] (about 4σ) has not
fully convinced the community and it is waiting for a possible confirmation. A new
generation of experiments is in preparation [4] for challenging this difficult problem. In
this paper, one of them will be described in some detail. It is CUORE [5], a concept
extrapolated from a running prototype (CUORICINO [6]) that will be functional
around 2010 with a sensitivity such to be able to probe the inverted hierarchy region
as described by the most recent analyses [8] of the global neutrino data.

2 Majorana Neutrinos and Double Beta Decay

Neutrinoless double-beta decay is an old subject. What is new is the fact that,
recently, neutrino oscillation experiments have unequivocally demonstrated that neu-
trinos have mass and that the neutrino mass eigenstates mix. Indeed the massive
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nature of neutrinos is a key element in resurrecting the interest for the Majorana
conjecture. The difference between Dirac neutrinos and Majorana ones is shown in
Fig. 1. The practical possibility to test the Majorana nature of neutrinos is indeed

Figure 1: Dirac and Majorana neutrinos

in detecting the process shown in Fig. 2, the Double Beta Decay (DBD) without
emission of neutrinos.

Figure 2: Neutrinoless Double Beta Decay diagram

Although the possibility [7] for this process was pointed out by W. Furry far in the
past the experimental search looked just impossible. The key element for the process
to occur is in fact in the helicity flip needed. As long as the neutrino was thought to be
massless this could just not happen. Nowadays we know that this is indeed possible.
The discriminant between Dirac and Majorana neutrinos is in the lepton flavour
conservation, required by Dirac and violated by Majorana. So that the observation
of neutrinoless DBD would be the proof of the Majorana conjecture. The oscillation
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experiments have yielded valuable information on the mixing angles and on the mass
differences of the three eigenstates. They cannot, however, determine the scale of
the neutrino mass, which is fixed by the lightest neutrino mass eigenvalue. This can
only be directly determined by beta decay end point spectral shape measurements,
or in the case of Majorana neutrinos, by the observation and measurement of the
neutrinoless double-beta decay half-life. The oscillation experiments yield values for
the mixing angles and mass differences accurate enough to allow the prediction of a
range of values of the effective mass of the Majorana electron neutrino. As a function
of the oscillation parameters indeed we find that

mββ = Σmνk
U2
ek = cos2θ13(m1cos

2θ12 +m2e
2iαsin2θ12) +m3e

2iβsin2θ13

According to most theoretical analyses of of present neutrino experiment results,
next-generation DBD experiments with mass sensitivities of the order of 10 meV may
find the Majorana neutrino if its mass spectrum is of the quasi- degenerate type or
it exhibits inverted hierarchy.

3 Experimental techniques

The DBD are extremely rare processes. In the two neutrino decay mode their half-
lives range from T1/2 ≃ 1018y to 1025 y. The rate for this process will go as

1/τ = G(Q,Z)|Mnucl|2m2
ββ

// The first factor (phase space) that goes like Q5 is easily calculated. The second
(nuclear matrix element) is hard to compute. Several calculation made under different
approaches exist and they differ as much as two order of magnitude. The experimental
investigation of these phenomena requires a large amount of DBD emitter, in low-
background detectors with the capability for selecting reliably the signal from the
background. The sensitivity of an experiment will go as S0ν ∝ a( MT

b∆E
)1/2ǫ. Isotopic

abundance (a) and efficiency (ǫ) will make you gain linearly, while mass (M) and
time (T) only as the square root. Also background level (b) and energy resolution
(∆E) behaves as a square root. In the case of the neutrinoless decay searches, the
detectors should have a sharp energy resolution, or good tracking of particles, or other
discriminating mechanisms. There are several natural and enriched isotopes that have
been used in experiments with tens of kilograms. Some of them could be produced in
amounts large enough to be good candidates for next generation experiments. The
choice of the emitters should be made also according to its two-neutrino half-life
(which could limit the ultimate sensitivity of the neutrinoless decay), according also
to its nuclear factor-of-merit and according to the experimental sensitivity that the
detector can achieve. The element has to be chosen amongst the one in the following
table 3.
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Figure 3: Candidate elements for 0ν DBD

Double beta decay experiments can be divided into two main categories (see
Fig. 4): measurement with source being separate from the detector and measure-
ment with a detector that also acts as the source.

Figure 4: Schematics of main DBD detector types

When the source is the same as the detector (calorimetric type) , source mass
is maximized while materials that could potentially contribute to the background is
minimized. Also energy resolution can be optimized. However the absence of topo-
logical signature does not allow to reject on the event-by-event basis the background
coming from photons. Conversely the other type of detectors (spectrometer type) can
optimize the background rejection although at the cost of a reduced mass, a compli-
cate geometry and a comparatively worse energy resolution. Bolometers belong to the
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calorimetric category. At low temperatures (the operating temperature for CUORI-
CINO is 8 mK), the heat capacity of crystals is proportional to the cube of the ratio
of the operating and Debye temperatures. The energy released in a single particle
interaction within the crystal is clearly measurable as change in temperature of the
entire crystal by using neutron transmutation doped (NTD) germanium thermistors
which are optimized to operate at these temperatures.

A number of experiments are currently at various stages of development to probe
the degenerate and into the inverted mass hierarchy region of the neutrino mass
spectrum.

All of them are needed since it is imperative to carry out double beta decay
searches in multiple isotopes, both to improve the nuclear matrix calculations neces-
sary to extract the effective neutrino mass, and to ensure that the observation of a
line at the expected energy is not a result of a yet unknown radioactivity line.

4 CUORICINO and CUORE

Cryogenic bolometers, with their excellent energy resolution, flexibility in material,
and availability in high purity of material of interest, are excellent detectors for search
for neutrinoless double beta decay. Kilogram-size single crystals (cubic crystals of 5cm
side) for TeO2 are now available and utilized in CUORICINO in an array for a total
detector mass of 40 kg. CUORICINO results from a total exposure of 8.38 kg-yr of

Figure 5: CUORICINO sketch (left) and results (right)

130Te (Fig. 5) show no evidence for a peak at 2530 keV, the expected Q-value for for
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130Te. The absence of any excess events above backgrounds in the region of interest
gives a limit of T1/2 ≥ 2.4 × 1024 yr(90%) C.L. on the 0ν decay rate of 130Te. This
corresponds to an effective neutrino mass of mββ ≤ 0.18−0.94 eV, the range reflecting
the spread in nuclear matrix element calculations. The background measured in the
region of interest is 0.18±0.01 counts/keV/kg/yr. CUORE (Cryogenic Underground
Observatory for Rare Events), to be located at the Gran Sasso National Laboratory
of INFN (LNGS) , at a depth of 3400 m.w.e., will consist of 988 bolometers of TeO2

crystals, with a total mass of 740 kg. Because of the high isotopic abundance (34%),
204 kg of 130Te will be available for the relevant process without isotopic enrichment,
a virtue that eliminates the requirement for the very expensive process needed in all
of the other proposed next generation experiments, making CUORE both timely and
significantly less expensive than other experiments. CUOREÕs modular design (see
Fig. 6) and flexibility of cryogenic detector will also allow future searches in other
isotopes of interest.

Figure 6: CUORE design

The extrapolation from CUORICINO results to CUORE expectation is based on
the following facts:

• a total mass 20 times larger

• a running time 10 times longer

• an energy resolution 50% better
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• a background 20 times smaller

The major challenge in obtaining the desired sensitivity is the reduction of the back-
ground rate. This task can be accomplished in three main ways: 1) By reducing the
amount of material (Cu in our case) surrounding the crystals. 2) By a proper cleaning
procedure of all the materials that will be in contact or will ÒseeÓ the crystals. 3)
By finding a veto procedure to eliminate unwanted signals coming from outside the
bolometer. The results so far available from the CUORICINO understanding, the
dedicated R&D performed in a dedicated cryogenic facility running at LNGS and
the MonteCarlo simulations indicate that a factor 10 has been already secured. The
sensitivity, in term of neutrino mass and taking into account the entire set of matrix
elements calculation available, is mββ ≈ 19− 100 meV.

Figure 7: CUORE projected sensitivity to mββ

5 Conclusion

Neutrino physics is one of the leading field of the high energy research today. One of
the top question that has to be answered is about the Dirac or Majorana nature of
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neutrino mass. The neutrino-less double beta decay search is the only experimental
line that can answer this fundamental question and that might possibly be the sole
chance to provide a measure of neutrino mass. Cryogenic bolometer, with its flexibility
in material choice and the ability to scale up to the ton- scale makes it an ideal
technology for large-scale detector for double-beta physics experiments. CUORICINO
is currently running as the most sensitive experiment. Much of the technology has
been tested for CUORE that will start taking data in 2010 with much a larger mass.
The sensitivity of CUORE will allow probing a good portion of the mass region
predicted in case of inverted hierarchy. The proof of the Majorana nature of the
neutrinos might be achieved by CUORE together with a determination of the neutrino
mass scale.
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1 Solar Neutrinos

The measurement of the total flux of solar neutrinos in the GALLEX, GNO [1], and
SAGE [2] experiments was a milestone in understanding the basics of the pp-fusion
cycle in the center of the sun. Furthermore it was the first evidence for physics
beyond the standard model as astrophysical explanations for the observed deficit on
the solar νe flux were ruled out. Now, after SNO [3] and the reactor experiment
KamLAND [4] it is known, that neutrinos oscillate. For the first time neutrino flavor
transition has been measured by SNO with an accuracy of about 7 sigma. The
survival probability of the high energy solar 8B-neutrinos has been determined to be
(34± 4)%. In GALLEX and GNO the survival probability for all solar neutrinos was
measured to be (55 ± 5)%. This difference is a clear hint for matter effects inside
the sun as it was predicted by the MSW-mechanism [5]. Low energy solar neutrinos
are driven by vacuum oscillations, whereas neutrinos with Eν >MeV are dominated
by matter enhanced flavor transitions. The corresponding oscillations parameter are:
δm2

21 = m2
2 − m2

1 = (+7.9 ± 0.7) eV 2 and tan2Θ = (0.45 ± 0.05). Solar neutrino
spectroscopy revealed a positive sign of δm2

21, because otherwise the MSW effect
would not work. Therefore we know that m2 > m1. It is amazing how experiments
which were primary designed to solve astrophysical problems shed light on intrinsic
neutrino parameter which could not be approached otherwise.

Future of solar neutrino spectroscopy

Up to now solar neutrino spectroscopy for the high energetic 8B-branch has been per-
formed. The main goal for next future experiments like BOREXINO [6] and Kam-
LAND [7] is the measurement of the monoenergetic 7Be-neutrino flux and neutrinos
from other sources in the low energy range. An accuracy of 10% in the measurement
of the 7Be-ν rate would lead to a 1% precision for the pp-neutrino flux stemming from
the primary p+p→2 D+νe fusion reaction, by taking into account the solar luminos-
ity. As the theoretical uncertainty of the neutrino flux from this branch is also in the
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1% range, precise tests of solar models would become possible. In addition the first
determination of the CNO-branch would be of major astrophysical interest. Recent
results from the LUNA experiment on the 14N(p, γ)15O fusion reaction [8] lowered
the CNO-neutrino flux prediction by a factor ∼2. This would imply an increase for
the estimation of the age of globular clusters by 0.7 to 1 Gy.

Measuring the 7Be-flux can be used also to search for new neutrino interactions [9].
In the standard picture including neutrino oscillations a 7Be-neutrino event rate due
to elastic scattering on electrons (ν + e− → ν + e−) of about 30 counts per day is
expected in BOREXINO with a fiducial volume of 110m3 of liquid scintillator. The
recoil electrons from the reaction above will give rise to a sharp Compton-like edge
in the energy distribution at 660 keV. Flavor changing neutral current interaction
should alter this rate significantly towards lower values.

Besides low energy solar neutrinos BOREXINO is aiming for measuring terrestrial
neutrinos as well as neutrinos from European reactors. Here the inverse beta reaction
νe+p→ e++n would be used, taking advantage from the delayed coincidence method
provided by the prompt positron signal and delayed neutron capture (n+p→2 D+γ,
Eγ = 2.2 MeV). This clear signature is extremely helpful to reject background events.
Between 30 and about 60 counts per year are expected from both sources, depending
mainly on geophysical models. The maximal energy of terrestrial neutrinos, stemming
from beta decays in the U- and Th-chains, is about 3 MeV, whereas the reactor
neutrino spectrum ends at about 8 MeV. Hence, the contributions from both sources
can be separated simply by their energy distributions. The measurement of terrestrial
neutrinos will reveal information about the content of U and Th in the Earth, while
the reactor neutrinos can be used to probe the KamLAND result.

In addition BOREXINO would register about 100 events in case a supernova ex-
plosion of type II will happen in the center of our galaxy. With an artificial neutrino
source a search for a neutrino magnetic moment will be performed. In 2006 the de-
tector was filled with water and first Cherenkov-events due to high energy accelerator
neutrinos from CERN have been observed. Several purification methods have been
tested in the ”Counting Test Facility” (CTF). With the CTF new limits on the νe-
flux from the sun have been established [10]. Only one background event have been
found in a measuring period of about 2 years. It is planned to fill BOREXINO with
liquid scintillator in the beginning of 2007 and to start data taking in the same year.

2 Atmospheric Neutrinos

The first evidence for neutrino oscillations came from the Super-Kamiokande (SK)
Collaboration in 1998. Atmospheric neutrinos are decay products of pions, kaons (and
the generated muons) which are produced in collisions of primary cosmic ray particles
with nuclei of the upper atmosphere. Therefore the ratio R of muon neutrinos to elec-
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tron neutrinos is expected to be R = (νµ+νµ)/(νe+νe) 2. The atmospheric neutrino
problem had been under investigation since the 1980’s by various experiments, e.g. by
the water Cherenkov detectors Kamioka and IMB, who reported Rmeasured/Rtheory 0.6
and by the iron calorimeters NUSEX and FREJUS who observed Rmeasured/Rtheory 1.
The situation became clearer after 1996 when the 50kton water cerenkov detector
Super-Kamiokande [11] started operating and eventually collected enough statistics
to perform a zenith angle analysis of the observed electron neutrino and muon neutrino
events (In the SK-I data set over 11000 events are used in the oscillation analysis).
The zenith angle is defined as the angle between the zenith direction and the direction
of the observed neutrino. It turned out that while the number of downward muon
events is as expected, the number of upward muon events is significantly reduced.
The number of electron events both upward and downward behaves as expected.
Because the zenith angle of an event corresponds to the distance L of the neutrino
traveled between its creation and detection, the oscillation probability of a neutrino
which depends on L, will also depend on the zenith angle. The Super-Kamiokande
zenith angle distributions for muon events are in excellent agreement with the neu-
trino oscillation hypothesis. All observations are compatible with the assumption of
νµ → ντ oscillations. The possibility of νµ → νe oscillations was ruled out by the
reactor experiment Chooz [12], and oscillations into sterile neutrinos are disfavoured
by the observations of neutral current events in SuperKamiokande as expected in the
νµ → ντ szenario. In addition oscillations into sterile neutrinos would lead to matter
effects which would generate different spectral distributions compared to those which
have been observed. The oscillation hypothesis is confirmed by a recent L/E analysis
of the SuperKamiokande data as well as by the accelerator experiments K2K [13] and
Minos [14].

3 Supernova Neutrinos

Solar neutrino physics opened the window to astrophysical observations where neu-
trinos are used as probes. Indeed the basic idea of thermal nuclear fusion as source
for stellar energies was proven by detecting solar neutrinos and in future important
details about the pp- and the CNO-cycle may be revealed by new experiments in this
field. The first neutrino signal outside of our solar system, even outside from our
galaxy was observed in February 1987 when a blue giant star in the Large Magel-
lanic Cloud exploded as a supernova type II at a distance of about 50kpc (ca. 150
light years). In total 19 neutrino events were recorded in two large water Cherenkov
detectors (Kamioka, Japan, and IMB, USA) within a time window of about 20 sec-
onds [15]. This observation allowed for the first time to measure the energy release of
a gravitational collapse, as about 99% of the total gravitational energy is emitted in
neutrinos. In spite of the small number of events the basic idea about the mechanism
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of a supernova of this nature (i.e. SN-type II) was confirmed. With running detec-
tors, like SuperKamiokande, a supernova type II explosion in our galaxy would be
accompanied by a neutrino signal of about 15,000 events. Hence, the development of
a gravitational collapse could be followed in great detail. In order to measure flavor
dependent fluxes different nuclei as target for neutrino are proposed. In LENA (Low
Energy Neutrino Astronomy) a large liquid scintillator detector (total mass around
50kt) is proposed to serve as detector for supernova neutrinos [16]. Here neutrino
interactions on protons as well as on 12C could be used which would allow to disen-
tangle the flavor composition of a supernova burst in time and energy. Besides large
liquid scintillator detectors water Cherenkov tanks with huge target masses close to
1 Mt (e.g. Hyperkamiokande in Japan, MEMPHIS in Europe, UNO in the USA) as
well as 100 kt liquid Argon devices are proposed for future Supernova neutrino detec-
tion. The Argon detector GLACIER would open the possibility to detect the electron
neutrino content with great statistics. In Europe physicists are working together in
the LAGUNA [17] project (Large Apparatus for Grand Unification and Neutrino As-
tronomy) to explore the physical potential and the technical feasibility of all three
approaches.

From all past supernova type II explosions in our universe one expects a low
background of relic supernova neutrinos. Up to now only upper limits on the flux of
those SNR-neutrinos (electron anti-neutrinos; detection via νep→ e+n) are reported.
In LENA or in a modified SuperKamiokande detector (Gd-loaded water) the detection
of SNR-ν could succeed. After 10 years of measurement with LENA the spectral shape
of the SNR-νe flux could be determined in the energy window between 10 MeV and
30 MeV and details about gravitational collapses as well as the star formation in the
early universe would be explored [16]. The lower energy limit is due to the world
wide neutrino emission in nuclear power plants, whereas the upper bound is given by
the background of atmospheric neutrinos.

This work was partly supported by the Deutsche Forschungsgemeinschaft DFG
within the Sonderforschungsbereich SFB 375 Astro- Particle Physics.
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1 Introduction

Neutrino physics, in particular its experimental part, has been extremely successful in
the last 10 years. It would be worthwhile to look it back on this occasion as a prologue
to our discussion on the future. In 1998 the Super-Kamiokande atmospheric neutrino
observation confirmed [1] the smoking gun evidence for atmospheric neutrino anomaly
seen in the deficit of the rate and in the zenith angle distribution of νµ induced events
in the Kamiokande experiment [2]. It was the first evidence for mass-induced neutrino
oscillation.1 The evidence for neutrino oscillation was readily confirmed by the first
long-baseline (LBL) accelerator neutrino experiment K2K [6] using man-made νµ
beam. In this sense, the first corner stone was placed in the 2-3 sector of the lepton
flavor mixing matrix, the MNS matrix [5]. It established surprisingly that the mixing
angle θ23 is large, which may even close to the maximal, refuting the prejudice of
small flavor mixing angles deeply rooted among theorists at that time.

On the other hand, there have been great amount of efforts in the solar neutrino
observation pioneered by Davis with his 37Cl experiment in sixties which was de-
veloped in close collaboration with the devoted theorist [7]. In the last 20 years the
field has been enriched by participation by Kamiokande, Ga, Super-Kamiokande, and
SNO experiments [8]. In particular, the latter two experiments were united to the
confirm the particle physics nature of the solar neutrino problem, the evidence for so-
lar neutrino flavor transformation [9]. Later SNO in situ confirmed the evidence [10].
I would like to note here that the deficit of the 8B flux obtained by Davis in his 37Cl
experiment [11], though suffered from stubborn skepticism for more than 30 years,
was convincingly confirmed by the SNO charged current (CC) measurement. The

1The history of theory of neutrino oscillation is somewhat involved. In 1957 Pontecorvo [3]

discussed ν ↔ ν oscillation in close analogy to K0 ↔ K
0

oscillation [4]. In 1962 Maki, Nakagawa,
and Sakata [5] first pointed out the possibility of neutrino flavor transformation, the phenomenon
established experimentally only recently as described here.
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beautiful finale of the solar neutrino problem came with KamLAND [12] which iden-
tified its cause as due to the mass-induced neutrino oscillation which clearly pinned
down the large mixing angle (LMA) MSW solar neutrino solution [13]. The partic-
ular significance of the KamLAND result in this context, so called the KamLAND
massacre (of non-standard scenarios), was emphasized by many people with detailed
analysis for example in [14]. The resultant mixing angle θ12 turned out to be large,
but not maximal.

Finally, several experiments, Super-Kamiokande [15], KamLAND [16], K2K [17],
and MINOS [18], observed the oscillatory behavior, thereby established the phe-
nomenon of mass-induced neutrino oscillation. At this moment, it constitutes the
first and the unique evidence for physics beyond the Standard Model.

What is the next? The most common answer, which I also share, is to explore
the unknown 1-3 sector, for which the only knowledge we have is the upper bound on
θ13 [19,20]. Discovery of leptonic CP violation must throw light on tantalizing mystery
of interrelationship between quarks and leptons. The discussion of the quark-lepton
correspondence which can be traced to early sixties [21], and in a modern context
presented in a compelling form with the anomaly cancellation in Standard Model [22]
strongly suggests that they have common roots. It is also possible that the Kobayashi-
Maskawa type CP violation [23] in the lepton sector might be related to CP violation
at high energies which is required for leptogenesis [24] to work. See, e.g., [25] and the
references cited therein for this point.

Despite the great progress in our understanding mentioned above we do have many
important unanswered questions. The list includes, for example, the followings: What
is the origin of neutrino masses and mixing? What is the reason for disparity between
small quark and large lepton mixings? Is there underlying quark-lepton symmetry, or
quark-lepton complementarity? Is there flavor symmetry which includes quarks and
leptons? I am sure that many more questions exist. These points are discussed in
depth in a recent review [26].

The new stage of neutrino physics may also be characterized as beginning of
the era of precision measurement of lepton mixing parameters. Testing the various
theoretical ideas proposed to understand the uncovered structure mentioned above
requires accurate determination of mixing parameters. For example, to test the quark-
lepton complementarity [27, 28] experimentally, one needs to improve accuracies for
θ12 determination from the current one, ≃ 12% for sin2 θ12, to the one comparable to
the Cabibbo angle, ∼ 1% [29]. It will be discussed in Sec. 9.

I must admit that the scope of my discussions is quite limited; The crucially
important issues such as absolute neutrino mass, nature of neutrinos (Majorana vs.
Dirac), Majorana CP violation and leptogenesis are not covered. Moreover, it covers
only a part of the things that should be addressed for exploring unknowns done by
the future LBL experiments, that is, concrete ways of how to determine the mixing
parameters with the next generation conventional νµ superbeam [30, 31] and reactor
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experiments. Yet, conventional superbeam experiments are extremely interesting
because, in principle, they can be done in the next 10-15 years without long-term
R&D effort.

Here is a composition of this long report. First of all, I intend to be pedagogical
in writing this report; I met with many brilliant young people in “World Summit in
Galapagos” [32], and a broad class of audiences who are keenly interested in neu-
trino physics in “Heavy Quarks and Leptons” [33]. It is a pity if this manuscript is
entirely unreadable to them. In Sec. 2, we review how the atmospheric parameters
∆m2

32 and θ23 are determined. In Sec. 3, we explain how θ13 can be measured and
briefly review the reactor and the accelerator methods. In Sec. 4, we provide a simple
understanding of the interplay between the vacuum and the matter effect by intro-
ducing the bi-probability plot. In Sec. 5, we mention two alternative strategies of
how to measure CP violation and give some historical remarks on how the thoughts
on measuring leptonic CP violation were evolved. In Sec. 6, we explain in a simple
terms the cause of the parameter degeneracy by using the bi-probability plot. It is
an important topics for precision measurement of the lepton mixing parameters be-
cause the degeneracy acts as a notorious obstacle to it. In Sec. 7, we discuss how
the eight-fold parameter degeneracy can be resolved in situ by using “T2KK”, the
Tokai-to-Kamioka-Korea setting. In Sec. 8, we describe an alternative method for
solving a part of the degeneracy called the θ23 octant degeneracy by combining reac-
tor and accelerator experiments. In Sec. 9, we discuss, by taking a concrete example,
how theoretical/phenomenological hypothesis can be confronted to experiments. In
Sec. 10, we give a concluding remark.

2 Atmospheric parameters; ∆m2
31 and θ23

“Bread and butter” in the coming era of precision measurement of lepton mixing
parameters is the accurate determination of the atmospheric parameters, ∆m2

31 and
θ23. It will be carried out by the accelerator disappearance experiments which mea-
sures energy spectrum modulation of muon neutrinos. Ignoring terms proportional
to ∆m2

21 and θ13, the disappearance probability in vacuum can be written as

P (νµ → νµ) = 1− sin2 2θ23 sin2
(∆m2

31L

4E

)
(1)

In view of (1), very roughly speaking, the position and the depth of the dip corre-

sponding to the first oscillation maximum, ∆31 ≡ ∆m2
31L

4E
= π/2, tell us ∆m2

31 and
sin2 2θ23, respectively.

The current limits on these parameters from the SK atmospheric neutrino obser-
vation are 1.5 × 10−3eV2 < ∆m2

31 < 3.4 × 10−3eV2 and sin2 2θ23 > 0.92 at 90%
CL [1]. K2K, the first accelerator LBL experiment obtained the similar results,
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1.9 × 10−3eV2 < ∆m2
31 < 3.5 × 10−3eV2 at 90% CL though the sensitivity to θ23

is much worse, sin2 2θ23 < 0.6 [34]. The currently running MINOS experiment [18]
aims at determining ∆m2

31 to ≃ 6% level, and sin2 2θ23 to ≃ 8% level, both at 90% CL.
The next generation LBL experiment T2K [35] is expected to improve the sensitivity
to ≃ 2% level for ∆m2

31 excluding systematics, and ≃ 1% level for sin2 2θ23 includ-
ing systematics, both at 90% CL [36]. These numbers are cross checked in various
occasions [37, 38]. The US project NOνA [39] will also have the similar sensitivities.
These accuracies are quite essential to resolve the parameter degeneracy (see Sec. 6)
to achieve the goal of precision determination of the lepton mixing parameters.

3 θ13

To reach the goal of seeing leptonic CP violation, we have to clear the first hurdle,
knowing the value of θ13. What is the most appropriate way to measure the pa-
rameter? To answer the question we consider the neutrino oscillation channel which
involve νe, otherwise θ13 would not be contained in leading order. There are two can-
didate channels; νe → νe and νµ → νe (or, νe → νµ). In our discussion that follows,
νe → ντ is the same as νe → νµ.

We note that P (νe → νe) probed at energy/baseline appropriate to atmospheric
∆m2 scale consists of interference terms between amplitudes A(νe − ν3 → ν3 − νe)
and A(νe − ν1 → ν1 − νe) + A(νe − ν2 → ν2 − νe). Then, obviously |Ue3|2 is involved
in the disappearance probability. On the other hand, in the appearance channel
νµ → νe, the oscillation probability contains interference terms between amplitudes
A(νµ − ν3 → ν3 − νe) and A(νµ − ν1 → ν1 − νe) + A(νµ − ν2 → ν2 − νe). Then,
the appearance channel looks to be advantageous because only a single power of
|Ue3| is involved. But, it is untrue; When there is a hierarchy in ∆m2, ∆m2

21ll∆m
2
31,

unitarity tells us that these two terms nearly cancel, leaving another power of |Ue3|.
As a consequence, P (νµ → νe) is also proportional to |Ue3|2. Hence, there are two
comparably good ways to measure θ13; the reactor and the accelerator methods which
measure P (νe → νe) and P (νµ → νe), respectively. Let us describe them one by one.

Before getting into the task we give here the explicit expressions of oscillation
probabilities. For νe disappearance channel it reads (see e.g., erratum in [40])

1− P (νe → νe) = sin2 2θ13 sin2

(
∆m2

31L

4E

)

− 1

2
s2
12 sin2 2θ13 sin

(
∆m2

31L

2E

)
sin

(
∆m2

21L

2E

)

+

[
c413 sin2 2θ12 + s2

12 sin2 2θ13 cos

(
∆m2

31L

2E

)]
sin2

(
∆m2

21L

4E

)
.(2)

For the appearance channel, we use the νµ(νµ) → νe(νe) oscillation probability with
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first-order matter effect [41]

P [νµ(νµ) → νe(νe)]

= sin2 2θ13s
2
23

[
sin2

(
∆m2

31L

4E

)
− 1

2
s2
12

(
∆m2

21L

2E

)
sin

(
∆m2

31L

2E

)

±
(

4Ea

∆m2
31

)
sin2

(
∆m2

31L

4E

)
∓ aL

2
sin

(
∆m2

31L

2E

)]

+ 2Jr

(
∆m2

21L

2E

)[
cos δ sin

(
∆m2

31L

2E

)
∓ 2 sin δ sin2

(
∆m2

31L

4E

)]

+ c223 sin2 2θ12

(
∆m2

21L

4E

)2

, (3)

where the terms of order s13

(
∆m2

21

∆m2
31

)2

and aLs13

(
∆m2

21

∆m2
31

)
are neglected. In Eq. (3),

a ≡
√

2GFNe [13] where GF is the Fermi constant, Ne denotes the averaged electron
number density along the neutrino trajectory in the earth, Jr (≡ c12s12c

2
13s13c23s23)

denotes the reduced Jarlskog factor, and the upper and the lower sign ± refer to the
neutrino and anti-neutrino channels, respectively. In both of the oscillation probabil-
ities, P (νe → νe) and P (νµ → νe), the leading atmospheric oscillation terms have the
common factor sin2 2θ13, in agreement with the discussion given above. The last term
in Eq. (3) is the solar scale oscillation term, which will be important for resolving the
θ23 degeneracy.

3.1 Reactor measurement of θ13

It was proposed [40,42] that by using identical near and far detectors which is placed
close to and at around ∼1 km from the reactor, respectively, one can search for non-
zero θ13 to a region of sin2 2θ13 ∼ 0.01. An advantage of the reactor θ13 experiments
is their cost effectiveness which stems from that the beam is intense enough (and
furthermore free!) and low in energy to allows relatively compact detectors placed
at baselines much shorter than those of accelerator experiments. Intensive efforts
over several years from these proposals entailed the various projects in world wide as
described in [43]. By now a few projects have already been approved, or are close to
the status [44–46].

Scientific merit of the reactor measurement of θ13 is that it provides pure measure-
ment of θ13 without being affected by other mixing parameters, as emphasized in [40].
It implies, among other things, that it can help resolving the θ23 octant degeneracy as
pointed out in [40], and recently demonstrated in detail in [38]. On the other hand,
the same property may be understood as “shortcoming” of the reactor experiment, if
one want to search for leptonic CP violation. It is known that νe (νe) disappearance
probability has no sensitivity to δ even in matter with arbitrary profile with negligible
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higher order correction [47]. We note, however, that reactor θ13 experiment can be
combined with accelerator appearance measurement to uncover CP violation [48].

3.2 Accelerator measurement of θ13

In contrast to the reactor experiments accelerator measurement of θ13 is “contami-
nated” (or enriched) by the other mixing parameters, in particular by δ in the case of
low energy superbeam experiments. The sensitivity to θ13 therefore depends upon δ
in a significant way. Though it sounds like drawback of the accelerator method, it in
turn means that the LBL θ13 experiments can be upgraded to search for leptonic CP
violation. (This is why and how the low-energy superbeam was originally motivated
in [30].) There exist an approved experiment T2K [35] using the 0.75 MW neutrino
beam from J-PARC, and a competitive proposal of NOνA [39] which uses NuMI beam
line in Fermilab. The sensitivity to θ13, is roughly speaking, up to sin2 2θ13 ∼ 0.01.
However, the better knowledge of background rejection and the systematic errors are
required to make the number more solid. Though less sensitive, MINOS [18] and
OPERA [49] have some sensitivities to θ13.

If θ13 is really small, sin2 2θ13 < 0.01, probably we need new technology to explore
the region of θ13. The best candidates are neutrino factory [50] or the beta beam [51].
For them we refer [52] for overview and for extensive references.

4 Vacuum vs. matter effects

To proceed further, we need some knowledges on neutrino oscillation in matter. There
are several ways to simply understand the matter effect in neutrino oscillations. One
is to use perturbative approach [41,53]. The other is to rely on Cervera et al. formula
[55] which applies to higher matter densities. The most important reason why we
want to understand the feature of vacuum-matter interplay in neutrino oscillation is
that they tend to mix and confuse with each other. For the early references which
took into account the matter effect which inevitably comes in into LBL CP violation
search, see e.g., [41, 53–55].

Probably, the simplest way to understand the matter effect as well as CP phase
effect is to rely on the CP trajectory diagram in P (νµ → νe) and P (νµ → νe) space, for
short, the bi-probability plot [56]. It is given in Fig. 1. By writing the bi-probability
diagram one can easily understand the relative importance of CP and the matter
effects in a pictorial way; Magnitude of effect of CP violating phase δ is represented
as the size of the ellipses, while that of the matter effect can be read off as a separation
between the two ellipses with positive (blue ellipse) and negative (red ellipse) sign of
∆m2

31. The distance from the origin to the ellipse complex represents s2
23 sin2 2θ13.

We mention that the bi-probability plot can be extended to the one which includes
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T violation in which the charming relations between probabilities called the CP-CP
and the T-CP relations are hidden [57, 58].

sin22 13

~sin

~cos

Figure 1: A P - P bi-probability plot with experimental parameters corresponding to
NuMI off-axis project is presented for the purpose of exhibiting characteristic features
of the neutrino oscillations relevant for low-energy superbeam experiments. Namely,
it can disply competing three effects, CP violating and CP conserving effects due to
δ as well as the matter effects in a compact fashion. For more detailed description of
its properties, see [56]. The art work is done by Adam Para.

5 CP violating phase δ

If θ13 is not too small and is within reach by the next generation reactor or LBL
experiments, the door is open to search for leptonic CP violation using conventional
superbeam. When people started to think about the possibility of observing CP
violation there were two alternative ways to approach the goal, high-energy vs. low-
energy options, as described in [59]. The high-energy option, the majority at that
time, is based on the idea of neutrino factory [50] which utilizes intense neutrino beam
from muon storage ring. Because background can be suppressed to a very small level
due to clean detection of high-energy muons, the sensitivity to θ13 and δ can be

529



H. Minakata Neutrinos; Opportunities and Strategies in the Future

extremely good. We do not quote the number here because its re-examination by
taking into account the possibility of lowering the threshold is ongoing in the context
of neutrino factory International Scoping Study [60], which should be available soon.

The low-energy option is based on very simple fact that the effect of CP phase
δ is large at low energies [30, 54]. What is good in the low-energy option is that it
can be realized with conventional νµ superbeam. It opens the possibility that the
CP violation search can be pursued by relying on known beam technology with no
need of an extensive R&D efforts, and is doable in the next 10-15 years if we can
enjoy generous governmental support. On the other hand, νe appearance search with
conventional νµ beam inevitably has the intrinsic problem of background, not only
of the beam origin but also due to the neutral current (NC) π0 in the case of water
Cherenkov detectors. Despite the potential difficulties, the possibility of experimental
search for leptonic CP violation became the realistic option when LOI of the T2K
experiment with optimistic conclusion was submitted [35].

Unfortunately, the optimism in the early era was challenged by several potential
obstacles. First of all, reducing the systematic error to a required level, a few %
level, is a tremendous task. Good news is that several experiments are going on, or
to be done, to measure hadron production [61, 62] and neutrino nucleus interaction
cross sections [63]. Other difficulties include, for example: the possibility that CP
violation could be masked by the unknown sign of ∆m2

31, or in more general context
the presence of parameter degeneracy [56,65,66] which can obscure the CP violation,
which will be the topics of the next section.

6 Parameter degeneracy

Since sometime ago people recognized that measurement of P (νµ → νe) and P (νµ →
νe) at a particular energy, no matter how accurate they are, allows multiple solutions
of θ13 and δ, the problem of parameter degeneracy. The nature of the degeneracy can
be understood as the intrinsic degeneracy [65], which is duplicated by the unknown
sign of ∆m2 [56], and the possible octant ambiguity of θ23 [66] if it is not maximal.
For an overview of the resultant eight-fold parameter degeneracy, see e.g., [67, 68].

It is in fact easy to understand the cause of the parameter degeneracy if we use
the bi-probability plot. Look at Fig. 2. Suppose that your experimentalist friend
gives you the measurement point denoted as an open circle in Fig. 2. Then, it is
evident that you can draw two ellipses, as shown in blue solid lines in Fig. 2, that
pass through the observed point, which implies the existence of two solutions of θ13
and δ. The two-fold ambiguity is usually called the intrinsic degeneracy. If we are
ignorant of the neutrino mass hierarchy, i.e., the sign of ∆m2

31, the two more ellipses
can be drawn, as shown by the red dashed line in Fig. 2; duplication of the solution
by the unknown mass hierarchy. Altogether one has four-fold parameter degeneracy.
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Figure 2: An example of the degenerate solutions for the CERN-Frejius project in
the P (ν) ≡ P (νµ → νe) verses CP [P (ν)] ≡ P (νµ → νe) plane. Between the solid
(dashed) lines is the allowed region for positive (negative) ∆m2

31 and the shaded
region is where solution for both signs are allowed. The solid (dashed) ellipses are
for positive (negative) ∆m2

31 and they all meet at a single point. This is the CP
parameter degeneracy problem. We have used a fixed neutrino energy of 250 MeV and
a baseline of 130 km. The mixing parameters are fixed to be |∆m2

13| = 3× 10−3eV 2,
sin2 2θ23 = 1.0, ∆m2

12 = +5 × 10−5eV 2, sin2 2θ12 = 0.8 and Yeρ = 1.5 g cm−3. The
figure is taken from [68].

Unfortunately, it is not the end of the story. If θ23 is not maximal, we are en-
riched with another degeneracy, the θ23 octant degeneracy. The νµ disappearance
measurement of P (νµ → νµ) gives a value of sin2 2θ23. It then allows two solutions of

θ23 if θ23 6= π/4, s2
23 = 1

2

[
1±

√
1− sin2 2θ23

]
, one in the first octant and the other

in the second octant. Since this is “orthogonal” to the intrinsic and the sign ∆m2
31

degeneracies with four solutions of θ13 and δ, the total eight-fold degeneracy results.

Prior to the systematic discussion of how to solve the degeneracy we want to
mention about the simplest method of solving the θ13 − δ degeneracy. By tuning the
beam energy to the “shrunk ellipse limit” [69] the degeneracy can be reduced to the
two-fold one, δ ↔ π − δ. Notice that there is no confusion between CP violation and
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CP conservation even in the presence of this degeneracy.

7 Resolving the eight-fold parameter degeneracy

It is known that degeneracy of neutrino oscillation parameters acts as a severe limiting
factor to the precision determination of θ13, θ23, and δ. It is particularly true for the
θ23 octant degeneracy [37]. Expecting the era of precision measurement in the next 10-
30 years, it is the time that the formulation of the well defined strategy for exploring
the whole structure of the lepton flavor mixing is of immense need.

Toward the goal, I explain in detail how the degeneracy can be resolved by using
a concrete setting, which is called “T2KK”. It is an acronym for Tokai-to-Kamioka-
Korea two detector complex, an upgraded next project to T2K phase I for exploring
the whole structure of lepton flavor mixing [70, 71]. It utilizes two half a megaton
(0.27 Mton fiducial volume) water Cherenkov detectors one in Kamioka (295 km) and
the other in somewhere in Korea (∼1000 km) which receive νµ and νµ superbeam of
4 MW from J-PARC facility. We assume 4 years of running with each neutrino
and antineutrino mode. For further details of T2KK, please consult to the original
manuscripts [70, 71]. For a broader view of T2KK including wider class of detector
options and locations, see the web page of the workshops which are focused on this
project [72]. Though T2KK is not the unique way of resolving the eight-fold parameter
degeneracy it is nice to have a concrete project to solve all the degeneracy in situ; It
provides the bottom line understanding on how it can be lifted, and the lesson may
be useful to think about alternative ways.

How does T2KK solve the 8-fold parameter degeneracy? In a nutshell, the setting
can resolve the three kind of degeneracies in the following ways:

• The intrinsic degeneracy; Spectrum information solves the intrinsic degeneracy.

• The sign-∆m2 degeneracy; Difference in the earth matter effect between the
intermediate (Kamioka) and the far (Korea) detectors solves the sign-∆m2 de-
generacy.

• The θ23 octant degeneracy; Difference in solar ∆m2 oscillation effect (which is
proportional to c223) between the intermediate and the far detectors solves the
θ23 octant degeneracy.

Let me explain these points one by one.

7.1 Intrinsic degeneracy

First look at Fig. 3 in which the sensitivities for resolving the intrinsic degeneracy by
the Tokai-to-Kamioka phase II (T2K II) setting [35] (left panel) and the Kamioka-
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Figure 3: The region allowed in δ − sin2 2θ13 space by 4 years of neutrino and an-
tineutrino running in T2K II (left panel), and the Kamioka-Korea two detector setting
(right panel). They are taken from the supplementary figures behind the reference [70]
to which the readers are referred for details of the analysis. Notice that the standard
setting in T2K II, 2 (6) years of neutrino (antineutrino) running, leads to a very
similar results (as given in [73]) to the one presented in the left panel of this figure.
The true solutions are assumed to be located at (sin2 2θ13 and δ) = (0.01, π/4) with
positive sign of ∆m2

31, as indicated as the green star. The intrinsic and the ∆m2
31-sign

clones appear in the same and the opposite sign ∆m2
31 panels, respectively. Three

contours in each figure correspond to the 68% (blue line), 90% (black line) and 99%
(red line) C.L. sensitivities, respectively.

Korea two detector setting (right panel) are presented. Figure 3 is taken from sup-
plementary figures prepared for the study reported in [70], in which the details of
the analysis are described. In the left panel of Fig. 3 it is shown that the intrinsic
degeneracy in (assumed) each mass hierarchy is almost resolved by the T2K II setting
at the particular set of values of the mixing parameters as indicated in the caption.
Since the matter effect plays minor role in the T2K II setting it is likely that the
spectral information is mainly responsible for lifting the intrinsic degeneracy.

In the right panel of the same figure it is exhibited that the intrinsic degeneracy is
completely resolved by the T2KK setting at the same values of the mixing parameters,
indicating power of the two detector method [74]. Namely, the comparison between
the intermediate and the far detectors placed at the first and the second oscillation

533



H. Minakata Neutrinos; Opportunities and Strategies in the Future

maxima, respectively, supersedes a single detector measurement in Kamioka with the
same total volume in spite of much less statistics in the Korean detector.

7.2 Sign-∆m2 degeneracy
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Figure 4: The similar sensitivity plot as in Fig. 3. Left panel is for T2KK and the
right panel for a single 0.54 megaton detector placed in Korea.

It should be noted that the sign-∆m2 degeneracy is also lifted though incompletely
by the Kamioka-Korea setting as indicated in the right-lower panel of Fig. 3. It is
well known that the interference effect between the vacuum and the matter effects
depends upon the mass hierarchy, i.e., the sign of ∆m2

31, and many people have been
proposed to utilize it to resolve the mass hierarchy.

But, it is not the whole story here. To indicate this point the sensitivities for
the two settings are compared in Fig. 4. One is T2KK (left panel) and the other is
the case of single 0.54 megaton detector placed in Korea (right panel). It should be
noticed that a single detector in Korea with the same total volume fails to resolve the
sign-∆m2 degeneracy which is completely lifted by T2KK at the particular values of
the mixing parameters. Again, the sensitivity is enhanced by comparing the yields of
the two identical detectors.

The fact that the T2KK setting can resolve the four-fold degeneracy by the spec-
trum analysis and comparison between the two detectors is explained by plotting the
energy dependences of the appearance probabilities in Fig. 5.
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Figure 5: Neutrino oscillation probabilities corresponding to a four-fold degenerate
solutions obtained by measurement in Kamioka by the rate only analysis are plotted
as a function of neutrino energy. Left panels: appearance probabilities in Kamioka.
Middle panels: appearance probabilities in Korea. Right panels: appearance proba-
bilities in Korea, but without the matter effect.

7.3 θ23 octant degeneracy

The θ23 octant degeneracy arise because accelerator disappearance and appearance
measurement determine sin2 2θ23 and the combination s2

23 sin2 2θ13, respectively, but
not s2

23 itself. Therefore, it is hard to resolve in the accelerator experiments using
conventional νµ beam. See [38] for an explicit analytic treatment of this point.

One way to solve the θ23 octant degeneracy is to utilize the solar ∆m2 oscillation
term. This is the principle used by the atmospheric neutrino method for resolving
the octant degeneracy [75–77]. Since the solar term, the last term in Eq. (3), depend
upon c223 (not s2

23) the degeneracy can be lifted. The next question is if it can be
distinguished from the rest of the atmospheric oscillation terms. Fortunately, the
answer seems to be yes because of the clear difference in energy dependence, as shown
in Fig. 6. Note that the figure is the inverted hierarchy version of Fig. 2 in [71], and
behavior of the solar term compared to the atmospheric ones is very similar to in the
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Figure 6: The energy dependence of the solar term (red solid line) is contrasted
with the ones of atmospheric plus interference terms in the νe appearance oscillation
probabilities with various values of CP phase δ; δ = 0 (dotted line), δ = π/2 (dashed
line), δ = π (dash-dotted line), and δ = 3π/2 (double-dash-dotted line). The neutrino
mass hierarchy is assumed to be the inverted one. For the corresponding figure of the
normal mass hierarchy, see [71].

case of the normal hierarchy.

7.4 Decoupling between the degeneracies

In passing, we briefly comment on the problem of decoupling between the degenera-
cies. For a fuller treatment, see [71]. The question is as follows: People sometimes
discuss how to solve the degeneracy A without worrying about the degeneracy B,
and vise versa. Is this a legitimate procedure? We want to answer to this question
in the positive under the environment that the matter effect can be treated as a
perturbation.

To resolve the degeneracy one has to distinguish between the values of the oscil-
lation probabilities with the two different solutions corresponding to the degeneracy.
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We define the probability difference

∆P ab(να → νβ) ≡ P
(
να → νβ; θ

(a)
23 , θ

(a)
13 , δ

(a), (∆m2
31)(a)

)

− P
(
να → νβ; θ

(b)
23 , θ

(b)
13 , δ

(b), (∆m2
31)(b)

)
, (4)

as a measure for it where the superscripts a and b label the degenerate solutions.
Suppose that we are discussing the degeneracy A. The decoupling between the de-
generacies A and B holds if ∆P ab defined in (4) for the degeneracy A is invariant
under the replacement of the mixing parameters corresponding to the degeneracy B,
and vice versa.

The best example of the decoupling is given by the one between the θ23 octant
and the sign-∆m2 degeneracies. Therefore, let us describe it here, leaving discussions
on other cases to [71]. One can easily compute ∆P 1st−2nd(νµ → νe) for the θ23 octant
degeneracy by using (3). It consists of the solar and the solar-atmospheric interference
terms, with over-all factor of cos 2θ23 because of the property J1st

r −J2nd
r = cos 2θ1st

23 J
1st
r

in leading order in cos 2θ23. The remarkable feature of ∆P 1st−2nd(νµ → νe) is that
the leading-order matter effect terms drops out completely.

Now, we notice the key feature of ∆P 1st−2nd(νµ → νe); It is invariant under the
transformations ∆m2

31)→ −∆m2
31 and δ → π−δ, which exchanges the two sign-∆m2

degenerate solutions, the invariance which holds in the presence of the solar term.
It means that resolution of the θ23 degeneracy can be executed without knowing the
mass hierarchy in experimental set up which allows perturbative treatment of matter
effect.

Next, we examine the inverse problem; Does the determination of mass hierar-
chy decouple from resolution of the θ23 degeneracy? One can compute in the similar
way ∆P norm−inv for the sign-∆m2 degeneracy. Because the exchange of two sign-∆m2

degenerate solutions is the approximate symmetry of the vacuum oscillation probabil-
ity [56], most of the vacuum terms drops out. We observe that ∆P norm−inv(νµ → νe)
is invariant under transformation θ1st

23 → θ2nd
23 and θ1st

13 → θ2nd
13 , because its θ13 and

θ23 dependences are through the combination sin2 2θ13s
2
23. Therefore, resolution of

the mass hierarchy can be carried out independently of which solution of the θ23
degeneracy is realized in nature.

We mention here that the decoupling argument can be generalized to include the
other pair of degeneracies as done in [71].

7.5 Analysis results

Since the space is quite limited, we directly go to the results of our analysis. The
original analysis in [70] has been re-examined with an improved code which takes into
account a difference between beam profiles in the intermediate and the far detectors,
and the inclusion of the muon disappearance channel [71]. In Fig. 7, and in Fig. 8, the
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Figure 7: 2(thin lines) and 3(thick lines) standard deviation sensitivities to the
mass hierarchy determination for several values of sin2 2θ23 (red dotted, yellow long-
dashed, black solid, green dash-dotted, and blue short-dashed lines show the results
for sin2 θ23 = 0.40, 0.45, 0.50, 0.55 and 0.60, respectively). The sensitivity is defined
in the plane of sin2 2θ13 versus CP phase δ. The top and bottom panels show the
cases for positive and negative mass hierarchies, respectively. Taken from [71].

results of re-analysis for the mass hierarchy resolution and CP violation, respectively,
are presented. Figure 7 shows that the sensitivity to the mass hierarchy depends
very weakly to θ23, as expected by the decoupling argument given in [71]. The same
argument suggests that they obey the scaling behavior; the curves falls to a single
curve if plotted by s2

23 sin2 2θ13. The sensitivity greatly improves the one possessed
by the original T2K II setup and is competitive to other similar projects. See [70] for
comparison between the performances of T2KK and T2K II setting.

The θ23-independence of the CP sensitivity is even more prominent, as shown in
Fig. 8. This feature is again consistent with the decoupling argument. The sensitivity
to CP violation is similar to that of the T2K II setting except for at large θ13 region
where the T2KK sensitivity surpasses that of the T2K II. It is due to the fact that
the identical two-detector setting solves the degeneracies. We emphasize that the CP
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Figure 8: Sensitivities to the CP violation, sin δ 6= 0. The meaning of the lines and
colors are identical to that in Fig. 7. Taken from [71].

sensitivity of T2KK setting at the large θ13 region seems to be the largest among the
similar proposals including neutrino factory.

In Fig. 9, the sensitivity to the θ23 octant degeneracy is presented. From this
figure, we conclude that the experiment we consider here is able to solve the octant
ambiguity, if sin2 θ23 < 0.38 (0.42) or > 0.62 (0.58) at 3 (2) standard deviation CL.
Roughly speaking, the sensitivity is independent of θ13 and the mass hierarchy. The
dependence of this sensitivity on the CP phase δ is a mild one as one can see by
comparing the left and the right panels of Fig. 9, providing another evidence for
decoupling.

As discussed in detail in [38], the θ23 degeneracy is the difficult one to solve only
by the accelerator experiments. Though the argument is still true, T2KK circumvents
it because it has sensitivity to the solar term. Yet, the sensitivity is quite limited if
plotted in s2

23 plane, as one can observe in Fig. 9. Nonetheless, we stress that it is not
easy to supersede the sensitivity presented in Fig. 9. For example, T2KK’s sensitivity
is slightly better than the one by the atmospheric neutrino method based on 3 years
observation in Hyper-Kamiokande reported in [76].
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Figure 9: 2 (light gray area) and 3 (dark gray area) standard deviation sensitivities to
the θ23 octant degeneracy for 0.27 Mton detectors both in Kamioka and Korea [71].
4 years running with neutrino beam and another 4 years with anti-neutrino beam are
assumed. In (a), the sensitivity is defined so that the experiment is able to identify
the octant of θ23 for any values of the CP phase δ. In (b), it is defined so that the
experiment is able to identify the octant of θ23 for half of the CP δ phase space.

We emphasize that our estimates of sensitivities for the mass hierarchy resolution,
CP violation, and the θ23 octant degeneracy are based on the known technology for
rejecting NC induced background in water Cherenkov detectors. Moreover, we have
used a conservative value of 5% for most of the systematic errors [70, 71]. There-
fore, our results can be regarded as the robust bottom-line sensitivities achievable by
conventional superbeam experiments. Of course, there may be ways to improve the
sensitivities over the current T2KK design.

At the end of this section, we should mention that the method explored in this
article is by no means unique. With regard to the sign-∆m2 (mass hierarchy) degen-
eracy we note that other methods include the one which utilize atmospheric neutri-
nos [78], supernova neutrinos [79,80], neutrino-less double beta decay [81], and νe and
νµ disappearance channels [82–84]. We have already mentioned about the θ23 octant
degeneracy, and a further comment follows immediately below.
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8 Reactor-Accelerator method for θ23 octant de-

generacy

Detecting the solar oscillation effect is not the unique way of resolving the θ23 octant
degeneracy. The alternative methods proposed include, in addition to the already
mentioned atmospheric neutrino method, the reactor accelerator combined method
[38, 40], and the atmospheric accelerator combined method [85].

Here, we explain the reactor-accelerator combined method. The principle is again
very simple; The reactor measurement can pick up one of the solutions of θ13 because
it is a pure measurement of θ13, the possibility first explored in [40]. This principle
is explained in Fig. 10 which are taken from [38]. This reference gives a detailed
quantitative analysis of the sensitivity achievable by the accelerator-reactor combined
method. The upper (lower) four panels of Fig. 10 describe the process of how the θ23
octant degeneracy can be resolved for the case where the true value of sin2 θ23 = 0.458
(0.542), corresponding to sin2 2θ23 = 0.993. The other input mixing parameters are
given as ∆m2

31 = 2.5× 10−3 eV2, sin2 2θ13 = 0.1 and δ = 0, ∆m2
21 = 8.0× 10−5 eV2,

sin2 θ12 = 0.31 (the input values of sin2 2θ13 and sin2 θ23 are indicated by the symbol
of star in the plot). (a) The regions enclosed by the solid and the dashed curves
are allowed regions only by the results of appearance and disappearance accelerator
measurement, respectively. (b) The regions that remain allowed when results of
appearance and disappearance measurement are combined. (c) The regions allowed
by reactor measurement. (d) The regions allowed after combining the results of
appearance and disappearance accelerator experiments with the reactor measurement.
The exposures for accelerator are assumed to be 2 (6) years of neutrino (anti-neutrino)
running with 4 MW beam power with Hyper-Kamionande whose fiducial volume is
0.54 Mt, whereas for the reactor we assume an exposure of 10 GW·kt·yr. The case of
optimistic systematic error is taken.

In Fig. 11 presented is the region in sin2 2θ13− sin2 θ23 space where the θ23 octant
degeneracy can be resolved. The upper and the lower figures in Fig. 11 are with a
relatively pessimistic and an optimistic systematic errors, respectively, as indicated in
the figures. For definition of the errors and details of the analysis procedure, see [38].
By comparing Fig. 11 with Fig. 9, we observe that the sensitivity achievable by the
reactor-accelerator combined method surpasses that of T2KK in large θ13 region,
sin2 2θ13 > 0.03− 0.05, the critical value very dependent of the systematic errors.
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Figure 10: The principle of reactor-accelerator method for resolving θ23 degeneracy
is explained in a pictorial way. For details, see the text.

9 How to proceed; Confrontation of theoretical

ideas to experiments

In the bottom-up approach to the origin of neutrino mass and the mixing it is im-
portant to test various phenomenologically motivated ideas experimentally. In this
article we discuss only one example, the quark-lepton complementarity (QLC) [27].
and briefly mention about the µ ↔ τ exchange symmetry. An extensive list of
the relevant references for the µ ↔ τ symmetry, which is too long to quote in this
manuscript, may be found in [26, 38].

The empirically suggested relation

θ12 + θC =
π

4
, (5)
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Figure 11: The region in sin2 2θ13−sin2 θ23 space where the θ23 octant degeneracy can
be resolved at 90% (thin green) and 99% (thick red) CL [38]. The left and the right
panels are for the (relatively) conservative and the optimistic systematic errors, as
indicated in the figures. The solid (dashed) curve is for the case of taking the normal
(inverted) hierarchy to perform the fit, assuming the normal hierarchy as input.

with θC being the Cabibbo angle is under active investigation [28] and is dubbed as the
QLC relation. If not accidental, it may suggest a new way of thinking on how quarks
and leptons are unified. It may have extension to the 2-3 sector, θ

(lepton)
23 +θ

(quark)
23 = π

4
.

We now discuss how the relation (5) can be tested experimentally. Since the
Cabibbo angle is measured in an enormous precision as emphasized earlier, the real
problem is to what accuracy the solar angle θ12 can be measured experimentally. At
this moment there exist two approaches to measure θ12 accurately. The first one is a
natural extension of the method by which θ12 is determined today, namely, combining
the solar and the KamLAND experiments. The other one is to create a dedicated new
reactor experiment with detector at around the first oscillation maximum of reactor
neutrino oscillation, “SADO” (see below). Let me briefly explain about the basic
ideas behind them one by one.

9.1 Solar-KamLAND method

Combining the solar and the KamLAND experiments is powerful, assuming CPT
invariance, because solar neutrino measurement is good at constraining θ12 and Kam-
LAND determines with high precision the other parameter ∆m2

21. The feature makes
the analysis of the solar neutrino parameter determination essentially 1-dimensional.
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Experiments δs2
12/s

2
12 at 68.27% CL δs2

12/s
2
12 at 99.73% CL

Solar+ KL (present) 8 % 26 %

Solar+ KL (3 yr) 7 % 20 %

Solar+ KL (3 yr) + pp (1%) 4 % 11 %

54 km

SADO for 10 GWth·kt·yr 4.6 % (5.0 %) 12.2 % (12.9 %)

SADO for 20 GWth·kt·yr 3.4 % (3.8 %) 8.8 % (9.5 %)

SADO for 60 GWth·kt·yr 2.1 % (2.4 %) 5.5 % (6.2 %)

Table 1: Comparisons of fractional errors of the experimentally determined mixing
angle, δs2

12/s
2
12 ≡ δ(sin2 θ12)/ sin2 θ12, by current and future solar neutrino experiments

and KamLAND (KL), obtained from Tables 3 and 8 of Ref. [89], versus that by
SADOsingle, which means to ignore all the other reactors than Kashiwazaki-Kariwa,

obtained at 68.27% and 99.73% CL for 1 DOF in [90]. The numbers in parentheses
are for SADOmulti, which takes into account all 16 reactors all over Japan.

The former characteristics is particularly clear from the fact that the ratio of CC to
NC rates in SNO directly measures sin2 θ12 in the LMA solution. The current data
allows accuracy of determination of sin2 θ12 of about ≃ 12% (2 DOF) (the last refer-
ence in [8].) Further progress in measurement in SNO and KamLAND may improve
the accuracy by a factor of ∼ 2 but not too much beyond that.

If one wants to improve substantially the accuracy of θ12 determination, the ex-
isting solar neutrino experiments are not quite enough. Measurement of low-energy
pp and 7Be neutrinos is particularly useful by exploring vacuum oscillation regime.
Fortunately, varying proposal for such low energy solar neutrino measurement are
available in the world [86]. Measurement of 7Be neutrinos is attempted in Borex-
ino [87] and in KamLAND [88].

The improvement that is made possible by these additional measurement is thor-
oughly discussed by Bahcall and Peña-Garay [89]. Since the vacuum oscillation is the
dominant mechanism at low energies measuring pp neutrino rate gives nothing but
measurement of sin2 2θ12. On the other hand, 7Be neutrino may carry unique infor-
mations of oscillation parameters due to its characteristic feature of monochromatic
energy. The solar-KamLAND method will allow us to determine sin2 θ12 to 4% level
at 1σ CL [89]. In the upper panels of Table 1, we tabulate the sensitivities (1 DOF)
currently obtained and expected by the future measurement.

9.2 SADO; Several-tens of km Antineutrino DetectOr

Though natural and profitable as a dual-purpose experiment for both θ12 and solar flux
measurement the solar-KamLAND method is not the unique possibility for reaching
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Figure 12: Accuracies of determination of sin2 θ12 (upper panel) and ∆m2
21 (lower

panel) reachable by KamLAND and SADO (both 1 DOF) are compared with the
same systematic error of 4% [91]. The geo-neutrino contribution was switched off.

the region of the highest sensitivity for θ12. The most traditional way of measuring
mixing angles at the highest possible sensitivities is either to tune beam energy to
the oscillation maximum (for example [35] which is for sin2 2θ23), or to set up a
detector at baseline corresponding to it as employed by various reactor experiments to
measure θ13 [40,43]. It is also notable that the first proposal of prototype superbeam
experiment for detecting CP violation [30] entailed in a setup at around the first
oscillation maximum.

For θ12 the latter method can be applied to reactor neutrinos and in fact a con-
crete idea for possible experimental setup for dedicated reactor θ12 is worked out in
detail [90, 91]. See also [92] for the related proposals with reactor neutrinos. The
type of experiment is dubbed in [90] as “SADO”, an acronym of Several-tens of km
Antineutrino DetectOr because of the range of baseline distance appropriate for the
experiments. It is a very feasible experiment because it does not require extreme
reduction of the systematic error to 1% level, as required in the θ13 measurement
mentioned above. As is demonstrated in [90] reduction of the systematic error to 4%
level would be sufficient if no energy spectrum cut at Eprompt = 2.6 MeV is performed.
It should be within reach in view of the current KamLAND error of 6.5% [16]. The
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Figure 13: SADO’s sensitivity contours are plotted in tan2 θ12-∆m2
21 space and are

overlaid on Fig.6 of the roadmap paper [89], in which the sensitivities of solar-
KamLAND combined method are presented. The errors are defined both with 2
DOF. Taken from [91].

effect of geo-neutrino background, which then has to be worried about without spec-
trum cut, is shown to be tolerable even for most conservative choice of geo-neutrino
model, the Fully Radiogenic model [90].

The accuracy achievable by the dedicated reactor θ12 measurement is quite re-
markable. It will reach to 2% level at 1σ CL (1 DOF) for 60 GWth·kt ·yr exposure as
shown in Table 1. With Kashiwazaki-Kariwa nuclear reactor complex, it corresponds
to about 6 years operation for KamLAND size detector. It is notable that possible
uncertainties due to the surrounding reactors are also modest, as one can see in Ta-
ble 1. In Fig. 13 we show in the two-dimensional space spanned by tan2 θ12 and ∆m2

21

the contours of sensitivities achievable by the solar-KamLAND method and by the
dedicated reactor experiment. Notice that the measurement is not yet systematics
dominated and therefore further improvement of the sensitivity is possible by gaining
more statistics. If SADO can run long enough it can go beyond the solar-KamLAND
method.
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9.3 µ↔ τ symmetry

The µ↔ τ exchange symmetry is attractive because it predicts θ13 = 0 and θ23 = π/4
in the symmetry limit. For extensive references on this symmetry, see e.g., [26,38,93].
But, since the symmetry is badly broken (note that mτ ≃ 20 mµ), the predictions
θ13 = 0 and θ23 = π/4 cannot be exact. It is important to try to compute deviations
from the results obtained in the symmetry limit.

Now, the question is how can we pick up the right one out of the vast majority
of the proposed symmetries? One way to proceed is to make clear how symmetry
breaking affects the predictions. For example, it is shown in [93] that breaking of the
Z2 symmetry tends to prefer larger deviation from the maximal θ23 than vanishing θ13.
Such study has to be performed in an extensive way including various symmetries.

If one can make definitive prediction in a class of models on which octant of θ23
is chosen when the µ ↔ τ symmetry is broken, one can test such a class of models
by resolving the θ23 octant degeneracy. We have discussed in Sec. 7 and in Sec. 8 the
ways of how it can be carried out.

9.4 Comments on precision measurement of ∆m2

We have explained in Sec. 2 how the atmospheric ∆m2
32, which may be better char-

acterized as ∆m2
µµ [83], can be determined. For various reasons one may want to

improve the accuracy of determining ∆m2
32 to a sub-percent level. Here, we want

to remark that unfortunately there is a serious obstacle against it; the problem of
absolute energy scale error. See Appendix of [84] for an explicit demonstration of
this fact. It comes from the limitation of the accuracy of calibrating the absolute
energy of muons in the case of νµ disappearance measurement. The current value for
the error in Super-Kamiokande is about 2% at GeV region (second reference in [1])
and apparently no concrete idea has been emerged to improve it. It is believed to be
a limiting factor in ∆m2

32 determination in much higher statistics region enabled by
T2K II with Hyper-Kamiokande.

We note that there is the unique case which is free from the problem of energy scale
error; the recently proposed resonant νe absorption reaction enhanced by Mössbauer
effect [94]. This method utilizes the recoilless resonant absorption reaction, νe +3

He + orbital e− → 3H, with monochromatic νe beam from the T-conjugate bound
state beta decay, 3H→3 He + orbital e− + νe. When the source atoms are embedded
into a solid the energy width of the beam is estimated to be ∼ 10−11 eV, which
is utterly negligible. If feasible experimentally, the monochromatic nature of the
beam may allow accurate measurement of ∆m2

31 to ≃ (0.3/ sin2 2θ13)% at 1σ CL
[95]. We emphasize that it gives a very rare chance of achieving a sub-percent level
determination of ∆m2

31.
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10 Conclusion

I have tried to give an overview of neutrino physics emphasizing the experimental
activities in the near future. I must admit that this is a personal overview, not
mentioning very many important subjects and projects in all over the world, and I
have to apologize for that. But, I tried to give a coherent view which largely come
from the works I did in the last several years. I feel it appropriate to emphasize that
we have learned a lot during the golden era of neutrino physics. But, it seems obvious
to me that we have done only a half and new surprises are waiting for us in the future.

I would like to thank all of my collaborators, in particular Takaaki Kajita, Hiroshi
Nunokawa, Masaki Ishitsuka, Shoei Nakayama, Renata Zukanovich Funchal, Stephen
Parke, Hiroaki Sugiyama, and Shoichi Uchinami for fruitful collaborations and use-
ful discussions. This work was supported in part by the Grant-in-Aid for Scientific
Research, No. 16340078, Japan Society for the Promotion of Science.
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Latest Results from MINOS

David E. Jaffe,
for the MINOS collaboration
Department of Physics
Brookhaven National Laboratory
Upton, NY, USA

Amongst the goals of the MINOS experiment are the test of the νµ → ντ oscillation
and the search for sub-dominant νµ → νe oscillations. The former proceeds by a
νµ “disappearance” analysis while the latter would involve the “appearance” of νe
interactions in a predominantly νµ beam.

The disappearance of muon neutrinos is described by

P (νµ → νµ) = 1− sin2 2θ23 sin2(1.27∆m2
23L/E) (1)

in the two-flavor approximation where θ23 is the angle between the second row and
third column of the neutrino mixing matrix, ∆m2

23 = m2
2−m2

3 (eV2), L is the neutrino
flight distance in km and E is the neutrino energy in GeV. A generic disappearance
experiment compares a measured muon neutrino energy spectrum at a fixed baseline
to the known energy spectrum of muon neutrino beam to extract the oscillation
parameters sin2 2θ which controls the overall magnitude of the disappearance and
∆m2 which controls the energy dependence.

MINOS is a long baseline neutrino experiment with a near detector (ND) located 1
km from the primary target in the Fermilab NuMI beam line and a far detector (FD)
located 735 km away in the Soudan mine in Minnesota approximately 700 meters
underground. To produce the neutrino beam, the 120 GeV main injector proton
beam impinges upon a ∼1 m long segmented graphite target in a ∼10 µs spill. Two
magnetic focusing horns downstream of the target focus positive mesons into the
675m long decay pipe where π+ → µ+νµ decays are the dominant mechanism for the
production of the neutrino beam. The NuMI target is moveable and the low energy
(LE-10) configuration is the most favorable for the oscillation analysis and constitures
∼ 95% of the total exposure. The LE-10 beam is 92.9% νµ, 5.8% νµ and 1.3%
νe + νe. The remaining ∼5% of the exposure was taken with other configurations for
systematic studies. For an exposure of 1020 protons-on-target (POT), approximately
390 νµ events are expected at the FD in the absence of oscillations.

Both the ND and FD are functionally identical and consist of 2.54 cm thick oc-
tagonal steel plates magnetized with a toroidal 1.2 T field interleaved with planes
composed of 4.1 cm wide × 1 cm thick scintillator strips. Alternating U- and V-
planes of scintillator are oriented at ±45◦ with respect to the vertical. The ND and
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FD contains 282/152 and 484/484 steel/scintillator planes for a mass of 1 and 5.4 kt,
respectively. The FD is divided into two equal length super modules.

Muon neutrino charged current (CC) interactions are identified by a long muon
track and hadronic activity at the interaction vertex. By contrast, neutral current
(NC) interactions often create short, diffuse showers whilst νe CC events are charac-
terized by a typical compact electromagnetic shower profile. The neutrino energy is
given by the sum of the shower and muon energy. The shower energy resolution is
55%/

√
(E GeV) and the muon momentum resolution is 13% based on curvature and

6% based on range for muons that stop in the detector.

The separation of νµ CC candidates from the NC background begins with beam
and data quality cuts (FD livetime ≈ 99%). Candidate events are required to have at
least one negatively charged track with a vertex in the fiducial volume (1 < z(m) < 5
and r(m) < 1 at the ND and 0.5(2.0) meter from the front(rear) face of each FD
supermodule and r(m) < 3.7). Further separation is provided by use of a ’particle
identification’ (PID) variable that combines three simulated probability density func-
tions (PDFs) for CC and NC events. The three PDFs are the distribution of event
length which is related to the muon momentum, the fraction of the pulse height in
the event that is on the track which is related to the event inelasticity and the pulse
height per plane on the track which is related to dE/dx. The resulting selection
achieves a CC purity of ∼97% at both the ND and FD.

To predict the unoscillated FD energy spectrum, an extrapolation method is used
that takes into account the two-body pion decay kinematics and the beamline ge-
ometry to accomodate the effective point (line) source of neutrinos as seen by the
FD (ND). The primary extrapolation method is dubbed the ‘beam matrix method’
and it, as well as alternative methods, were tested extensively for robustness with
simulated data.

Figure 1 shows the predicted FD νµ candidate spectrum using the matrix method
as well as an alternative method and the data for a total exposure of 1.17 × 1020

POT. The oscillations parameters determined from the fit are |∆m2
32| = (2.74+0.44

−0.26)×
10−3 eV2 and sin2 2θ32 = 1.00+0.00

−0.13 where both the statistical and systematic uncertain-
ties are included [1]. The results are compared to previous measurements in Figure 2
and show the improvement in |∆m2

32| precision achieved by the MINOS result. The
systematic uncertainty is currently ∼ 40% of the statistical uncertainty for |∆m2

32|
and is largely data driven, thus it is expected to decrease with the accumulation of
more data. Hence one expects the |∆m2

32| precision to be dominated by statistical
uncertainty for the foreseeable future.

A νe “appearance” analysis by MINOS has a substantially different character
than the disappearance analysis in that it is background dominated. The appearance
probability is

P (νµ → νe) ≈ sin2 θ23 sin2 2θ13 sin2(1.27∆m2
23L/E) (2)
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Figure 1: Comparison of the far detector spectrum with predictions for no oscillations
for both analysis methods and for oscillations with the best-fit parameters from the
beam matrix extrapolation method. The estimated NC background is also shown.
The last energy bin contains events between 18-30 Gev.
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and is sensitive to sin2 2θ13 for which only an upper limit of 0.17 at 90% CL ex-
ists [3]. The νe appearance is difficult because the MINOS detector is not optimized
for electromagnetic shower detection. Even with relatively sophisticated νe candidate
selection, the background to signal ratio for sin2 2θ13 = 0.10 is ≈ 2. Approximately
2/3 of the background is due to NC events where π0 final states in the hadronic
system produce electromagnetic showers. The intrinsic νe component of the beam
is expected to contribute an additional ∼ 15% of the background. The remaining
two components each contribute ∼ 10% and are due to νµ CC interactions with an
unidentified muon track or to ντ CC events that have an electron in the final state.

Given that the νe appearance analysis is background-dominated, various tech-
niques have been developed to estimate the background components from the data.
Two techniques are under investigation for estimating the NC background. One tech-
nique would create “NC” events by removing the reconstructed muon track from νµ
CC events and reconstructing the “muon-removed” events. The second technique
would use data with the magnetic horns turned off to resolve the NC and νµ CC
background components at the ND. With the horns off, the high energy portion of
the neutrino spectrum, which is largely responsible for the NC background, remains
whilst the νµ CC component produced by the focusing of the horns, is greatly dimin-
ished (Figure 1). For the intrinsic νe beam component of the background, a technique
that exploits the ability to MINOS to distinguish νµ and νµ is being investigated. The
νe beam at low energy is dominated by νe from µ+ → e+νeνµ decays where the µ+

are the produced by focused π+ decays. The technique would attempt to resolve
the ∼10% contribution to the νµ spectrum at the ND by subtracting the estimated
contribution to νµ from pion and kaon decays. Assuming the total background can
be determined with a ±10% precision, MINOS can achieve a 90% CL sensitivity
to sin2 2θ13 via νe appearance comparable to the current limit with an exposure of
4× 1020 POT.

In summary, using an exposure of 1.27× 1020 POT, MINOS has completed a νµ
disappearance analysis with results |∆m2

32| = (2.74+0.44
−0.26)× 10−3 eV2 and sin2 2θ32 =

1.00+0.00
−0.13 consistent with previous results. Prospects for νe appearance analysis with

the second year of running have been presented.
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Shedding light on flavour symmetries with rare

decays of quarks and leptons

Gino Isidori
INFN, Laboratori Nazionali di Frascati,
Via E. Fermi 40,
I-00044 Frascati, Italy

1 Introduction

In the last few years there has been a great experimental progress in quark and lepton
flavour physics. On the quark side, the two B-factories have been very successful,
both from the accelerator and the detector point of view. As a result, all the relevant
parameters describing quark-flavour mixing within the Standard Model (quark masses
and CKM angles) are now know with good accuracy. Despite this great progress, the
overall picture of quark flavour physics is a bit frustrating as far as the search for
physics beyond the Standard Model (SM) is concerned. The situation is somehow
similar to the flavour-conserving electroweak physics after LEP: the SM works very
well and genuine one-loop electroweak effects have been tested with relative accuracy
in the 10%–30% range.

The situation of the lepton sector is more uncertain but also more exciting. The
discovery of neutrino oscillations has two very significant implications: i) the SM
is not complete; ii) there exists new flavour structures in addition to the three SM
Yukawa couplings. We have not yet enough information to unambiguously determine
how the SM Lagrangian should be modified in order to describe the phenomenon of
neutrino oscillations. However, natural explanations point toward the existence of
new degrees of freedom with explicit breaking of lepton number at very high energy
scales (ΛLN ∼ 1010–1015 GeV), in agreement with the expectations of Grand Unified
Theories (GUT). As I will discuss in this talk, these insight about non-SM degrees
of freedom from neutrino physics are likely to have non-trivial implications in other
sectors of the model. In particular, in rare decays of charged leptons and, possibly, in
a few rare B and K decays. Interestingly enough, these connections can be derived
without specific dynamical assumptions about new physics, but only analysing the
flavour-symmetry structure of the theory be means of general Effective Field Theory
(EFT) approaches.
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2 The SM as EFT and the flavour problem

The SM Lagrangian can be regarded as the renormalizable part of an effective field
theory, valid up to some still undetermined cut-off scale Λ above the electroweak
scale. Since the SM is renormalizable, we have no direct clues about the value of Λ;
however, theoretical arguments based on a natural solution of the hierarchy problem
suggest that Λ should not exceed a few TeV. As long as we are interested only in
low-energy experiments, the EFT approach to physics beyond the SM is particularly
useful. It allows us to analyse all realistic extensions of the model in terms of few
unknown parameters (the coefficients of the higher-dimensional operators suppressed
by inverse powers of Λ) and to compare the sensitivity to New Physics (NP) of
different low-energy observables.

The non-renormalizable operators should naturally induce large effects in pro-
cesses which are not mediated by tree-level SM amplitudes, such as flavour-changing
neutral-current (FCNC) rare processes. Up to now there is no evidence of deviations
from the SM in these processes and this implies severe bounds on the effective scale of
various dimension-six operators. For instance, the good agreement between SM ex-

pectations and experimental determinations of K0–K
0

mixing leads to bounds above
104 TeV for the effective scale of ∆S = 2 operators, i.e. well above the few TeV range
suggested by the Higgs sector. Similar bounds are obtained for the scale of operators
contributing to lepton-flavour violating (LFV) transitions in the lepton sector, such
as µ→ eγ.

The apparent contradiction between these two determinations of Λ is a manifes-
tation of what in many specific frameworks (supersymmetry, technicolour, etc.) goes
under the name of flavour problem: if we insist with the theoretical prejudice that
new physics has to emerge in the TeV region, we have to conclude that the new theory
possesses a highly non-generic flavour structure. Interestingly enough, this structure
has not been clearly identified yet, mainly because the SM, i.e. the low-energy limit
of the new theory, doesn’t possess an exact flavour symmetry.

The most reasonable (but also most pessimistic) solution to the flavour problem
is the so-called Minimal Flavour Violation (MFV) hypothesis [1–4]. Under this as-
sumption, which will be discussed in detail in the next sections, flavour-violating
interactions are linked to the known structure of Yukawa couplings also beyond the
SM. As a result, non-standard contributions in FCNC transitions turn out to sup-
pressed to a level consistent with experiments even for Λ ∼ few TeV. On the most
interesting aspects of the MFV hypothesis is that it can easily be implemented within
the general EFT approach to new physics [3, 4]. The effective theories based on this
symmetry principle allow us to establish unambiguous correlations among NP effects
in various rare decays. These falsifiable predictions are the key ingredients to iden-
tify in a model-independent way which are the irreducible sources of breaking of the
flavour symmetry.
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3 MFV in the quark sector

The pure gauge sector of the SM is invariant under a large symmetry group of flavour
transformations: GSM = Gq ⊗ Gℓ ⊗ U(1)5, where

Gq = SU(3)QL
⊗ SU(3)UR

⊗ SU(3)DR
, Gℓ = SU(3)LL

⊗ SU(3)ER
(1)

nd three of the five U(1) charges can be identified with baryon number, lepton number
and hypercharge [1, 3]. This large group and, particularly the SU(3) subgroups con-
trolling flavour-changing transitions, is explicitly broken by the Yukawa interaction

LY = QLλdDRH +QLλuURHc + LLλeERH + h.c. (2)

Since GSM is broken already within the SM, it would not be consistent to impose it
as an exact symmetry of the additional degrees of freedom present in SM extensions:
even if absent a the tree-level, the breaking of GSM would reappear at the quantum
level because of the Yukawa interaction. The most restrictive hypothesis we can make
to protect the breaking of GSM in a consistent way, is to assume that λd, λu and λe
are the only source of GSM-breaking also beyond the SM.

To derive the phenomenological consequences of this hypothesis, it is convenient
to treat GSM as an unbroken symmetry of the underlying theory, promoting the λi to
be dynamical fields with non-trivial transformation properties under GSM

λu ∼ (3, 3, 1)SU(3)3q , λd ∼ (3, 1, 3)SU(3)3q , λe ∼ (3, 3)SU(3)2
ℓ
. (3)

f the breaking of GSM occurs at very high energy scales –well above the TeV region
where the we expect new degrees of freedom– at low-energies we would only be sen-
sitive to the background values of the λi, i.e. to the ordinary SM Yukawa couplings.
Employing the EFT language, we then define that an effective theory satisfies the cri-
terion of Minimal Flavour Violation if all higher-dimensional operators, constructed
from SM and λ fields, are (formally) invariant under the flavour group GSM [3].

According to this criterion, one should in principle consider operators with arbi-
trary powers of the (adimensional) Yukawa fields. However, a strong simplification
arises by the observation that all the eigenvalues of the Yukawa matrices are small,
but for the top one, and that the off-diagonal elements of the CKM matrix (Vij) are
very suppressed. It is then easy to realize that, similarly to the pure SM case, the
leading coupling ruling all FCNC transitions with external down-type quarks is [3]:

(∆q
LL)i6=j = (λuλ

†
u)ij ≈ y2

t (VCKM)∗3i(VCKM)3j , yt = mt/v ≈ 1 . (4)

s a result, within this framework the bounds on the scale of dimension-six FCNC
effective operators turn out to be in the few TeV range (see Ref. [5] for updated
values). Moreover, the flavour structure of ∆q

FC implies a well-defined link among
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Figure 1: Fit of the CKM unitarity triangle within the SM (left) and in generic
extensions of the SM satisfying the MFV hypothesis (right) [5].

possible deviations from the SM in FCNC transitions of the type s→ d, b→ d, and
b→ s (the only quark-level transitions where observable deviations from the SM are
expected).

The idea that the CKM matrix rules the strength of FCNC transitions also be-
yond the SM has become a very popular concept in the recent literature and has been
implemented and discussed in several works (see e.g. Ref. [2]). However, it is worth
stressing that the CKM matrix represents only one part of the problem: a key role
in determining the structure of FCNCs is also played by quark masses (via the GIM
mechanism), or by the Yukawa eigenvalues. In this respect, the above MFV criterion
provides the maximal protection of FCNCs (or the minimal violation of flavour sym-
metry), since the full structure of Yukawa matrices is preserved. Moreover, contrary
to other approaches, the above MFV criterion is based on a renormalization-group-
invariant symmetry argument, which can easily be extended to EFT approaches where
new degrees of freedoms (such as extra Higgs doubles, or SUSY partners of the SM
fields) are explicitly included.

As shown in Fig. 1, the MFV hypothesis provides a natural (a posteriori) justifi-
cation of why no NP effects have been observed in the quark sector: by construction,
most of the clean observables measured at B factories are insensitive to NP effects in
this framework. However, it should be stressed that we are still very far from having
proved the validity of this hypothesis from data. Non-minimal sources of flavour sym-
metry breaking with specific flavour structures, such as those discussed in Ref. [6], are
still allowed (even with NP scales in the TeV range). A proof of the MFV hypothesis
can be achieved only with a positive evidence of physics beyond the SM exhibiting
the flavour pattern (link between s → d, b → d, and b → s) predicted by the MFV
assumption.
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4 MFV in the lepton sector

Apart from arguments based on the analogy between quarks and leptons, the in-
troduction of a MFV hypothesis for the lepton sector (MLFV) is demanded by a
severe fine-tuning problem also in the lepton sector: within a generic EFT approach,
the non-observation of µ → eγ implies an effective NP scale above 105 TeV unless
the coupling of the corresponding effective operator is suppressed by some symmetry
principle.

Since the observed neutrino mass parameters are not described by the SM Yukawa
interaction in Eq. (2), the formulation of a MLFV hypothesis is not straightforward.
A proposal based on the assumption that the breaking of total lepton number (LN)
and lepton flavour are decoupled in the underlying theory has recently been presented
in Ref. [4], and further analysed in Ref. [7]. Two independent MLFV scenarios have
been identified. They are characterized by the different status assigned to the effective
Majorana mass matrix gν appearing as coefficient of the |∆L| = 2 dimension-five
operator in the low energy effective theory [8]:

Lνeff = − 1

ΛLN

gijν (L
ci

Lτ2H)(HT τ2L
j
L) + h.c. −→ mν =

gνv
2

ΛLN

(5)

n the truly minimal scenario (dubbed minimal field content), gν and the charged-
lepton Yukawa coupling (λe) are assumed to be the only irreducible sources of breaking
of Gℓ, the lepton-flavour symmetry of the low-energy theory.

The irreducible character of gν does not hold in many realistic underlying theories
with heavy right-handed neutrinos. For this reason, a second scenario (dubbed ex-
tended field content), with heavy right-handed neutrinos and a larger lepton-flavour
symmetry group, Gℓ×O(3)νR

, has also been considered. In this extended scenario, the
most natural and economical choice about the symmetry-breaking terms is the iden-
tification of the two Yukawa couplings, λν and λe, as the only irreducible symmetry-
breaking structures. In this context, gν ∼ λTν λν and the LN-breaking mass term of
the heavy right-handed neutrinos is flavour-blind (up to Yukawa-induced corrections):

Lheavy = −1

2
M ij

ν ν
ci
Rν

j
R + h.c. M ij

ν = Mνδ
ij

Lext
Y = LY + iλijν ν

i
R(HT τ2L

j
L) + h.c. (6)

n this scenario the flavour changing coupling relevant to li → ljγ decays reads

(∆ℓ
LR)MLFV ∝ λeλ

†
νλν →

me

v

Mν

v2
UPMNS (m1/2

ν )diagH
2(m1/2

ν )diag U
†
PMNS (7)

where H is an Hermitian-orthogonal matrix which can be parametrized in terms of
three real parameters (φi) which control the amount of CP-violation in the right-
handed sector [9]. In the CP-conserving limit, H → I and the phenomenological
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predictions for lepton FCNC decays turns out to be quite similar to the minimal field
content scenario [4].

Once the field content of model is extended, there are in principle many alternative
options to define the irreducible sources of lepton flavour symmetry breaking (see
e.g. Ref. [10] for an extensive discussion). However, the specific choice discussed
above has two important advantages: it is predictive and closely resemble the MFV
hypothesis in the quark sector. The νR’s are the counterpart of right-handed up
quarks and, similarly to the quark sector, the symmetry-breaking sources are two
Yukawa couplings.

The basic assumptions of the MLFV hypotheses are definitely less data-driven
with respect to the quark sector. Nonetheless, the formulation of an EFT based on
these assumptions is still very useful. As I will briefly illustrate in the following, it
allows us to address in a very general way the following fundamental question: how
can we detect the presence of new irreducible (fundamental) sources of LF symmetry
breaking?

4.1 Phenomenological consequences on LFV decays

Using the MLFV-EFT approach, one can easily demonstrate that –in absence of new
sources of LF violation– visible FCNC decays of µ and τ can occur only if there is
a large hierarchy between Λ (the scale of new degrees of freedoms carrying LF) and
ΛLN ∼ Mν (the scale of total LN violation) [4]. This condition is indeed realized
within the explicit extensions of the SM widely discussed in the literature which
predict sizable LF violating effects in charged leptons (see e.g. Ref. [11–14]).

More interestingly, the EFT allows us to draw unambiguous predictions about the
relative size of LF violating decays of charged leptons (in terms of neutrino masses
and mixing angles). At present, the uncertainty in the predictions for such ratios is
limited from the poorly constrained value of the 1–3 mixing angle in the neutrino mass
matrix (s13) and, to a lesser extent, from the neutrino spectrum ordering and the CP
violating phase δ. One of the clearest consequences from the phenomenological point
of view is the observation that if s13 >∼ 0.1 there is no hope to observe τ → µγ at
future accelerators (see Fig. 2). This happens because the stringent constraints from
µ→ eγ already forbid too low values for the effective scale of LF violation. In other
words, in absence of new sources of LF violation the most sensitive FCNC probe in
the lepton sector is µ→ eγ. This process should indeed be observed at MEG [15] for
very realistic values of the new-physics scales Λ and ΛLN. Interestingly enough, this
conclusion holds both in the minimal- and in the extended-field-content formulation
of the MLFV framework.

The expectation of a higher NP sensitivity of µ → µγ with respect to τ →
µγ (taking into account the corresponding experimental resolutions) is confirmed in
several realistic NP frameworks. This happens for instance in the MSSM scenarios
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Figure 2: Bτ→µγ = Γ(τ → µγ)/Γ(τ → µνν) compared to the µ → eγ constraint
within MLFV (minimal field content), as a function of the neutrino mixing angle
s13 [4]. The shading corresponds to different values of the phase δ and the nor-
mal/inverted spectrum. The NP scales have been set to ΛLN/Λ = 1010; their variation
affects only the overall vertical scale.

analysed in Ref. [12–14] (see Fig. 3) with the exception of specific corners of the
parameter space [12].

4.2 Leptogenesis

In the MLFV scenario with extended field content we can hope to generate the ob-
served matter-antimatter asymmetry of the Universe by means of leptogenesis [16].
The viability of leptogenesis within the MLFV framework, which has recently been
demonstrated in Ref. [17–19], is an interesting conceptual point: it implies that there
are no phenomenological motivations to introduce new sources of flavour symmetry
breaking in addition to the four λi (the three SM Yukawa couplings and λν).

A necessary condition for leptogenesis to occur is a non-degenerate heavy-neutrino
spectrum. Within the MLFV framework, the tree-level degeneracy of heavy neutrinos
is lifted only by radiative corrections, which implies a rather predictive/constrained
scenario. The most general form of the νR mass-splittings has the following structure:

∆MR

MR
= cν

[
λνλ

†
ν + (λνλ

†
ν)
T
]

+ c(1)νν
[
λνλ

†
νλνλ

†
ν + (λνλ

†
νλνλ

†
ν)
T
]

+c(2)νν
[
λνλ

†
ν(λνλ

†
ν)
T
]

+ c(3)νν
[
(λνλ

†
ν)
Tλνλ

†
ν

]
+ cνl

[
λνλ

†
eλeλ

†
ν + (λνλ

†
eλeλ

†
ν)
T
]

+ . . .

Even without specifying the value of the ci, this form allows us to derive a few general
conclusions [17]:
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Figure 3: Left: Isolevel curves for B(µ→ eγ) and B(τ → µγ) in the MSSM scenario
of Ref. [13]. Right: B(µ→ eγ) vs. B(τ → µγ) in the MSSM scenario of Ref. [14]

• The term proportional to cν does not generate a CPV asymmetry, but sets the
scale for the mass splittings: these are of the order of magnitude of the decay
widths, realizing in a natural way the condition of resonant leptogenesis.

• The right amount of leptogenesis can be generated even with λe = 0, if all
the φi (the CP-violating parameters of H) are non vanishing. However, since
λν ∼

√
Mν , for low values of Mν (. 1012 GeV) the asymmetry generated by the

cνl term dominates. In this case ηB is typically too small to match the observed
value and has a flat dependence on Mν . At Mν & 1012 GeV the quadratic terms

c
(i)
νν dominate, determining an approximate linear growth of ηB with Mν . These

two regimes are illustrated in Fig.4.

As shown in in Fig.4, baryogenesis through leptogenesis is viable in MLFV models.
In particular, assuming a loop hierarchy between the ci (as expected in a perturbative
scenario) and neglecting flavour-dependent effects in the Boltzmann equations (one-
flavour approximation of Ref. [20]), the right size of ηB is naturally reached for Mν &

1012 GeV [17]. As shown in Ref. [18, 19], this lower bound can be weakened by
the inclusion of flavour-dependent effects in the Boltzmann equations and/or by the
tan β-enhancement of λe occurring in two-Higgs doublet models.

From the phenomenological point of view, an important difference with respect
to the CP-conserving case is the fact that non-vanishing φi change the predictions of
the LFV decays, typically producing an enhancement of the B(µ → eγ)/B(τ → µγ)
ratio. The effect of the new phases is moderate and the CP-conserving predictions
are recovered only for Mν ≫ 1012 GeV.
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Figure 4: Left: Baryon asymmetry (ηB) as a function of the right-handed neutrino
mass scale (Mν) for cνl = 0 (cyan circles) and cνl 6= 0 (violet crosses) in the MLFV
framework with extended field content [17]. Right: ηB as a function of Mν with the
inclusion of flavour-dependent effects [18].

5 MFV in Grand Unified Theories

Once we accept the idea that flavour dynamics obeys a MFV principle, both in the
quark and in the lepton sector, it is interesting to ask if and how this is compatible
with a grand-unified theory (GUT), where quarks and leptons sit in the same rep-
resentations of a unified gauge group. This question has recently been addressed in
Ref. [21], considering the exemplifying case of SU(5)gauge.

Within SU(5)gauge, the down-type singlet quarks (dciR) and the lepton doublets
(LiL) belong to the 5 representation; the quark doublet (QiL), the up-type (uciR) and
lepton singlets (eciR) belong to the 10 representation, and finally the right-handed
neutrinos (νiR) are singlet. In this framework the largest group of flavour trans-
formation commuting with the gauge group is GGUT = SU(3)5 × SU(3)10 × SU(3)1,
which is smaller than the direct product of the quark and lepton groups discussed
before (Gq × Gl). We should therefore expect some violations of the MFV+MLFV
predictions, either in the quark sector, or in the lepton sector, or in both.

A phenomenologically acceptable description of the low-energy fermion mass ma-
trices requires the introduction of at least four irreducible sources of GGUT breaking.
From this point of view the situation is apparently similar to the non-unified case:
the four GGUT spurions can be put in one-to-one correspondence with the low-energy
spurions λu,λd, λe, and λν . However, the smaller flavour group does not allow the
diagonalization of λd and λe (which transform in the same way under GGUT) in the
same basis. As a result, two additional mixing matrices can appear in the expressions
for flavour changing rates [21]. The hierarchical texture of the new mixing matri-
ces is known since they reduce to the identity matrix in the limit λTe = λd. Taking
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into account this fact, and analysing the structure of the allowed higher-dimensional
operators, a number of reasonably firm phenomenological consequences can be de-
duced [21]:

• There is a well defined limit in which the standard MFV scenario for the quark
sector is fully recovered: Mν ll1012 GeV and small tan β (in a two-Higgs doublet
case). For Mν ∼ 1012 GeV and small tanβ, deviations from the standard MFV
pattern can be expected in rare K decays but not in B physics.1 Ignoring
fine-tuned scenarios, Mν ≫ 1012 GeV is excluded by the present constraints
on quark FCNC transitions. Independently from the value of Mν , deviations
from the standard MFV pattern can appear both in K and in B physics for
tan β >∼ mt/mb (see the next section).

• Contrary to the non-GUT MFV framework, the rate for µ → eγ (and other
LFV decays) cannot be arbitrarily suppressed by lowering the average mass Mν

of the heavy νR. This fact can easily be understood by looking at the flavour
structure of the relevant effective couplings, which now assume the following
form:

(∆ℓ
LR)MFV−GUT = c1 λeλ

†
νλν + c2 λuλ

†
uλe + c3 λuλ

†
uλ

T
d + . . . (8)

In addition to the terms involving λν ∼
√
Mν already present in the non-unified

case, the GUT group allows also Mν-independent terms involving the quark
Yukawa couplings. The latter become competitive for Mν <∼ 1012 GeV and
their contribution is such that for Λ <∼ 10 TeV the µ → eγ rate is above 10−13

(i.e. within the reach of MEG [15]).

• Improved experimental information on τ → µγ and τ → eγ are a now a key tool:
the best observables to discriminate the relative size of the MLFV contributions
with respect to the GUT-MFV ones. In particular, if the quark-induced terms
turn out to be dominant, the B(τ → µγ)/B(µ → eγ) ratio could reach values
of O(10−4), allowing τ → µγ to be just below the present exclusion bounds.

6 The large tanβ scenario

The conclusions discussed in the previous section are very general and holds in most
GUT theories. The large tanβ regime represents a more specific corner of GUT

1 The conclusion that K decays are the most sensitive probes of possible deviations from the
strict MFV ansatz follows from the strong suppression of the s→ d short-distance amplitude in the
SM [VtdV

∗
ts = O(10−4)], and goes beyond the hypothesis of an underlying GUT. This is the reason

why K → πνν decays, which are the best probes of s → d ∆F = 1 short-distance amplitudes [22],
play a key role in any extension of the SM containing non-minimal sources of flavour symmetry
breaking, as confirmed by recent analyses performed in the framework of the Little Higgs model
with T parity [23], and in the MSSM with non-minimal A terms [24].
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Figure 5: Correlations in the MH–tan β plane within the MSSM for heavy squarks
(µ = Mq̃ = 2Mℓ̃ = 3M2 ≈ 1 TeV, AU = −/+ 1 TeV in the left/right plot) [30].
RBτν = B(B → τν)/BSM(B → τν).

models, which is particularly interesting for flavour physics. Tanβ = vu/vd, denotes
the ratio of the two Higgs vacuum expectation values, which in many extensions of
the SM are coupled separately to up- and down-type quarks (consistently with the
MFV hypothesis). This parameter controls the overall normalization of the Yukawa
couplings. The regime of large tan β [tanβ = O(mt/mb)] has an intrinsic theoret-
ical interest since it allows the unification of top and bottom Yukawa couplings, as
predicted for instance in SO(10).

Since the b-quark Yukawa coupling become O(1), the large tanβ regime is particu-
larly interesting forB physics, even in absence of deviations from the MFV hypothesis.
One of the most clear phenomenological consequences is the suppression of theB → ℓν
decay rate with respect to its SM expectation [25]. Potentially measurable effects are
expected also in B → Xsγ, ∆MBs and, especially, in the helicity-suppressed FCNC
decays Bs,d → ℓ+ℓ−. The recent experimental evidence of B → τν at Belle [26] and
Babar [28], the precise ∆MBs measurement by CDF [28], and the constantly improv-
ing bounds on Bs,d → ℓ+ℓ− by both CDF and D0 [29], make this scenario particularly
interesting and timing from the phenomenological point if view.

Within the EFT approach where all the high degrees of freedom –but for the Higgs
fields– are integrated out [3], we cannot establish well-defined correlations among
these observables. However, the scenario becomes quite predictive within a more
ambitious EFT: the MSSM with MFV. As recently shown in Ref. [30,31], in the MFV-
MSSM with large tanβ and heavy squarks, interesting correlations can be established
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among the B observables mentioned above and two flavour-conserving observables:
the anomalous magnetic moment of the muon and the lower limit on the lightest
Higgs boson mass. An illustration of these correlations is shown in Fig. 5.

Present data are far from having established a clear evidence for such scenario (as
for any deviation from the SM). Nonetheless, it is interesting to note that this scenario
can naturally solve the long-standing (g − 2)µ anomaly and explain in a natural why
the lightest Higgs boson has not been observed yet. Moreover, it predicts visible
deviations from the SM in B(B → τν) (most likely a suppression, of at least 10%)
and Bs,d → ℓ+ℓ− (most likely a enhancement, up to a factor of 10), which could
possibly be revealed in the near future. Finally, the parameter space which leads to
these interesting effects can also naturally explain why B(B → Xsγ) and ∆MBs are
in good agreement with the SM expectations [30].

The observables B(B → τν), B(Bs,d → ℓ+ℓ−) and (g − 2)µ can be considered as
the most promising low-energy probes of the MSSM scenario with heavy squarks and
large tan β. Nonetheless, interesting consequences of this scenario could possibly be
identified also in other observables. In particular, as pointed out in [32], if the slepton
sector contains sizable sources of LFV, we could even hope to observe violations of
lepton universality in the B(P → ℓν)/B(P → ℓ′ν) ratios. Deviations from the SM
can be O(1%) in B(K → eν)/B(K → µν) [32], and can reach O(1) and O(103) in
B(B → µν)/B(B → τν) and B(B → eν)/B(B → τν), respectively [30].

7 Conclusions

Rare decays of quarks and leptons provide a unique opportunity to shed more light on
the underlying mechanism of flavour mixing. The discovery of neutrino oscillations,
which has opened a new era in flavour physics, gives us more hopes in this respect. As
we have shown by means of a general EFT approach to physics beyond the SM, under
rather general hypothesis (quark-lepton unification and new physics in the TeV range)
neutrino oscillations imply the existence of interesting non-standard effects also in rare
decays of charged leptons and, possibly, in a few rare B and K decay observables.

The most solid and exciting expectation is a µ → eγ branching ratio exceeding
10−13, i.e. within the reach of the MEG experiment. In more specific scenarios, we
could also observe sizable non-standard effects in rare FCNC τ and K decays and
–particularly in the large tanβ regime of the MSSM– in the purely leptonic decays of
both charged and neutral B mesons.
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