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Dalitz Plots
• Kinematics of 3-body decay 

D→A,B,C fully described by 2 
parameters. 

• Usually chose m2AB ≡ (pA + pB)2 
and m2BC ≡ (pB + pC)2.

• Lorentz invariant

• Phase-space is flat in these 
parameters.

• Decay rates:
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Dalitz analyses can...

• Main strength of Dalitz analyses: Access to 
complex amplitudes, incl phases.

• Use for...

• Understanding properties the light 
meson resonances.

• Understand charm itself - mixing, CPV

• Measure properties (phases) of B-meson 
decays to charm (CPV)
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Charm Dalitz for the resonances
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“Isobar” Model

• Each resonance = Breit Wigner lineshape (or similar) 
times factors accounting for spin.

• Popular amongst experimentalists, but less so amongst 
theorists: violates unitarity. But not much as long as 
resonances are reasonably narrow, don’t overlap too 
much.

• General consensus: Isobar OK for P, D wave, but 
problematic for S-wave.

• Alternatives exist, e.g. K-matrix formalism, which 
respects unitarity.
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S-wave
• S-wave resonances σ→π+π-, κ→K+π - 

are the real?

• needed in isobar fits to D+→π+π–π+, 
D0→Ksπ+π–, D+→K–π+π+

• unclear if compatible with LASS 
scattering data

• not required in D0→K–π+π0,     
D0→π+π–π0 isobar fits

• K-matrix Models don’t explicitly 
require σ, κ.

6

!

!"#$ !+ → "−π+π+

"#$%&'()*+,-+

.π %/0'1)

2 %/0'1)+34)%(/5%6&)4+78#,'48+

σ9:;;<+→ π+π−

κ9=;;<+→ .π 
%$>4#1)+(?)+@%(8+@#4+

"+ → π+π−π+A+

"; → .Bπ+π−A+'&*

"+ → .−π+π+

,C(+'4)+&#(+4)DC%4)*+(#+$#*)E+

"; → .−π+π; #4+
"; → π+π−π;

2 ./$'(4%F+G#*)E8+@#4+"H+→ π+π−π+ I+

"; → .Bπ+π− *#+&#(+4)DC%4)+σ9:;;<+>#E)
2 J)88+$#*)E+*)>)&*)&(+'>>4#'K?)8+'4)+

*)8%4',E)+

B(C*-%&6+ππ '&*+.π %/0'1)

!"#$%&

J'46) ππ
%/0'1)

!

!"#$ !+ → "−π+π+

"#$%&'()*+,-+

.π %/0'1)

2 %/0'1)+34)%(/5%6&)4+78#,'48+

σ9:;;<+→ π+π−

κ9=;;<+→ .π 
%$>4#1)+(?)+@%(8+@#4+

"+ → π+π−π+A+

"; → .Bπ+π−A+'&*

"+ → .−π+π+

,C(+'4)+&#(+4)DC%4)*+(#+$#*)E+

"; → .−π+π; #4+
"; → π+π−π;

2 ./$'(4%F+G#*)E8+@#4+"H+→ π+π−π+ I+

"; → .Bπ+π− *#+&#(+4)DC%4)+σ9:;;<+>#E)
2 J)88+$#*)E+*)>)&*)&(+'>>4#'K?)8+'4)+

*)8%4',E)+

B(C*-%&6+ππ '&*+.π %/0'1)

!"#$%&

J'46) ππ
%/0'1)

Ph
ys

. R
ev

. L
et

t 8
9,

 1
21

80
1 

(2
00

2)

m
2 (

K– π
+ )

 [G
eV

2 ]
m2(π+π–)low[GeV2]

m
2 (
π

+ π
– )

hi
gh

 [G
eV

2 ]

        1           2            3
m2(K–π+) [GeV2]

   
   

  1
   

   
   

  2
   

   
   

   
3

D+→π+π–π+

P.
 N

ai
k 

on
 b

eh
al

f o
f 

CL
EO

 a
t H

AD
RO

N 
07

http://www.lns.cornell.edu/public/TALK/2007/TALK07-20/071009-Hadron2007-CLEODalitz.pdf
http://www.lns.cornell.edu/public/TALK/2007/TALK07-20/071009-Hadron2007-CLEODalitz.pdf


Jonas Rademacker (University of Bristol) for CLEO; Heavy Quarks & Leptons, Melbourne, 5 June 2008.

CLEO-c’s D+→π+π+π– 3-model fit
• Previously on this channel: E791’s 

isobar fit, FOCUS pioneered K-matrix.

• CLEO-c: Isobar (two types: Flatté and 
complex-pole for f0(980) and σ) and 
two models that respect unitarity & 
chirality [CLEO-c: Phys. Rev. D 76, 012001 (2007)]

• Schechter  [see CLEO paper and Int J. Mod. Phys. A20, 6149 (2005)]

• Achasov  [see CLEO paper and N. N. Achasov and G. N. Shestakov, 

Phys. Rev. D 67, 114018 (2003), and many more -click here.]

• All fit data well. Results compatible 
with prev experiments and each other.
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E791: Phys. Rev. Lett. 86, 770 (2001);   FOCUS: Phys. Lett. B 585, 200 (2004); CLEO-c: Phys. Rev. D 76, 012001 (2007)

A(S-wave ππ)=|A|eiδ
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D+→K–π+π+

• Large Kπ S-wave component, large B.R.

• History

• 2002, highest-statistics result (15k evts), isobar model 
fit by E791* (result not in PDG - model used not compatible with PDG prescription).

• In 2006, E791** re-analysed their data, describing the 
S-wave contribution in a model-independent way.

• CLEO-c repeated this analysis in 2008*** (140k evts)

• FOCUS use K-matrix approach (2007)**** (54k evts)
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    *Phys. Rev. Lett 89, 121801 (2002);        **Phys. Rev. D73, 032004 (2006); 
***arXiv:0802.4214 (submitted to PRD); ****arXiv:0705.2248 [hep-ex], to appear in Phys. Lett. B

http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=hep-ex/0204018
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D+→K–π+π+  Isobar and Model 
Independent Fit at CLEO-c

• Quasi Model Independent: Replace S-wave Breit Wigners + non-
resonant component with binned complex amplitude (26 bins).

• New compared to E791: Add I=2 ππ S-wave - both, to isobar and 
to quasi-model independent fit. Crucial element in both fits.
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FIG. 8: (a) Statistics and (b) fitted p.d.f. in Model C on the Dalitz plot.

FIG. 9: Projections of the Dalitz plot on (a) m2(Kπ) (two entries per event), and (b) m2(ππ)
variables; comparison with E791, Model C.
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FIG. 10: Projections of the Dalitz plot on (a) m2(Kπ) (two entries per event), and (b) m2(ππ)
variables for Model I2.

FIG. 11: Projections of the Dalitz plot on (a) m2(Kπ) (two entries per event), and (b) m2(ππ)
variables for QMIPWA.

VII. DISCUSSION

The K∗
0 (1430) parameters which we find in the fit are significantly different from the

PDG [8] values which are dominated by the LASS measurement. Our data prefers the
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FIG. 11: Projections of the Dalitz plot on (a) m2(Kπ) (two entries per event), and (b) m2(ππ)
variables for QMIPWA.

VII. DISCUSSION

The K∗
0 (1430) parameters which we find in the fit are significantly different from the

PDG [8] values which are dominated by the LASS measurement. Our data prefers the

25

isobar 
with I=2 ππ S-waveModel:

χ2-prob

Fit pro-
jection
(ππ)

<10–6 13% 32%

CLEO-c CLEO-c CLEO-c
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4-body “Dalitz” D→π+π+π–π–

• Similar formalism, now with 5 
variables rather than 2.

• D→a1(1260)π is the dominant 
channel, followed by ρρ.

• Found dominant decay of a1 is 
σπ (isobar analysis)

• Many more results in paper, 
(incl ρρ polarisation)

• 4-body amplitude in D also 
important for B physics.
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FIG. 3: Comparison between data and the result of the best fit. In (a) all four π−π+ combinations

are added. Entries from plot (a) are split into combinations with highest and lowest π−π+ mass:

in (b) we show the π−π+ combinations with highest mass, whereas in (c) we show the π−π+

combinations with lowest mass; finally, in (d) we show the π−π−/π+π+ mass distribution. In all

plots the solid histogram is a projection of the fit.

mass, respectively. In Fig. 3(d) we show the π−π−/π+π+ invariant mass.

The π+π−π+ mass spectrum is shown in Fig. 4. This plot has four entries per event.

The diamonds with error bars are the data distribution, whereas the solid histogram is the

fit projection. Note that this distribution does not reflect the pure a1(1260) line shape, for,

in addition to the Bose-symmetrization, there are contributions from the other modes.

A further comparison between the fit result and the data can be made with the pion

momentum distribution, computed in the D rest frame. Recall that we do not distinguish

between D0 and D0, and that there is no particle ordering according to its momentum.

This means that all pions must have the same momentum distribution and that we can add

them into a single plot. The pion momentum distribution is shown in Fig. (5), where the

diamonds represent the data points, and the solid histogram is a MC simulation.
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Phys.Rev.D75:052003,2007

FOCUS (Jan. 2007)

http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0701001
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0701001
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Dalitz Plots for Charm mixing and 
CP violation
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The Charm System
• D mass eigenstates:  D1,2=p|D〉±q|D〉

•                     ~mixing frequency

•                     ~lifetime difference

• CP-violation if |p/q|≠1 or phase φ≠0 (measured in 
interference between mixing and decay, like -2β in B)

• SM: x, y ~ 10–3 – 10–2, no CPV

• New Physics could affect charm very differently to K or B 
system (only mixing up-type quark).

• Most sensitive to NP: CP violation in charm.
12
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• First charm mixing evidence was found with D→K+π–. 
Sensitive to (x’)2 and y’, where

• δ = strong phase between the interfering CF D→K–π+ and DCS 
D→K+π–. (CLEO measured cosδ=0.9±0.3).

• Same principle works with D→K+π–π0 Dalitz plots and measures measures x’’, y’’. 
See William Lockman for BaBar at Lepton-Photon 2007, Daegu, S. Korea and backup slides for details.

Charm mixing
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W. M. Sun at CHARM 2007 for 
CLEO, arXiv:0712.0498 [hep-ex]

http://chep.knu.ac.kr/lp07/htm/S4/S04_13a.pdf
http://chep.knu.ac.kr/lp07/htm/S4/S04_13a.pdf
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0712.0498
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0712.0498
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0712.0498
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0712.0498
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Charm mixing with time-dependent 
D→ Ksπ+π– Dalitz

• Ksπ+π– is self-conjugate, both CF modes like D→K*–π+ 
and DCS modes such as D→K*+π– are in the same 
Dalitz plot ⇒ measure their relative phase δi.

• Dalitz fit measures all phases that are needed.

• Extracts (x, y) directly; not (x’, y’) or (x’’,y’’)

• Linear dependence on x, sensitivity to the sign of x. 

• Pioneered by CLEO  Phys. Rev.D72:012001,2005, hep-ex/0503045

14

http://link.aps.org/abstract/PRD/V72/E012001
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Charm mixing with time-dependent 
D→ Ksπ+π– Dalitz

15

D→Ksπ+π– at BELLE 
(ca ½M for 540/fb)
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Charm mixing with time-dependent 
Dalitz Plots at BELLE
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95% CL, BELLE, D→Ksππ• HFAG FPCP 2008* 

• BELLE’s  D→Ksπ+π– alone**

• Best single result on x.
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 *http://www.slac.stanford.edu/xorg/hfag/charm/FPCP08/results_mix+cpv.html
**Phys.Rev.Lett.99:131803,2007

mix:

CPV:

x = (0.89+0.26
−0.27)%

x = (0.81± 0.30+0.13
−0.17)%

y = (0.75+0.17
−0.18)%

y = (0.37± 0.25+0.10
−0.15)%

|p/q| = 0.87+0.18
−0.15

|p/q| = 0.86 ± 0.30+0.10
−0.09

φ = −9.1o+8.1o

−7.8o

φ = −14o ± 18o ± 5o

http://www.slac.stanford.edu/xorg/hfag/charm/FPCP08/results_mix+cpv.html
http://www.slac.stanford.edu/xorg/hfag/charm/FPCP08/results_mix+cpv.html
http://www.slac.stanford.edu/xorg/hfag/charm/FPCP08/results_mix+cpv.html
http://www.slac.stanford.edu/xorg/hfag/charm/FPCP08/results_mix+cpv.html
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Search for CPV in SCS decays
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BELLE result (integrated decay rates, not Dalitz):
 arXiv:0801.2439, submitted to PRD
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CLEO-c preliminary

• New physics could affect Singly Cabibbo Suppressed decays  
differently from Cabbibo Favoured or Doubly Cabbibo Supressed.

• Recent Dalitz studies by BaBar (D→π+π–π0, D→K+K–π0) and CLEO-c 
D+→K+K–π+. Results: CPV in SCS smaller than few%.

D→π+π–π0 D+→K+K–π+, CLEO-c

CLEO-c result: Presented at HADRON07 by P. Naik on behalf of CLEO-c

BaBar result: arXiv:0802.4035, submitted to PRL

http://arxiv.org/abs/0801.2439
http://arxiv.org/abs/0801.2439
http://arxiv.org/abs/0801.2439
http://arxiv.org/abs/0801.2439
http://arxiv.org/abs/0801.2439
http://arxiv.org/abs/0801.2439
http://arxiv.org/abs/0801.2439
http://arxiv.org/abs/0802.4035
http://arxiv.org/abs/0802.4035
http://arxiv.org/abs/0802.4035
http://arxiv.org/abs/0802.4035
http://www.lns.cornell.edu/public/TALK/2007/TALK07-20/071009-Hadron2007-CLEODalitz.pdf
http://www.lns.cornell.edu/public/TALK/2007/TALK07-20/071009-Hadron2007-CLEODalitz.pdf
http://arxiv.org/abs/0802.4035
http://arxiv.org/abs/0802.4035
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Charm Dalitz for precision B 
physics
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The importance of measuring Tree-
level γ

19

Constraints from Trees Constraints from Loops
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B±→DK±
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K
Kf(D)+

+

+

+

1

ir  eB
+γ(δ     )

B
D

DK

CP-violating phase γ

CP-conserving strong phase δ

Gronau, Wyler Phys.Lett.B265:172-176,1991, (GLW)
Gronau, London Phys.Lett.B253:483-488,1991 (GLW)
Atwood, Dunietz and Soni Phys.Rev.Lett. 78 (1997) 3257-3260 (ADS) 
Giri, Grossman, Soffer and Zupan Phys.Rev. D68 (2003) 054018 
Belle Collaboration Phys.Rev. D70 (2004) 072003

• Tree level only - no new 
physics

• Crucial for NP sensitivity by 
providing a theoretically clean 
reference. 

• No time measurement, no 
tagging.

http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B265,172
http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B265,172
http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B253,483
http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B253,483
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/0303187
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Dalitz Plots for γ at Belle&BaBar

B− B+
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BaBar*  (383M BB): γ = 76º ± 22º (stat) ± 5º(sys) ± 5º(model , rB=0.086±0.04
BELLE** (657M BB): γ = 76º+12º–13º(stat) ± 4º(sys) ± 9º(model), rB=0.16   ±0.04

Using B0→D(Ksππ)K* instead of charged B (May 08): arXiv:0805.2001
BaBar: 162º±56º or 342º±56º, rs < 0.55 at 95%CL

**Combined result B±→DK± and B±→D*K± for Ksππ Dalitz plot. arXiv:0803.3375, March 2008
*Combined result B±→DK± and B±→D*K± for Ksππ and KsKK Dalitz plot. arXiv:0804.2089; April 2008

γ = 76o ± 22o(stat)± 5o(sys)± 5o(model)
γ = 76o+12o

−13o(stat)± 4o(sys)± 9o(model)

9

smaller Q-value involved. The signal purity in the signal
box (±2σ cutoff on mD, where σ stands for the mD reso-
lution) is 97.7% and 99.3%, with about 487000 and 69000
candidates, for D0 → K0

S
π+π− and D0 → K0

S
K+K−.

The Dalitz plot distributions for these events are shown
in Fig. 5, with m2

∓ = m2
K0

S
h∓ and m2

0 = m2
h+h− .
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FIG. 4: (color online). D0 mass distributions after all selec-
tion criteria, for (a) D∗+ → D0π+, D0 → K0

Sπ+π− and (b)
D∗+ → D0π+, D0 → K0

SK+K−. The curves superimposed
represent the result from the mD fit (solid blue lines) and the
linear background contribution (dotted red lines).

FIG. 5: (color online). Dalitz plot distributions for (a) D0 →
K0

Sπ+π− and (b) D0 → K0
SK+K− from D∗+ → D0π+ events

after all selection criteria, in the D0 mass signal signal region.
The contours (solid red lines) represent the kinematical limits
of the D0 → K0

Sπ+π− and D0 → K0
SK+K− decays.

B. Dalitz plot analysis

Three-body charm decays are expected to proceed
through intermediate quasi-two body modes [26] and this
is the observed pattern. We therefore use, as a baseline
model to describe AD(m2

∓, m2
±), an isobar approach con-

sisting of a coherent sum of two-body amplitudes (sub-
script r) and a “non-resonant” (subscript NR) contribu-
tion [27],

AD(m) =
∑

r

are
iφrAr(m) + aNReiφNR , (6)

where we have introduced the notation m ≡ (m2
−, m2

+).
The parameters ar (aNR) and φr (φNR) are the magni-
tude and phase of the amplitude for component r (NR).

The function Ar = FD × Fr × Tr × Wr is a Lorentz-
invariant expression that describes the dynamic prop-
erties of the D0 meson decaying into K0

S
h+h− through

an intermediate resonance r, as a function of position in
the Dalitz plane. Here, FD (Fr) is the Blatt-Weisskopf
centrifugal barrier factor for the D (resonance) decay
vertex [28] with radius R = 1.5 GeV−1h̄c ≡ 0.3 fm,
Tr is the resonance propagator, and Wr describes the
angular distribution in the decay. For Tr we use a
relativistic Breit-Wigner (BW) parameterization with
mass-dependent width [27], except for r = ρ(770)0 and
ρ(1450)0 resonances where we use the Gounaris-Sakurai
functional form [29]. The angular dependence Wr is
described using either Zemach tensors [30, 31] where
transversality is enforced or the helicity formalism [32–
34] when we allow for a longitudinal component in the
resonance propagator (see Ref. [27] for a comprehensive
summary). Mass and width values are taken from [21],
unless otherwise specified.

The complex ππ S-wave dynamics in the D0 →
K0

S
π+π− reaction [35], with the presence of several broad

and overlapping scalar resonances, is more adequately
described through the use of a K-matrix formalism [36]
with the P-vector approximation [37]. This approach of-
fers a direct way of imposing the unitarity constraint of
the scattering matrix, not guaranteed in the case of the
isobar model. The Dalitz plot amplitude AD(m) given
by Eq. (6) is then modified as

AD(m) = F1(s) +
∑

r #=(ππ)L=0

are
iφrAr(m) + aNReiφNR , (7)

where F1(s) is the contribution of ππ S-wave states writ-
ten in terms of the K-matrix formalism,

F1(s) =
∑

j

[I − iK(s)ρ(s)]−1
1j Pj(s). (8)

Here, s = m2
0 is the squared invariant mass of the π+π−

system, I is the identity matrix, K is the matrix describ-
ing the S-wave scattering process, ρ is the phase-space
matrix, and P is the initial production vector (P-vector).
In this framework, the production process can be viewed
as the initial preparation of several states, which are then
propagated by the [I − iK(s)ρ(s)]−1 term into the final
one. The propagator can be described using scattering
data, provided that the two-body system in the final state
is isolated and does not interact with the rest of the fi-
nal state in the production process. The P-vector has
to be determined from the data themselves since it de-
pends on the production mechanism. Only the F1 am-
plitude appears since we are describing the ππ channel.
See Sec. III C for more details.

The decay amplitude AD(m) is then determined from
a maximum likelihood fit to the D0 → K0

S
h+h− Dalitz

plot distribution m in a ±2σ cutoff region of the D0 mass,
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BaBar’s improved Dalitz model

• BaBar now use K-matrix* for ππ S-wave (fit fraction        
12%±3%) and LASS-parameterisation** for Kπ S-wave.

• Isobar: χ2/ndof =1.20; K-matrix+LASS: χ2/ndof =1.11;

22

*E. P. Wigner. Phys. Rev. 70, 15 (1946); 
  I. J. R. Aitchison, Nucl. Phys. A 189, 417 (1972)

**Nucl. Phys. B 296, 493 (1988)

BaBar D→Ksππ fit projections
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Model Dependence

• Need D-Dalitz structure as 
input.

• Complex Amplitudes have 
2 parameters at each point 
in plot.

• Measure only 1 parameter: 
Intensity.

• Need Model. Get model 
dependence. Still largest 
systematic in both analyses.
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smaller Q-value involved. The signal purity in the signal
box (±2σ cutoff on mD, where σ stands for the mD reso-
lution) is 97.7% and 99.3%, with about 487000 and 69000
candidates, for D0 → K0

S
π+π− and D0 → K0

S
K+K−.

The Dalitz plot distributions for these events are shown
in Fig. 5, with m2

∓ = m2
K0
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FIG. 4: (color online). D0 mass distributions after all selec-
tion criteria, for (a) D∗+ → D0π+, D0 → K0

Sπ+π− and (b)
D∗+ → D0π+, D0 → K0

SK+K−. The curves superimposed
represent the result from the mD fit (solid blue lines) and the
linear background contribution (dotted red lines).

FIG. 5: (color online). Dalitz plot distributions for (a) D0 →
K0

Sπ+π− and (b) D0 → K0
SK+K− from D∗+ → D0π+ events

after all selection criteria, in the D0 mass signal signal region.
The contours (solid red lines) represent the kinematical limits
of the D0 → K0

Sπ+π− and D0 → K0
SK+K− decays.

B. Dalitz plot analysis

Three-body charm decays are expected to proceed
through intermediate quasi-two body modes [26] and this
is the observed pattern. We therefore use, as a baseline
model to describe AD(m2

∓, m2
±), an isobar approach con-

sisting of a coherent sum of two-body amplitudes (sub-
script r) and a “non-resonant” (subscript NR) contribu-
tion [27],

AD(m) =
∑

r

are
iφrAr(m) + aNReiφNR , (6)

where we have introduced the notation m ≡ (m2
−, m2

+).
The parameters ar (aNR) and φr (φNR) are the magni-
tude and phase of the amplitude for component r (NR).

The function Ar = FD × Fr × Tr × Wr is a Lorentz-
invariant expression that describes the dynamic prop-
erties of the D0 meson decaying into K0

S
h+h− through

an intermediate resonance r, as a function of position in
the Dalitz plane. Here, FD (Fr) is the Blatt-Weisskopf
centrifugal barrier factor for the D (resonance) decay
vertex [28] with radius R = 1.5 GeV−1h̄c ≡ 0.3 fm,
Tr is the resonance propagator, and Wr describes the
angular distribution in the decay. For Tr we use a
relativistic Breit-Wigner (BW) parameterization with
mass-dependent width [27], except for r = ρ(770)0 and
ρ(1450)0 resonances where we use the Gounaris-Sakurai
functional form [29]. The angular dependence Wr is
described using either Zemach tensors [30, 31] where
transversality is enforced or the helicity formalism [32–
34] when we allow for a longitudinal component in the
resonance propagator (see Ref. [27] for a comprehensive
summary). Mass and width values are taken from [21],
unless otherwise specified.

The complex ππ S-wave dynamics in the D0 →
K0

S
π+π− reaction [35], with the presence of several broad

and overlapping scalar resonances, is more adequately
described through the use of a K-matrix formalism [36]
with the P-vector approximation [37]. This approach of-
fers a direct way of imposing the unitarity constraint of
the scattering matrix, not guaranteed in the case of the
isobar model. The Dalitz plot amplitude AD(m) given
by Eq. (6) is then modified as

AD(m) = F1(s) +
∑

r #=(ππ)L=0

are
iφrAr(m) + aNReiφNR , (7)

where F1(s) is the contribution of ππ S-wave states writ-
ten in terms of the K-matrix formalism,

F1(s) =
∑

j

[I − iK(s)ρ(s)]−1
1j Pj(s). (8)

Here, s = m2
0 is the squared invariant mass of the π+π−

system, I is the identity matrix, K is the matrix describ-
ing the S-wave scattering process, ρ is the phase-space
matrix, and P is the initial production vector (P-vector).
In this framework, the production process can be viewed
as the initial preparation of several states, which are then
propagated by the [I − iK(s)ρ(s)]−1 term into the final
one. The propagator can be described using scattering
data, provided that the two-body system in the final state
is isolated and does not interact with the rest of the fi-
nal state in the production process. The P-vector has
to be determined from the data themselves since it de-
pends on the production mechanism. Only the F1 am-
plitude appears since we are describing the ππ channel.
See Sec. III C for more details.

The decay amplitude AD(m) is then determined from
a maximum likelihood fit to the D0 → K0

S
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CLEO-c

• Threshold production of 
correlated DD.

• Final state must be CP-odd.

• And flavour-neutral.

• That gives us access to both 
amplitude and phase across 
the Dalitz plot.
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Charm at Threshold

! high tagging efficiency:~22% of D’s
Compared to  ~0.1% of B’s at Y(4S)
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" Low multiplicity ~ 5-6 charged particles/event
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CLEO-c DATA

 A little luminosity goes a long way: 
# events in 100 pb-1 @ charm factory 
with 2D’s reconstructed ~  
#  events in 500 fb-1 @ "(4S) 
with 2B’s reconstructed 

Increased statistics is NOT an advantage 
of threshold running. Cross section is 3x 
higher than 10 GeV but luminosity is more than 100x lower
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ψ(3770)→ D+(K−π+π+)D−(K+π−π−)
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CP- tagged Decays

25

DCP+

DCP−D0

ψ’’→DaDb

Da→K+e- νe

Db→Ksπ+π–

D̄0

ψ’’→DaDb

Da→KK

simulated data simulated data
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Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003).
 Bondar, Poluektov hep-ph/0703267 (2007)

Input for a model independent (binned) analysis of              
B±→D(Ksππ)K±:

http://arxiv.org/abs/hep-ph/0703267
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Reconstructed D→Ksππ

missing mass2 in 
“reconstructed” D→KLππ

• Analysis not finalised. Based on 
398/pb, expect for full 818/pb 
sample, using Da→CP±, Db→Ksππ 
and Da→Ksππ, Db→Ksππ:

σ(γ) from CLEO-c’s input ~5º 
(replaces model error, 5º-9º).

• Using D→KLππ could double 
statistics - currently investigating 
systematics.

very little 
background

References for binned, model independent analysis of B±→D(Ksππ)K±:

CLEO-c’s impact on γ from           
B±→D(Ksππ)K±

Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003). 
Bondar, Poluektov hep-ph/0703267 (2007)

http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=hep-ph/0303187
http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=hep-ph/0303187
http://arxiv.org/abs/hep-ph/0703267
http://arxiv.org/abs/hep-ph/0703267
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γ from 4-body Modes
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• Same principle as for 3-body analyses.

• Four-body “Dalitz” (amplitude) analyses can be done, see 
for example recent FOCUS results.

• Expect similar performance from KKππ amplitude analysis 
as for Ksππ (see Phys. Lett. B 647 (2007) 400-405 and public note LHCb-2007-098) 

• Expect more from from Kπππ due to “ADS effect”.
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JR and G. Wilkinson
Phys. Lett. B 647 (2007) 400-405

Atwood, Dunietz and Soni (ADS), 
Phys.Rev.Lett. 78 (1997) 3257-3260 

Atwood, Soni: Phys.Rev. D68 (2003) 033003

http://arxiv.org/abs/hep-ph/0611272
http://arxiv.org/abs/hep-ph/0611272
http://arxiv.org/abs/hep-ph/0611272
http://arxiv.org/abs/hep-ph/0611272
http://arxiv.org/abs/hep-ph/9612433
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http://arxiv.org/abs/hep-ph/0304085
http://arxiv.org/abs/hep-ph/0304085
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Quasi-two body 
treatment of:

• Treat K3π like two-body decay with and single 
effective strong phase δD.

• New parameter: Coherence factor R < 1. 

• CLEO-c’s coherent ψ(3770)→D1D2 events allow 
measurement of R, δD - important input for LHCb
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Kπππ coherence factor

• First measurement of 
coherence factor. 

• Low value preferred. 
Implies that quasi-2 
body analysis of Kπππ 
on its own would not be 
terribly sensitive to γ.

• However, for combined 
analysis of KK, Kπ, ππ, 
Kπππ this still provides 
powerful constraints.

29

Andrew Powell on behalf of CLEO-c at the Lake Louise 
Winter Institute 2008.  Proceedings: arXiv:0805.1722

http://thwaite.phys.ualberta.ca/indico-0.94/conferenceOtherViews.py?view=standard&confId=0
http://thwaite.phys.ualberta.ca/indico-0.94/conferenceOtherViews.py?view=standard&confId=0
http://thwaite.phys.ualberta.ca/indico-0.94/conferenceOtherViews.py?view=standard&confId=0
http://thwaite.phys.ualberta.ca/indico-0.94/conferenceOtherViews.py?view=standard&confId=0
http://arxiv.org/abs/0805.1722
http://arxiv.org/abs/0805.1722
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Kπππ coherence factor

• Significantly increases the precision of global γ fits in 
combined fit with other modes (KK, ππ, Kπ).

30

!"#"$% &'()*+,-./01231-(4-567893-9 :2;-62<<0 =%

>;.(34-*?-567893-(4-6@5<
! These D!K3! measurements have been input to ADS simulation studies 

by LHCb
" Estimated yields documented in LHCb-2006-066 and LHCb-2007-004

! One nominal year of running results see significant improvement with the 
addition of B!D(K3!)K and the CLEO-c constraintsPrecision on γ at LHCb for 2/fb (1 average year of data) 

using B±→D(2body)K± and B±→D(Kπππ)K±

• Other ADS-type modes such as Kππ0 under study.
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http://www.lnf.infn.it/conference/phipsi08/program/monday/libby.pdf
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Summary

• S-wave resonances not a solved problem. 
Progress from new high-statistics results.

• Charm mixing and especially CP violation 
provide unique windows to New Physics. 
Dalitz analyses give access to strong phases 
that would otherwise dilute measurements.

• ψ(3770) data from CLEO-c, and in future 
hopefully BES III, provide essential input for 
γ measurements. Especially important for 
high-precision, high-statistics results at LHCb 
(start 2008) and future Super-Flavour Factory.
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Back up

32
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SM-γ for New Physics

33

βγ⎞⎛
α

1

LHCb

1º–2º



Jonas Rademacker (University of Bristol) for CLEO; Heavy Quarks & Leptons, Melbourne, 5 June 2008.

Focus T-matrix poles in D+->3pi

34
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Focus Fit Fractions in D->3pi
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D+→K–π+π+ at FOCUS

• Focus use K-matrix approach, 
parameterised according to LASS elastic 
scattering lineshape. Separate fit to I=1/2 
and I=3/2 Kπ.

• Consistent description for Kπ elastic 
scattering and resonances in charm. 

• S-wave fraction 83%±1%, Fit χ2-prob 1.2%

• Isobar fit with κ as x-check. Consistent 
with prev. experiments. Fit χ2-prob 6.3%
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The ππ S-wave in D→πππ

• Recent results by E791 [Phys. Rev. Lett 86, 770 (2001), 
FOCUS (Phys. Lett. B 585, 200 (2004), CLEO-c (Phys. 
Rev. D 76, 012001 (2007)).

• E791 uses the isobar model, FOCUS the K-matrix*, 
CLEO-c compares isobar, Schechter**, and Achasov*** 
model.

37

* E. P. Wigner, Phys. Rev. 70 (1946) 15.
   S. U. Chung et al, Annalen Phys. 4 (1995) 404.
   V. V. Anisovich and A. V. Sarantsev, Eur. Phys. J. A16 (2003) 229

** Int J. Mod. Phys. A20, 6149 (2005) ***private communications with the authors of the
      CLEO paper, and many papers - click here.
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D+→K–π+π+  Isobar and Model 
Independent Fit at CLEO-c

• For same parameterisation, 
results compatible between 
E791* and CLEO-c** both 
models.

• Crucial to achieve 
agreement with CLEO-c’s 
data: Add I=2 ππ S-wave.

• Significantly improves fit for 
both models. Better fit 
quality for binned S-wave.

38

*Phys. Rev. Lett 89, 121801 (2002); Phys. Rev. D73, 032004 (2006); **arXiv:0802.4214 (submitted to PRD)

total Kπ S-wave
Kπ S-wave w/o K*(1430)

http://arxiv.org/abs/0802.4214
http://arxiv.org/abs/0802.4214
http://arxiv.org/abs/0802.4214
http://arxiv.org/abs/0802.4214
http://arxiv.org/abs/0802.4214
http://arxiv.org/abs/0802.4214
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BELLE Kspipi Dalitz for mix
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D→Kπ (x’2, y’) contours

40

BELLE BaBar

Phys.Rev.Lett.96:151801,2006

x′
2 = (0.018+0.021

−0.023)%

y′ = (0.06+0.40
−0.39)%

Phys.Rev.Lett.98:211802,2007

x′2 = (−0.22± 0.30± 0.21)%
y′ = (9.7± 4.4± 3.1)%

Phys.Rev.Lett.100:121802,2008

x′2 = (−0.012± 0.035)%
y′ = (0.85± 0.76)%

CDF

http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0601029
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0601029
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0703020
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0703020
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0712.1567
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0712.1567
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Mixing with time-dependent Dalitz 
analysis D/Dbar→K+π–π0

41

right-sign wrong-sign

August 13, 2007 22LP07 - William Lockman

Mixing parameter contours and results

Results are consistent with no mixing at 0.8%, including systematics

y
’’

stat.+syst.

68%
95%

99%
99.9%

x’’

+  no-mix

x  best fit

x’’=  2.39±0.61(stat)±0.32(sys) %
y’’=–0.14±0.60(stat)±0.40(sys) %

Compatible with no mixing at <0.8% CL

• Time-dependent Dalitz analysis

• Equivalent to Kπ analysis

• Measure (x’’, y’’) = Rotate(δKππ0) 
(x,y) where δKππ0=strong phase 
between CF and DCS.

William Lockman for the BaBar Collaboration 
Lepton-Photon 2007, Daegu, S. Korea

http://chep.knu.ac.kr/lp07/htm/S4/S04_13a.pdf
http://chep.knu.ac.kr/lp07/htm/S4/S04_13a.pdf
http://chep.knu.ac.kr/lp07/htm/S4/S04_13a.pdf
http://chep.knu.ac.kr/lp07/htm/S4/S04_13a.pdf
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Charm mixing with time-dependent 
Dalitz Plots at BELLE

42

95% CL, BELLE, D→Ksππ
• HFAG 2008* (no CPV):

x=(0.91±0.26)%

y=(0.73±0.18)%

• BELLE’s  D→Ksπ+π– alone 
(assuming no CPV)*

x=(0.80±0.29±0.16)%

y=(0.33±0.24±0.14)%

• Best result on x.
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*http://www.slac.stanford.edu/xorg/hfag/charm/FPCP08/results_mix+cpv.html

**Phys.Rev.Lett.99:131803,2007

http://www.slac.stanford.edu/xorg/hfag/charm/FPCP08/results_mix+cpv.html
http://www.slac.stanford.edu/xorg/hfag/charm/FPCP08/results_mix+cpv.html
http://www.slac.stanford.edu/xorg/hfag/charm/FPCP08/results_mix+cpv.html
http://www.slac.stanford.edu/xorg/hfag/charm/FPCP08/results_mix+cpv.html
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Mixing with D/Dbar→K+π–π0

• Requires Dalitz fit since each 
point in Dalitz space has 
different δ(m12, m23).

• Can fit for relative phases 
within Dalitz plot, but an over-
all phase difference remains 
between the plots, hence 
measure (x’’, y’’) = 
Rotate(δKππ0) (x,y)
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CPV in D→π+π–π0, D→K+K–π0 ?

• Four approaches (BaBar): Look 
for differences between D, D...

• across Dalitz space (plot→)

• in fit to Dalitz model

• angular distributions

• total decay rates (also BELLE)

• No evidence for CPV. Limits CPV 
in SCS charm to < few % level.

44

Normalised residuals 
(Difference/error) between 

D→π+π–π0 and its CP conjugate

χ2 test: consistent with no 
CPV at 33% CL
(17% for KKπ0)

_

BaBar result: arXiv:0801.2439, submitted to PRL
BELLE result: arXiv:0801.2439, submitted to PRD
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http://arxiv.org/abs/0802.4035
http://arxiv.org/abs/0802.4035
http://arxiv.org/abs/0801.2439
http://arxiv.org/abs/0801.2439
http://arxiv.org/abs/0802.4035
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CPV in SCS decay D+→K+K–π+ ?
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Mixing with time-dependent Dalitz 
analysis D/Dbar→K+π–π0

46

right-sign wrong-sign
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Mixing parameter contours and results

Results are consistent with no mixing at 0.8%, including systematics
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Compatible with no mixing at <0.8% CL

• Time-dependent Dalitz analysis

• Measure (x’’, y’’) = Rotate(δKππ0) 
(x,y) where δKππ0=strong phase 
between CF and DCS.
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D→Kπ y’, x’2 contours
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BELLE BaBar CDF
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CPV in D→π+π–π0, D→K+K–π0

• Dalitz fit allows to differentiate 
the contributions of different 
resonances, CP and flavour 
eigenstates, etc

• Tables (unreadable, but included 
for completeness) differences 
between D and D amplitudes at 
BaBar. Results: ~percent, none 
significant.

• So, no evidence for CPV.
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CPV in D→KKπ, D→3π

• ACP(3π) BaBar  = (−0.31 ± 0.41 (stat) ± 0.17 (syst))%

ACP(3π) BELLE = (−0.43 ± 1.30 (stat+sys))%

• ACP(KKπ) BaBar = (1.00 ± 1.67 (stat) ± 0.25 (syst)) %

49

 (0.43 ± 0.41(stat) ± 1.01(track) ± 0.70(other syst))%

BELLE result: arXiv:0801.2439, submitted to PRDBaBar result: arXiv:0801.2439, submitted to PRL

BaBar’s ACP result by 
angular distribution →

ACP from integrated 
decay rates:

http://arxiv.org/abs/0801.2439
http://arxiv.org/abs/0801.2439
http://arxiv.org/abs/0802.4035
http://arxiv.org/abs/0802.4035
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Model-independent Fit

• Binned analysis allows model 
independent fit* for γ at B-
factories, LHCb.

• CLEO-c’s quantum-correlated 
data provide crucial input **:

• CP-tagged Dalitz plots   
Da→CP±, Db→Ksππ

• Simultaneous Dalitz analysis 
of Da→Ksππ, Db→Ksππ

50

Optimal binning**
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**Bondar, Poluektov hep-ph/0703267v1 (2007)*Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003).

http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0711.2285
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0711.2285
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Comparing the ππ projections

51

5

)
2

 (GeV/c
ES

m

5.2 5.25

E
v
e
n

ts
/0

.0
0
3
 G

e
V

/c
2

0

50

100

150

a)

)
2

 (GeV/c
ES

m

5.2 5.25
0

20

40

60
b)

)
2

 (GeV/c
ES

m

5.2 5.25
0

10

20

30

40 c)

FIG. 1: Distributions of mES for (a) B− → D̃0K−, (b) B− →
D̃∗0(D̃0π0)K−, and (c) B− → D̃∗0(D̃0γ)K−. The curves
represent the fit projections for signal plus background (solid
lines) and background (dotted lines). The peaking structure
of the background is due to remaining B− → D̃(∗)0π− events.

The reconstruction efficiencies (purities in the signal re-
gion mES > 5.272 GeV/c2) are 18% (63%), 5.9% (86%),
8.1% (52%) for the B− → D̃0K−, B− → D̃∗0(D̃0π0)K−,
and B− → D̃∗0(D̃0γ)K− decay modes, respectively. The
cross-feed among the different samples is negligible.

The D0 decay amplitude is determined from an un-
binned maximum-likelihood Dalitz fit to a high-purity
(97%) sample of 81496 D∗+ → D0π+ decays recon-
structed in 91.5 fb−1 of data (Fig. 2). We use the isobar
formalism described in Ref. [13] to express AD as a sum
of two-body decay-matrix elements (subscript r) and a
non-resonant (subscript NR) contribution,

AD(m2
−, m2

+) = Σrare
iφrAr(m

2
−, m2

+) + aNReiφNR ,

where each term is parameterized with an amplitude
ar and a phase φr. The function Ar(m2

−, m2
+) is the

Lorentz-invariant expression for the matrix element of a
D0 meson decaying into K0

S
π−π+ through an intermedi-

ate resonance r, parameterized as a function of the posi-
tion in the Dalitz plane.

Table I summarizes the values of ar and φr obtained us-
ing a model consisting of 16 two-body elements compris-
ing 13 distinct resonances and accounting for efficiency
variations across the Dalitz plane and the small back-
ground contribution. For r = ρ(770), ρ(1450) we use the
functional form suggested in Ref. [14], while the remain-
ing resonances are parameterized by a spin-dependent
relativistic Breit-Wigner distribution. For intermediate
states with a K∗, the regions of interference between DCS
and CA decays are particularly sensitive to γ, and we
include the DCS component when a significant contribu-
tion is expected. In addition, we find that the inclusion of
the scalar ππ resonances σ and σ′ significantly improves
the quality of the fit [15]. Since the two σ resonances are
not well established and are only introduced to improve
the description of our data, the uncertainty on their exis-
tence is considered in the systematic errors. We estimate
the goodness of fit through a two-dimensional χ2 test and
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FIG. 2: (a) The D0 → K0
Sπ−π+ Dalitz distribution from

D∗+ → D0π+ events, and projections on (b) m2
−, (c) m2

+,
and (d) m2

π+π− . The curves are the fit projections.

TABLE I: Amplitudes ar, phases φr and fit fractions ob-
tained from the fit of the D0 → K0

Sπ−π+ Dalitz distribu-
tion from D∗+ → D0π+ events. Errors are statistical only.
Masses and widths of all resonances except σ and σ′ are
taken from [4]. The fit fraction is defined as the integral of
a2

r|Ar(m
2
−, m2

+)|2 over the Dalitz plane divided by the integral
of |AD(m2

−, m2
+)|2. The sum of fit fractions is 1.24.

Resonance Amplitude Phase (deg) Fit fraction
K∗(892)− 1.781 ± 0.018 131.0 ± 0.8 0.586
K∗

0 (1430)− 2.45 ± 0.08 − 8.3 ± 2.5 0.083
K∗

2 (1430)− 1.05 ± 0.06 − 54.3 ± 2.6 0.027
K∗(1410)− 0.52 ± 0.09 154 ± 20 0.004
K∗(1680)− 0.89 ± 0.30 − 139 ± 14 0.003
K∗(892)+ 0.180 ± 0.008 − 44.1 ± 2.5 0.006
K∗

0 (1430)+ 0.37 ± 0.07 18 ± 9 0.002
K∗

2 (1430)+ 0.075 ± 0.038 − 104 ± 23 0.000
ρ(770) 1 (fixed) 0 (fixed) 0.224
ω(782) 0.0391 ± 0.0016 115.3 ± 2.5 0.006
f0(980) 0.482 ± 0.012 −141.8 ± 2.2 0.061
f0(1370) 2.25 ± 0.30 113.2 ± 3.7 0.032
f2(1270) 0.922 ± 0.041 − 21.3 ± 3.1 0.030
ρ(1450) 0.52 ± 0.09 38 ± 13 0.002
σ 1.36 ± 0.05 −177.9 ± 2.7 0.093
σ′ 0.340 ± 0.026 153.0 ± 3.8 0.013
Non Resonant 3.53 ± 0.44 128 ± 6 0.073

obtain χ2 = 3824 for 3054− 32 degrees of freedom.
We simultaneously fit the B− → D̃(∗)0K− sam-

ples using an unbinned extended maximum-likelihood
fit to extract the CP -violating parameters along with
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FIG. 6: (color online). D0 → K0
Sh+h− Dalitz plot projections from D∗+ → D0π+ events on (a,d) m2

−, (b,e) m2
+, and (c,f) m2

0,
for (a,b,c) D0 → K0

Sπ+π− and (d,e,f) D0 → K0
SK+K−. The curves are the reference model fit projections.

contributions (including the non-resonant term) did not
give better results.

The φ(1020) resonance is described using a relativis-
tic BW, with mass and width left free in our fit to the
D0 tagged sample in order to account for mass resolu-
tion effects. The a0(980) resonance has a mass very close
to the KK threshold and decays mostly to ηπ. There-
fore it is described using a coupled channel BW [27, 44],
where the mass pole and coupling constant to ηπ are
taken from [45], while the coupling constant to KK,
gKK , is determined from our fit. The BW parameters
of the a0(1450) are taken from [21], and those of the
f0(1370) and f2(1270) resonances are the same as in the
D0 → K0

S
π+π− Dalitz model.

Table III summarizes the values obtained for all free
parameters of the D0 → K0

S
K+K− Dalitz model, the

complex amplitudes areiφr , the mass and width of the
φ(1020) and the coupling constant gKK , together with
the fit fractions. All amplitudes are measured with re-
spect to D0 → K0

S
a0(980)0, which gives the largest con-

tribution. The sum of fit fractions is 152.3%, and the re-
duced χ2 is 1.09 (with statistical errors only) for 6856 de-
grees of freedom, estimated from a binning of the Dalitz
plot into square regions of size 0.045 GeV2/c4. The vari-
ation of the contribution to the χ2 as a function of the
Dalitz plot position is approximately uniform in the re-
gions where most of the decay dynamics occurs. Fig-

ure 6(d,e,f) shows the fit projections overlaid with the
data distributions. The Dalitz plot distributions are well
reproduced, with some small discrepancies at the peaks
of the m2

− and m2
+ projections.

TABLE III: CP eigenstates, CA, and DCS complex ampli-
tudes are

iφr and fit fractions, obtained from the fit of the
D0 → K0

SK+K− Dalitz plot distribution from D∗+ → D0π+.
The mass and width of the φ(1020), and the gKK coupling
constant are simultaneously determined in the fit, yielding
Mφ(1020) = 1.01943 ± 0.00002 GeV/c2, Γφ(1020) = 4.59319 ±
0.00004 MeV/c2, and gKK = 0.550 ± 0.010 GeV/c2. Errors
are statistical only.

Component "{areiφr} #{areiφr} Fraction (%)

K0
Sa0(980)

0 1 0 55.8
K0

Sφ(1020) −0.126 ± 0.003 0.189 ± 0.005 44.9
K0

Sf0(1370) −0.04 ± 0.06 −0.00 ± 0.05 0.1
K0

Sf2(1270) 0.257 ± 0.019 −0.041 ± 0.026 0.3
K0

Sa0(1450)
0 0.06 ± 0.12 −0.65 ± 0.09 12.6

K−a0(980)
+ −0.561 ± 0.015 0.01 ± 0.03 16.0

K−a0(1450)
+ −0.11 ± 0.06 0.81 ± 0.03 21.8

K+a0(980)
− −0.087 ± 0.016 0.079 ± 0.014 0.7

227M BB, isobar model
PRL 95 121802,2005

383M BB, K-matrix model
arXiv:0804.2089
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D→Ksππ Dalitz plot
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Giri, Grossman, Soffer and Zupan Phys.Rev. D68 (2003) 054018 
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Same trick works with B→DK*

• K* tags flavour of B at decay.

• Same Ksππ analysis, but different r, δ.

• BaBar analysis (May 2008):  arXiv:0805.2001
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for values of rS lower than 0.2. The solution corresponding
to a 180◦ ambiguity is not shown.
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FIG. 4: 68 % (dark shaded zone) and 95 % (light shaded zone)
probability regions for the combined PDF projection on the
γ vs rS plane (top), γ (bottom-left) and rS (bottom-right).

measured PDF for rS [6], we obtain

γ = (162 ± 56)◦ or (342± 56)◦; (4)

δS = (62 ± 57)◦ or (242± 57)◦;

rS < 0.55 at 95% probability.

In Fig. 4 we show the distributions we obtain for γ, rS

and γ vs. rS (the 68% and 95% probability regions are
shown in dark and light shading respectively). The one-
dimensional distribution for a single variable is obtained
from the three-dimensional PDF by projecting out the
variable and integrating over the others.

In summary, we have presented a novel technique for
extracting the angle γ of the Unitarity Triangle in B0 →
D̃0K∗0 (B0 → D̃0K∗0) with the K∗0 → K+π− (K∗0 →
K−π+), using a Dalitz analysis of D̃0 → KSπ+π−. With

the present data sample, interesting results on γ and rS

are obtained when combined with the determination of
rS from the study of D̃0 decays into flavor modes.
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Model independent γ fit

• Binned decay rate:

• Binning such that such that ci = c-i, si = -s-i

• Can in principle fit ci, si, δ and γ.

• However, not feasible with with statistics 
at BaBar, BELLE, or even LHCb.

• Need external input from CLEO.
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known from D* decays

Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003).

cos(δD(s12,s34)) and sin(δD(s12,s34)) averaged over bin i

Γ
(
B± → D(Ksπ

+π−)K±)
i
=

Ti + r2
BT−i + 2rB

√
TiT−i {ci cos (δ − γ) + si sin (δ − γ)}

Ti

http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=hep-ph/0303187
http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=hep-ph/0303187
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CLEO-c’s impact on γ

• CPV-sensitive factor in B±→D(Ksππ)K± Dalitz analysis:

• CLEO-c can

• Measure ci with CP-tagged D→KS,Lππ Dalitz plot

• Measure both ci, si with simultaneous Dalitz plot 
analysis D1→Ksππ, D2→Ksππ

55

ci cos (δ − γ) + si sin (δ − γ)
cos(δD(s12,s34)) and sin(δD(s12,s34)) averaged over bin i

Bondar, Poluektov hep-ph/0703267v1 (2007) Belle Collaboration, A. Poluektov et al. Phys. Rev. D73, 112009 (2006)
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Optimal binning
Bondar, Poluektov hep-ph/0703267v1 (2007)

• Best if strong phase δD is 
as constant as possible 
over each bin, since then 
si2=1 – ci2

• Plot shows CLEO-c’s 8 
bins (based on BELLE 
model)
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CLEO-c’s binning
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LHCb-reach (with CLEO’s input)

• Result will benefit 
BaBar and BELLE’s 
measurement;

• But above all, future 
measurements of γ 
with high stats, such 
as LHCb.
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