
D and Ds Decays and Dalitz Analyses

David G. Cassel

Cornell University

• Absolute D0 and D+ Branching Fractions

• Cabibbo Suppressed D0 and D+ Decays

• Doubly Cabibbo Suppressed D0 and D+ Decays

• Absolute Ds Branching Fractions

• Inclusive D0, D+, and Ds decays to ss̄

• Dalitz Analyses

• Summary and Conclusions

Leptonic and Semileptonic

Charm Decays

Hanna Mahlke

Cornell University
Heavy Quarks and Leptons

Munich, Germany

October 2006

Leptonic and Semileptonic

Charm Decays

Hanna Mahlke

Cornell University
Heavy Quarks and Leptons

Munich, Germany

October 2006

Heavy Quarks and Leptons 2006

München October 18, 2006



e+e− → ψ(3770) → DD̄ Events and Analyses

e+e− → ψ(3770) → D+D−

D+ → K−π+π+ and D− → K+π−π−

• CLEO-c uses D+ and D0 decays from

e+e− → ψ(3770) → D+D− or D0D̄0

• No additional pions produced

• Extremely clean events

• Leptonic, semileptonic, and key

hadronic branching fractions measured

with a double tagging technique

• Other branching fractions

measured relative to a reference

mode, usually D0 → K−π+ or

D+ → K−π+π+

• Absolute branching fractions for key

Cabibbo Favored hadronic modes were

published with 56 pb−1of data.

• Preliminary update with 281 pb−1

reported for the first time here

• Some other branching ratios utilizing

281 pb−1 already published or

submitted for publication



Absolute D0 and D+ Hadronic Branching Fractions

Utilize technique pioneered by MARK III

• Single Tag (ST) Yields D → i and D̄ → X Ni = NDD̄ Bi εi

• Double Tag (DT) Yields D → i and D̄ → j̄ Nij̄ = NDD̄ Bi Bj̄ εij̄
• Obtain ST and DT yields from fits to beam constrained mass distributions

• Compute branching fractions and NDD̄

Bi =
Nij̄

Nj̄

εj̄

εij̄
and NDD̄ =

NiNj̄

Nij̄

εij̄

εiεj̄
• Do a χ2 fit including all yields and all errors – correlated and uncorrelated.

Yields from 281 pb−1

• ST all modes: 230,225 D0/D̄0 167,086 D+/D−

• DT all modes: 13, 575 ± 120 D0D̄0 8, 867 ± 97 D+D−
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Absolute Hadronic D0 and D+ Branching Fractions

CLEO-c 281 pb−1 Preliminary

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

• Systematic errors dominate!

• Conservative now – little

change from 56 pb−1 results

• Expect some improvement

• Final State Radiation

included in efficiency MC

• Without FSR in MC

B’s would decrease by ∼< 2%

0.4 0.6 0.8 1.0 1.2 1.4 1.6

B(CLEO)/B(PDG04)

Compare to PDG04 because PDG06

includes CLEO-c 56 pb−1 in averages

2% for B(D0 → K−π+)



Singly-Cabibbo-Suppressed D0 and D+ Decays to Pions
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D Hadronic BF (Cabibbo-Suppressed)

1.82 ± 0.251.60 ± 0.18 ± 0.17π+π+π+π− π−
---11.6 ± 0.4 ± 0.7π+π+π−π0

---4.8 ± 0.3 ± 0.4π+π0π0

3.1 ± 0.43.35 ± 0.10 ± 0.20π+π+π−
1.33 ± 0.221.25 ± 0.06 ± 0.08π+π0

---4.1 ± 0.5 ± 0.2π+π+π− π−π0

---9.9 ± 0.6 ± 0.7π+π− π0π0

7.3 ± 0.57.3 ± 0.1 ± 0.3π+π+π− π−
11 ± 413.2 ± 0.2 ± 0.5π+π−π0

0.84 ± 0.220.79 ± 0.05 ± 0.04π0π0

1.38 ± 0.051.39 ± 0.04 ± 0.03π+π−
PDG (10-3)CLEO-cB (10-3)

π+π0 π+π+π- π+π0π0

π+π+π-π0 π+π+π+π-π- Κ−π+π+

π+π- π0π0

π+π- π+π-π0π+π- π+π-

π+π-π0

π+π- π0π0 Isospin Analysis
of ππ final state
A(ΔI=2)/A(ΔI=0)
 = 0.420±0.014 ±0.010
Strong phase shift:
δ = (86.4±2.8±3.3)0

Large FSI in D decays..
Other first/improved BF’s
D0ηπ0, ωπ+π-, D+ηπ+ 

CLEO-c 281 pb−1

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

• Reference branching fractions used

(CLEO-c and PDG 2004 averages)

• B(D0 → K−π+) = (3.84 ± 0.07)%

• B(D+ → K−π+π+) = (9.4 ± 0.3 )%

BaBar B(D+ → π+π0) with DCSD B(D+ → K+π0)



Singly-Cabibbo-Suppressed D0 and D+ Decays to Pions

Searches for η and ω in multipion D0 and D+ decays
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Look for net M(π+π−π0) signals

in signal and sideband regions of

∆E ≡ E(D) − Ebeam

Mode B (10−3)

ηπ0 0.62 ± 0.14 ± 0.05

ηπ+ 3.61 ± 0.25 ± 0.26

ηπ+π− < 1.9 (90% CL)

ωπ0 < 0.26 (90% CL)

ωπ+ < 0.34 (90% CL)

ωπ+π− 1.7 ± 0.5 ± 0.2

Isospin Amplitudes in D → ππ decay

• Amplitudes A0 and A2 for D → ππ to I = 0, 2 states

• Determine A2/A0 = 0.420 ± 0.014 ± 0.001 and δ = (86.4 ± 2.8 ± 3.3)◦

(relative phase) from B(π+π−), B(π0π0), and B(π+π0)

• Indicates that final state interactions are important in D → ππ decay



Singly-Cabibbo-Suppressed D0 Decays

BaBar

Belle
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T. Uglov p. 13 D0 → π−π+π0(Belle Conf. #0608)

ICHEP’2006 Moscow, Russia July 27, 2006

22.86 ± 0.20 · 103
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• Note: different x-axes

• BaBar: D∗+ → D0π+ tag

• Belle: Uglov ICHEP06

• Used B(D0 → K−π+π0)

from PDG 2006

B(D0 → π+π−π0) Luminosity

BaBar (1.493 ± 0.008 ± 0.018 ± 0.053) × 10−2 232 fb−1

CLEO-c (1.32 ± 0.02 ± 0.05 ± 0.02 ) × 10−2 281 pb−1

Belle Preliminary (1.40 ± 0.01 ± 0.04 ± 0.05 ) × 10−2

B(D0 → K−K+π0)

BaBar (0.334 ± 0.004 ± 0.006 ± 0.012) × 10−2

PDG 2006 (0.13 ± 0.04) × 10−2



FOCUS Multi-Kaon Modes
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Mode FOCUS B (10−3)

D0 → K0K̄0 0.86 ± 0.19 ± 0.10 ± 0.05 SCSD

D0 → K−K+π+π− 2.20 ± 0.08 ± 0.06 ± 0.09 SCSD

D0 → K0
SK

0
Sπ

+π− 1.24 ± 0.21 ± 0.13 ± 0.07 SCSD

D0 → K0
SK

0
SK

±π∓ 0.63 ± 0.11 ± 0.06 ± 0.04 CF

D0 → K0
SK

0
SK

0
S 1.07 ± 0.16 ± 0.16 ± 0.06 CF

Used reference branching fractions from PDG 06

• B(D0 → K−π+π+π−) for D0 → K−K+π+π− decay

• B(D0 → K̄0π+π−) for all other modes

Dalitz Analysis of D0 → K−K+π+π− later



Doubly-Cabibbo-Suppressed D Decays

BaBar

K+π0 First

Observation

CLEO-c
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D+ → π+π0 (SCSD) D+ → K+π0 (DCSD)

Collaboration 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

(The CLEO-c result for D+ → π+π0 is from the SCSD analysis.)



Comparison of D → K0
Sπ and D → K0

Lπ Decay Rates

Cabibbo-Favored and Doubly-Cabibbo-Suppressed amplitudes for D → K0π.

• Observed final states are K0
S and K0

L

• Interference between CF and DCS amplitudes

can lead to different rates for D → K0
Sπ and

D → K0
Lπ

(Bigi and Yamamoto)

• Reconstruct D → K0
Lπ from missing mass

R(D) ≡
B(D → K0

Sπ) − B(D → K0
Lπ)

B(D → K0
Sπ) + B(D → K0

Lπ)

CLEO-c Preliminary

R(D+) 0.030 ± 0.023 ± 0.025

R(D0) 0.122 ± 0.024 ± 0.030

• U-spin and SU(3) predict

R(D0) = 2 tan2(θc) which gives

R(D0) = 0.109 ± 0.001

• R(D+) not so simple:

D+ → K̄0π+ external & internal spectator

D+ → K0π+ external spectator & annihilation

D+ → Xπ+

4

on extra π0’s (±1.6%), the veto on η’s (±0.5%), and the
uncertainty in the location and width of the signal peak
(±1.4%). Other uncertainties come from the background
estimate (±1.0%), ∆E sideband subtraction (±0.5%),
and the tag bias correction factor (±0.2%). These sys-
tematics total ±2.5%. As in D0 → K0

Sπ
0, π0 efficiency

(±3.8%) is the largest systematic uncertainty; it cancels
in the comparison of D0 → K0

Sπ
0 and D0 → K0

Lπ
0.

We have determined B(D0 → K0
Lπ

0)(1 + 2rfzf + r2f )
for three different flavor tags f . Previously, we calculated
(1 − 2rfzf + r2f ) from untagged and tagged D0 → K0

Sπ
0

measurements. Using values of r2f from Belle [9, 10], we

calculate (1 + 2rfzf + r2f ) and then B(D0 → K0
Lπ

0) for
each tag mode. Finally, we average the results from the
three tag modes and find B(D0 → K0

Lπ
0) = (0.986 ±

0.049 ± 0.028 ± 0.038)%, where the last uncertainty is
from the π0 efficiency.

The analysis ofD+ → K0
Lπ

+ is similar toD0 → K0
Lπ

0,
though there are a few differences. Since we reconstruct
a π+ instead of a π0, the M2

miss resolution is better. Also,
we do not need to correct for quantum correlation. The
most significant difference in procedure is that we per-
form a likelihood fit for the signal and background yields
instead of counting events in a signal region.

We reconstruct tag D−’s in six decay modes: D− →
K+π−π−, K+π−π−π0, K0

Sπ
−, K0

Sπ
−π0, K0

Sπ
−π−π+,

and K+K−π−. As before, candidates must have ∆E
consistent with zero. We select one candidate per charge
per mode based on the best value of ∆E. We fit the MBC

distribution for each mode to determine the number of
tags, and then pass all candidates with MBC near the
peak to be combined with π+’s.

The M2
miss distribution, with all tag modes added to-

gether, is shown in Fig. 2. The lines show a fit used to
determine the signal yield. The most prominent feature is
the signal peak at the K0

L mass squared (∼0.25 GeV2).
A number of backgrounds are also present. First, fake
D− candidates produce a background which is estimated
from an MBC sideband. All of the other backgrounds
come from other D+ decays. The largest of these are
D+ → K0

Sπ
+ (dashed, green peak under the signal), ηπ+

(peak on the right-side tail of the signal), π0π+ and µ+νµ

(peak on the left of the plot), K̄0π+π0, and π+π0π0. The
shapes and efficiencies of these backgrounds are deter-
mined from Monte Carlo simulations.

Although Fig. 2 shows all tag modes together, we actu-
ally fit each tag mode separately. We calculate a branch-
ing fraction from each tag mode using the tag bias cor-
rection factor, efficiency, tag D− yield, and signal D+ →
K0

Lπ
+ yield for that mode. The tag bias correction varies

from 1.005 (for K+π−π−) to 1.047 (for K0
Sπ

−π−π+).
The efficiency averages to 81.6%, and depends little on
tag mode. There are a total of 165× 103 tags, and a to-
tal D+ → K0

Lπ
+ yield of 2023±54 events. The branching

fractions calculated from the six different tag modes are
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FIG. 2: Fit for D+
→ K0

Lπ
+ yield using all tag modes. The

many colored lines represent the various background compo-
nents, added cumulatively. The green, dashed peak is the
contribution of D+

→ K0
Sπ

+ events that are not removed by
the extra track and π0 vetoes.

averaged to produce the result, (1.460 ± 0.040)%, where
the quoted uncertainty is statistical only.

Systematic uncertainties include those from: pion re-
construction efficiency (±0.35%) and particle identifica-
tion (±0.25%), tag bias correction factor (±0.2%), charge
of the tag D (±0.5%), extra track and extra π0 ve-
toes (±1.1%), signal peak shape (±0.7%), signal peak
width (±1.6%), contribution of fake D− tags (±0.4%),
and M2

miss background yields (±0.8% from statistical un-
certainty in K0

Sπ
+ background, ±0.3% from B(D+ →

K0
Sπ

+), and ±0.5% from all other backgrounds). The
total systematic uncertainty is ±2.4%.

The branching fraction, with systematics, is B(D+ →
K0

Lπ
+) = (1.460 ± 0.040 ± 0.035 ± 0.004)%. The final

uncertainty is the systematic uncertainty due to the input
value of B(D+ → K0

Sπ
+).

To compare D → K0
Sπ and D → K0

Lπ, we compute
the asymmetries

R(D) ≡
B(D → K0

Sπ) − B(D → K0
Lπ)

B(D → K0
Sπ) + B(D → K0

Lπ)
.

TheD0 asymmetry (in which the π0 efficiency systematic
cancels) is R(D0) = 0.122±0.025±0.019. Using B(D+ →
K0

Sπ
+) = (1.552±0.022±0.029)% [6], theD+ asymmetry

is R(D+) = 0.031± 0.016± 0.016.

The asymmetry between D0 → K0
Sπ

0 and D0 →
K0

Lπ
0 is consistent with SU(3) symmetry, and in par-

ticular the U-spin subgroup of SU(3). U-spin predicts
A(D0 → K0π0)/A(D0 → K̄0π0) = − tan2 θC , where
θC is the Cabibbo angle. This prediction is relatively
insensitive to SU(3) breaking [11]. The amplitude ra-
tio can also be predicted from diagrams for these two
processes; both have spectator and exchange diagrams

D0 → Xπ0

3

TABLE II: Efficiency, yields, and results for tagged D0
→

K0
Sπ

0 study. No systematic uncertainties are included in the
quoted results.

Tag mode K+π− K+π−π0 K+π−π−π+

Efficiency 31.47% 31.02% 29.71%
Tag yield - raw 48095 67576 75113
Sideband subtracted 47440 63913 71040
Signal yield - raw 172 248 276
Sideband subtracted 155 203 256
Tag bias correction 1.000 1.014 1.033
(1 − 2rfzf + r2f )
×B(K0

Sπ
0) (%) 1.04±0.09 1.01±0.09 1.17±0.08

the same effect on the tag and signal yields.

Finally, we divide these results by B(D0 → K0
Sπ

0),
from the untagged measurement, to obtain the three
quantum correlation factors (1 − 2rfzf + r2f ), where f
represents the tag mode. We will use these results to
calculate B(D0 → K0

Lπ
0).

We measure the D → K0
Lπ branching fractions with

a missing mass technique. We reconstruct the tag D̄
in 3 D̄0 modes and 6 D− modes, and we combine it
with a π0 or π+ to form missing mass squared: M 2

miss ≡
(pevent − pD̄ − pπ)2. To improve resolution, the tag D̄
is constrained to have the expected 3-momentum magni-
tude. The D → K0

Lπ signal is a peak in M2
miss at the K0

L

mass squared (∼ 0.25 GeV2).

To remove D → K0
Sπ events, as well as other back-

grounds, we require that the event contain no extra tracks
or π0’s beyond those used in the tag D̄ and the π. This
veto removes about 90% of D → K0

Sπ events and a few
percent of D → K0

Lπ events. For D0 → K0
Lπ

0 only, we
also remove an event if it contains an extra η → γγ. This
removes much of the D0 → ηπ0 background.

As in the tagged D0 → K0
Sπ

0 study, the tag D̄ re-
construction efficiency is higher when D decays to K0

Lπ;
therefore we apply correction factors determined from
Monte Carlo simulations. The efficiency for observing
D → K0

Lπ, given that the tag was found, is also deter-
mined by Monte Carlo simulation. It is essentially the
efficiency for finding the π without any fake extra parti-
cles.

For the D0 → K0
Lπ

0 branching fraction measurement,
the same three D̄0 decay modes are selected with the
same requirements as in the tagged D0 → K0

Sπ
0 study,

except that a slightly different selection is used for the
K+π−π0 tag. Combining these D̄0 candidates with π0

candidates and rejecting events with extra tracks, π0’s,
or η’s, we obtain the M2

miss plot shown in Fig. 1.

A number of backgrounds slip through our extra track,
π0, and η vetoes and appear in the M 2

miss plot. The
modes K0

Sπ
0 and ηπ0 appear as peaks at essentially the

same location asK0
Lπ

0, π0π0 peaks atM2
miss ≈ 0.0 GeV2,

and K∗0π0 peaks at 0.8 GeV2. Other, lesser backgrounds
also appear to the right of theK0

Lπ
0 peak. In total, about

)2Missing mass squared (GeV
-0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4

)2
Ev

en
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FIG. 1: Missing mass squared distribution, with all tag modes
combined, for D0

→ Xπ0, after removing events with extra
tracks, π0’s, or η’s. The points with error bars are data,
and the solid line is a Monte Carlo simulation. The dashed,
colored lines represent simulations of the peaking backgrounds
D0

→ π0π0, K0
Sπ

0, ηπ0, and K∗0π0.

TABLE III: Efficiency, yields, and results forD0
→ K0

Lπ
0. No

systematic uncertainties are included in the quoted results.

Tag mode K+π− K+π−π0 K+π−π−π+

Efficiency 55.21% 52.72% 49.88%
Tag yield - raw 48095 68000 75113
Sideband subtracted 47440 64280 71040
Signal yield - raw 367.0 414.5 466.5
Background subtracted 334.8 363.1 418.0
Tag bias correction 1.000 1.037 1.057
(1 + 2rfzf + r2f )
×B(K0

Lπ
0) (%) 1.28±0.08 1.03±0.06 1.12±0.06

10% of the events in the signal region are background,
with half coming from K0

Sπ
0, 1/10 from each of ηπ0 and

π0π0, and 3/10 from the rest. Monte Carlo simulation of
these backgrounds is shown in Fig. 1.

To determine the signal and estimate the background,
we define a M2

miss signal region 0.1 to 0.5 GeV2, as well
as low and high sidebands: −0.1 to 0.1 GeV2 and 0.8 to
1.2 GeV2. The backgrounds are split into three groups:
D0 → K0

Sπ
0 and D0 → ηπ0; D0 → π0π0; and all other

backgrounds. For D0 → K0
Sπ

0 and D0 → ηπ0, we use
Monte Carlo simulation to determine efficiencies for the
background subtraction. For D0 → π0π0, we scale the
contribution to the signal region according to the yield in
the low sideband. For the sum of all other backgrounds,
we follow the same procedure with the high sideband.

After subtracting all the backgrounds, we obtain the
yields and compute branching fractions, times quantum
correlation factors, in Table III.

Systematic uncertainties come from the effect on signal
efficiency of the veto on extra tracks (±0.3%), the veto



Ds Production Cross Section

• Little was know about the composition

of σ(e+e−) above Ecm = 3.8 GeV.

• CLEO scan with ∼ 5 pb−1 per point with

fast turnaround and feedback

• More luminosity in the region around

Ecm = 4.17 GeV where D±
s D

∗∓
s peaks

• σ(e+e− → D±
s D

∗∓
s ) ≈ 0.9 nb

November 17, 2005 Ron Poling – CESR/CLEO PAC 3

What center-of-mass energy is 
optimal for studying Ds physics?
• Roadmap:

– R measurements
– Very limited data on 

charm production
– Theory, simulations

• Tentative Plan:
– ~5/pb per point, bail 

fast if not promising
– Repeat/add points as 

needed



Selecting D±
s D

∗∓
s Events

e+e− → D∗
s Ds → D+

s D
−
s γ

Ignore the γ or π0 from D∗
s decay

Select D±
s D

∗∓
s events using:

• Candidate invariant mass minv

• Candidate mBC (a proxy for momentum)Kinematic Separation at Ecm = 4.17 GeV

 (GeV)BCm
1.85 1.9 1.95 2 2.05

 (
G

eV
)

in
v

m
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√
E 2

beam − ~p2
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DD D∗D D∗D∗

DsDs D∗
s Ds

D∗ refl
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Analyzing D±
s D

∗∓
s Events

Measuring ST and DT events:

• Require Mbc > 2.01 GeV

• Fit ST M(Ds) candidate invariant mass

distribution

• Cut DT in M(D−
s ) vs M(D+

s ) plane

• Blue box signal

• Red boxes sidebands



Absolute Hadronic Ds Branching Fractions

CLEO-c Preliminary

195 pb−1 of data

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

Additional 130 pb−1 to be analyzed

Comparison with PDG 2006

BF/PDG 2006 fit
0.6 0.8 1 1.2 1.4 1.6 1.8 2

’η +π

η +π

-π +π +π

+π - K+K

+ KSK

’η +π

η +π

-π +π +π

+π - K+K

+ KSK

PDG 2006 fit

PDG 2006 fit, BR error only

-1CLEO Preliminary, 195 pb

Belle measures B(D+
s → K−K+π+) utilizing a partial

reconstruction technique for e+e− → Ds1D
∗
s events

(R. Uglov ICHEP06)

B(D+
s → K−K+π+) (%)

CLEO Preliminary 5.57 ± 0.30 ± 0.19

Belle Preliminary 4.1 ± 0.4 ± 0.4



Partial D+
s → K−K+π+ Branching Fractions

B(D+
s → φπ+ → K−K+π+) is one of the largest Ds branching fractions

• A branching fraction called B(D+
s → φπ+) has often been used as a reference

branching fraction for Ds decays.

• Derived from a narrow mass cut around the φ peak in the M(K+K−)

distribution in D+
s → K−K+π+ events.

• E687 has published and FOCUS has reported significant contributions from

f0(980) (or a0(980)) in the φπ region of the D+
s → K−K+π+ Dalitz plot.

• These scalar contributions (∼ 5)% under the φ peak in M(K+K−) are

comparable to current CLEO-c errors for B∆M ≡ B(D+
s → K−K+π+) with

|M(K−K+) −Mφ| < ∆M MeV/c2.

• PDG and HEP community need to decide how to deal with this in the future

CLEO-c Preliminary

B∆M (%)

B10 1.98 ± 0.12 ± 0.09

B20 2.25 ± 0.13 ± 0.12

PDG 06 1.77 ± 0.44

PDG 06 unfolded from

B(φ → K−K+) and

reported B(D+
s → φπ+)



CLEO-c Inclusive D0, D+, and Ds decays to ss̄Inclusive D0, D+, and Ds decays to ss̄

Inclusive D0, D+, and Ds decays to ss̄

D0 → η′X D+ → η′X Ds → η′X

Inclusive D0, D+, and Ds decays to ss̄

D0 → η′X D+ → η′X Ds → η′XInclusive D0, D+, and Ds decays to ss̄

D0 → η′X D+ → η′X Ds → η′X

Inclusive D0, D+, and Ds decays to ss̄

D0 → η′X D+ → η′X Ds → η′X M(η′) − M(η) GeV

Inclusive D0, D+, and Ds decays to ηX, η′X , and φX

• For these ss̄ states larger branching fractions for

Ds than for D0 and D+

• Fully reconstruct one D and then search for η, η′ and

φ from the other D.

• CLEO utilizes

281 pb−1 of ψ(3770) data for D0 and D+

195 pb−1 of Ecm ≈ 4.17 GeV data for Ds

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

• Qualitative observations:

• η′ and φ relatively rare in D0 and D+ decay

• η with lower mass and larger light quark content is

produced at substantially higher rates in D0 & D+

• φ rate higher in Ds decay than in D0 and D+ decay

• can utilize higher φ rates to separate Ds from

D0 and D+ at Υ(5S) and hadron colliders



E791 and FOCUS Dalitz Analyses of D+ → π+π+π− Decays

m2
π+π− (GeV2/c4)

E791 Dalitz Analysis

• s12 and s13 are mπ+π−

• Dalitz plot symmetrized

about the line s12 = s13

• σ0π+ for low mπ+π− peak

• (a) without σ0π+

• (b) with σ0π+

• Also ρ0π+, f2(1270)π
+, . . .
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FOCUS Dalitz Analysis

• Used K Matrix formalism

• Low mπ+π− peak from

combination of resonances,

f0(980), . . .

• Also ρ0π+ and f2(1270)π
+



CLEO-c Dalitz Analysis of D+ → π+π+π− Decays
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Z axis is mπ+π+

CLEO-c Preliminary

Isobar model like E791

• Removed K0
S mass region

• σ0π+ for low mπ+π− peak

• Preliminary Fit Fraction results

CLEO (%) E791 (%)

ρ0π+ 20.0 ± 2.5 33.6 ± 3.9

σ0π+ 41.8 ± 2.9 46.3 ± 9.2

f2(1270)π
+ 18.2 ± 2.7 19.4 ± 2.5

f0(908)π
+ 4.1 ± 0.9 6.1 ± 1.4

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

E791 & CLEO-c general agreement

Future: K-Matrix fit like FOCUS



CLEO-III Dalitz Analysis of D0 → K+K−π0 Decays

CKM angle γ (φ3) can be measured in B± → D0(D̄0)K±

with D0/D̄0 decaying to K∗+K− or K∗−K+

• Need relative complex amplitude for

D̄0 → K∗+K− and D0 → K∗+K−

• Same as relative complex amplitude rDe
iφD for

D0 → K∗−K+ and D0 → K∗+K−

(assuming CP conservation in these decays)

• CLEO finds:

• rD = 0.52 ± 0.05 ± 0.04

• φD = 332◦ ± 8◦ ± 11◦

Projected fits



Dalitz Analyses of D → K0
Sπ

+π− to Measure γ or φ3

BaBar

)4/c2 (GeV2
+m

1 2 3
0

500

1000

1500

2000 c)

)4/c2 (GeV2
-m

1 2 3
0

2000

4000

6000

8000

b)

)4/c2 (GeV-π+π
2m

0 0.5 1 1.5 2
0

500

1000

1500

2000
d)

Belle
7

0

1000

2000

3000

4000

5000

0 0.5 1 1.5 2 2.5 3
m2

–  (GeV2/c4)

En
tri

es
/0

.0
2 

G
eV

2 /c
4

0

5000

10000

15000

20000

25000

0 0.5 1 1.5 2 2.5 3
m2

+  (GeV2/c4)

En
tri

es
/0

.0
2 

G
eV

2 /c
4

(a) (b)

0

1000

2000

3000

4000

5000

6000

7000

0 0.5 1 1.5 2 2.5 3
m2

 ππ  (GeV2/c4)
En

tri
es

/0
.0

2 
G

eV
2 /c

4

(c) (d)

FIG. 2: (a) m−, (b) m+, (c) mππ and (d) Dalitz plot distribution for D∗−
→ D0π−

s , D0
→ K0

Sπ+π− decays from the e+e− → cc̄
continuum process. The points with error bars show the data; the smooth curve is the fit result.

IV. DALITZ PLOT ANALYSIS OF B+
→ D(∗)K(∗)+ DECAYS

In our previous analyses, the two Dalitz distributions corresponding to the decays of B+ and B− were fitted
simultaneously to give the parameters r, φ3 and δ. Confidence intervals were then calculated using a frequentist
technique, relying on toy MC simulation. In this approach, there was a bias in the fitted value of the (positive
definite) parameter r, and the errors on φ3 and δ were also r-dependent.

In the present analysis, we use a method similar to that of BaBar [12]: fitting the Dalitz distributions of the B+

and B− samples separately, using Cartesian parameters x± = r± cos(±φ3 + δ) and y± = r± sin(±φ3 + δ), where the
indices “+” and “−” correspond to B+ and B− decays, respectively. Note that in this approach the amplitude ratios
(r+ and r−) are not constrained to be equal for the B+ and B− samples. Confidence intervals in r, φ3 and δ are
then obtained from the (x±, y±) using a frequentist technique. The advantage of this approach is low bias and simple
distributions of the fitted parameters, at the price of fitting in a space with higher dimensionality (x+, y+, x−, y−)
than that of the physical parameters (r, φ3, δ); see Section IVE.

The fit to a single Dalitz distribution with free parameters x and y is performed by minimizing the negative unbinned

D0 → K0
Sπ

+π− & D̄0 → K0
Sπ

+π−

• Both fit data with isobar models

• BaBar fit 17 two-body states

• Belle fit 18 two-body states

Four states with Fit Fraction ∼> 10%

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



FOCUS Dalitz Analysis of D0 → K+K−π+π− Decays

Multiple Dalitz Plots from four-body decay

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



Summary and Conclusions

Advances in precision and discovery reach with BaBar, Belle, and CLEO-c

• Absolute D hadronic branching fractions from charm threshold CLEO-c

• 281 pb−1 Preliminary results for D0 and D+ limited by systematic errors

• CF decay errors as low as ∼< 3%

• Now Final State Radiation must be considered; effects ∼< 2%

• Interesting problem for the PDG

• 195 pb−1 Preliminary results for Ds limited by statistics

• CF decay errors as low as ∼< 10%

• Scalar K+K− contribution becoming significant in measurements of

B(Ds → K−K+π+) with M(K+K−) cut around the φ peak

• Need to define new reference branching fraction for Ds decays

• Many accurate branching ratio measurements from BaBar, Belle, and CLEO-c

• BaBar and Belle are starting to dominate branching ratio measurements

• Dalitz analyses of D+ → π+π+π−, D0 → K+K−π0, and D → K0
Sπ

+π− decays,

and three-body sub-modes from D0 → K+K−π+π− decays

• Dalitz analyses of D → K0
Sπ

+π− with huge statistics are byproducts of BaBar

and Belle measurements of γ or φ3

• Expect BaBar and Belle to dominate future Dalitz D decay analyses

• Renaissance of hadronic D physics coming from CLEO-c at the charm threshold

and BaBar and Belle at the beauty threshold!


