
25 May 2010 D0-hadronic decays related to the extraction of γ
Chris Thomas – Oxford & RAL – CLEO-c

1

D0-hadronic decays related to the 

extraction of γ

Chris Thomas

Oxford University & Rutherford Appleton Laboratory

On behalf of the CLEO-c collaboration



25 May 2010 D0-hadronic decays related to the extraction of γ
Chris Thomas – Oxford & RAL – CLEO-c

2

Outline

Introduction

Quantum-correlated decays at CLEO-c

D0-hadronic decays

▫ Dalitz analysis

▫ ADS + GLW method

▫ Multibody ADS method

▫ Influence on γ precision

The future



25 May 2010 D0-hadronic decays related to the extraction of γ
Chris Thomas – Oxford & RAL – CLEO-c

3

Introduction
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Introduction
Currently γ is the least constrained of the CKM angles

Analysis of B±→ (D0/D0) K± channels is a very 

promising method to determine γ

Concept is outlined on next two slides; see talk by  

D. Derkach for more detail

CKMfitter 2009
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Use of B±→ (D0/D0) K± to determine γ

DCS/CF magnitude ratio

B strong phase
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Use of B±→ (D0/D0) K± to determine γ

Crucial to 

provide 
interference
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Quantum-correlated decays 

at CLEO-c
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CLEO-c
Located at Cornell Electron Storage Ring

e+e− collisions

Data collected at and above cc threshold

(818 ± 8) pb−1 of e+e−→ ψ(3770) events

ψ(3770)→ D0D0 system is quantum-correlated 

with overall CP -1

Very clean environment

▫ Low backgrounds

▫ Can reconstruct ‘missing’

particles (KL, ν)
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Exploiting quantum correlations
Overall CP of the system is known (-1)

Determine quantum numbers of one D0 that 

has decayed to a known CP state

▫ e.g. K+K− which has CP +1 

Quantum correlation enables deduction of 

quantum numbers of the other D0 – which has 

decayed to the final state of interest 

Known as tagging

Currently, unique results at CLEO-c

▫ BES-III measurements have begun
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Selections at CLEO-c

Plane of D0 and D0

Signal region, 

centred on 

nominal D0 mass

Sidebands

Data

Flat background estimated using sidebands

Peaking background estimated using MC

Phys. Rev. D 78, 012001 (2008)
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Selections at CLEO-c
For tags containing KL, reconstruct missing 

momentum and hence determine (missing mass)2

▫ Expected to be centred on KL mass2 (0.25 GeV2/c4)

Data

Estimated 

background
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BES-III
Located at BEPCII e+e− collider, Beijing

Design luminosity 1033 cm-2 s-1

This year collected ~700 pb-1 at ψ(3770) –

aiming for total of 1fb-1

2011: narrow resonance (J/ψ, ψ’)

2012: ψ(3770)
▫ Estimated total integrated luminosity ≳ 4fb-1

Hadronic charm physics program

▫ Quantum correlations, γ input, …

For much more information see talk by H. Li
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D0-hadronic decays
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Introduction

D0 decays to final states containing kaons

(K±, KS) and pions (π
±, π0)

For a successful determination of γ from      

B±→ DK±, the D-decay parameters must be 

well-known for each final state

▫ CLEO-c input very useful

When D0 and D0 are considered together 

they are referred to as D
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D decays to KSh
+h− (h = K, π)

KSh
+h−

Dalitz analysis

Phys. Rev. D 68, 054018 (2003) 
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Dalitz analysis

Three-body final state is a natural candidate 

for a Dalitz analysis

KSπ
+π− KSK

+K−
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Dalitz analysis

D0 decay amplitude:

In absence of D-mixing and CPV:

B− decay amplitude:

B− decay rate:
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Dalitz analysis

Options:

▫ Measure all parameters with B± decays

▫ Use an additional flavour-tagged D decay 

sample to determine Dmodel parameters

▫ Measurements of binned D-Dalitz plot to 

determine Dmodel parameters

Sensitivity to γ

B-decay parameters
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Flavour-tagged D decays
Model D0 → KSh

+h− decays using tagged 

D*±→ D0π± events:

Must use decay model to make assumptions 

about strong phase values – uncertainty

Phys. Rev D 78, 
034023 (2008)

KSK
+K−

KSπ
+π−

m2(h+h−)m2(KSh
−) m2(KSh

+)

BaBar Dalitz

projections
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Flavour-tagged D decays

Latest BaBar result (468M BB):

Latest Belle result (657M BB):

arXiv:hep-ex/1005.1096

arXiv:hep-ex/1003.3360

BaBar KSK
+K−model (others in backups):

Phys. Rev D 78, 034023 (2008)
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Binned Dalitz analysis

Divide the Dalitz plot into bins and measure 

yields in each bin

Symmetric division of bins about y = x
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Binned Dalitz analysis
Number of B+ events in bin i has 

dependence on weighted average cosine

and sine of ∆δD in bin i

No model error (but increased stat. error)
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Determining ci and si

ci and si can be measured with quantum-

correlated KS,Lh
+h− events at CLEO-c

KS,Lh
+h− tagged with CP eigenstates can 

be used to constrain ci

▫ To first order, KSh
+h− vs CP± ≡ KLh

+h− vs CP∓

KS,Lh
+h− tagged with KS,Lh

+h− can be used 

to constrain ci and si

Log likelihood used to extract ci and si

Detailed method and yields in backups
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CLEO-c KSπ
+π− Dalitz plots

Clearly see resonant substructures

Phys. Rev. D 80, 
032002 (2009) 

KS ρ

KS f2(1270)
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CLEO-c KSK
+K− Dalitz plots

CLEO-c preliminary

Quantum correlations in action!

KS φ

No KS φ

KSK
+K− against 

CP+, KLK
+K−

against CP-

KSK
+K− against 

CP-, KLK
+K−

against CP+
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Dalitz plane binning

Statistically-sensitive binning is in regions of 

similar ∆δD

KSK
+K−KSπ

+π−

Eur. Phys. J. C 47, 347 (2006) 

Phys. Rev. D 80, 
032002 (2009) 
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(ci, si) results

CLEO-c preliminary

KSK
+K−KSπ

+π−
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Projected impact on γ
Toy MC study of B±→ DK±

▫ Large number of B events

▫ Use fully correlated ci and si

▫ Float rB, δB, γ (initially 0.1, 130°, 60°)

▫ Smear & extract distributions

CLEO-c statistical error (replaces model error)

▫ KSπ
+π− ~1.7°

▫ KSK
+K− ~3.7° BaBar KSπ

+π− & KSK
+K−: 3°

Belle KSπ
+π−: 8.9°
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ADS + GLW method

D decays to two-body non-CP eigenstate

K±π∓

Phys. Rev. Lett. 78, 3257 (1997)

Phys. Rev. D 63, 036005 (2001)

Phys. Lett. B 253, 483 (1991)

Phys. Lett. B 265, 172 (1991)

Atwood, Dunietz, Soni Gronau, London, Wyler
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ADS + GLW method

DCS/CF 

magnitude ratio
Strong phase

Four permutations of B± and K±π∓:

Strong phase world average (HFAG):

http://www.slac.stanford.edu/xorg/hfag

Input from B-factory mixing measurements & 

CLEO-c (281pb-1): CP- and flavour-tagged K±π∓
Phys. Rev. D 78, 
012001 (2008)
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D decays to three or more bodies

K±π∓π+π−

K±π∓π0

Multibody ADS method

Phys. Rev. D 68, 033003 (2003)



25 May 2010 D0-hadronic decays related to the extraction of γ
Chris Thomas – Oxford & RAL – CLEO-c

32

Multibody decays can typically occur via 

intermediate resonances

▫ e.g. K−π+π+π− can be produced via K(1270)−π+

Unlike the case of two bodies, the D0decay 

amplitude varies across phase space

Each intermediate resonance has a different 

amplitude and phase

Does one resonance dominate, or are there 

several with ~equal contributions?

Multibody ADS method
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Coherence factor
Coherence factor RK3π can classify 

intermediate resonances:

No single 

resonance 
dominates

Intermediate 

resonances are 

out of phase

A single 

resonance 
dominates

Intermediate 

resonances are 

in phase
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Coherence factor

Rate equations:

RK3π ~ 1: sensitive to γ

RK3π ~ 0: lose sensitivity to γ, but obtain good 

constraint on rB
Similarly for RKππ0 etc.
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Measurement at CLEO-c

As with two-body ADS, external constraints on 

D0-decay parameters can be provided by 

quantum-correlated CLEO-c data

Kππ0 against KSπ
0 K3π against KLπ

0

Data

Estimated 

background

Phys. Rev. D 80, 031105(R) (2009) 
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Measurement at CLEO-c

Double-tagged yields are sensitive to various 

permutations of coherence factors and 

strong phases:

RK3π
2K±π∓π+π− vs K±π∓π+π−

RK3π cos(δK3π − δKπ )K±π∓π+π− vs K±π∓

RK3π RKππ0 cos(δK3π − δKππ0 )K±π∓π+π− vs K±π∓π0

RK3π cos(δK3π )K±π∓π+π− vs CP

Sensitive toDouble-tag yield

818 pb-1 data used; yields in backups
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CLEO-c results

Highly coherent Low coherence
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Projected impact on γ

Invaluable additional input for LHCb γ

extraction 

Coherence factors, and constraint, 

provide additional sensitivity equivalent to 

doubling the BB dataset for 2 fb-1 LHCb-2008-031 public note
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The future
At CLEO-c:

▫ K±π∓ quantum-correlated analysis to be updated 

with full statistics (results expected autumn)

▫ KSK
+K− analysis to be finalised

▫ Update of KSπ
+π− analysis with newer BaBar

amplitude model, Belle model, and statistically 

optimised binnings

▫ Coherence factor analysis of KSK
±π∓

BES-III ψ(3770) physics program

D0 results can be used in LHCb, etc.
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Conclusions
D0-hadronic decays play an important role in the 

precise measurement of γ

Quantum correlations at CLEO-c enable precise 

measurement of D decay parameters

BES-III taking data at ψ(3770)

Dalitz analyses of KSπ
+π− and KSK

+K−

ADS methods K±π∓, K±π∓π+π−, K±π∓π0

Critical input for precise determination of γ at LHCb

and future e+e−machines

Combination of measurements, 10 fb-1 LHCb data: 

σγ ~ (1.9 – 2.7)° LHCb-2008-031 public note
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Backups
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Influence on γ precision

ADS method

KSπ
+π−

LHCb-2008-031 public note
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BaBar KSπ
+π−model

Phys. Rev D 78, 
034023 (2008)
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Belle KSπ
+π−model

arXiv:hep-ex/1003.3360
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Determining ci and si

ci and si can be measured with quantum-

correlated KS,Lh
+h− events at CLEO-c

CP-tagged data can be used to constrain ci

Double CP 
tag yield

Double flavour 
tag yield

Single flavour 
tag yield

Single CP 
tag yield
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Determining ci and si
KS,Lh

+h− tagged with KS,Lh
+h− can be used 

to constrain ci and si

Log likelihood used to extract ci and si

Double KS,Lhh
tag yield

Double flavour 
tag yield

Single flavour 
tag yield
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ADS: input from charm physics

Use external input of δKπ to guide 

fit at B-physics experiments

Current world average (HFAG):

▫ B-factory mixing measurements

▫ Input from CLEO-c (TQCA)

arXiv:hep-ex/0808.1297

http://www.slac.stanford.edu/xorg/hfag

TQCA:

▫ 281 pb-1 data used (to be updated)

▫ K±π∓ tagged with CP & flavour tags

▫ Rate ~ �CP�Kπ (1+2r
Kπ δKπ +…)

▫ Quantum correlation observed!

Phys. Rev. D 78, 012001 (2008)
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Coherence factors

Coherence factor results normalised to 

incoherent expectation

K3π: low coherence

Kππ0: high coherence
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Yields in Dalitz plot analyses

475

7829

786

471

KSπ
+π−

4

140

56

745

46

50

KSK
+K−

867

12098

322

517

KLπ
+π−

9KSK
+K−

KLπ
+π−

126KSπ
+π−

1174Flavour

64CP-

59CP+

KLK
+K−Tag group
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Yields in TQCA
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Yields in coherence factor analyses

Phys. Rev. D 80, 
031105(R) (2009) 


