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The CKM angleγ can be precisely determined by analysing the class of decaysB± → DK±,

whereD represents eitherD0 or D0, both of which decay to a common final state. The parameters

associated with theD decay must be well-known in order to precisely measureγ. Results from

several CLEO-c analyses of hadronicD decays (toK±π∓, K±π∓π+π−, K±π∓π0 andK0
Sπ+π−)
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1. Introduction

Of the three angles of theb− d Cabibbo-Kobayashi-Maskawa (CKM) [1] triangle (α/φ2,
β/φ1 and γ/φ3), γ (defined as arg{−[VudV∗

ub]/[VcdV∗
cb]} ) is currently the least well-determined.

The uncertainty onγ from direct measurements is 20−25◦ [2]. A more precise determination ofγ

is thus one of the central goals of flavour physics.
A very promising method to improve the precision onγ is to study interference in decays of

the formB± → DK±, whereD is eitherD0 or D0. Feynman diagrams forB− decays are shown in
Figures1 and2. For bothB+ andB− decays, theD0 andD0 must decay to the same final state in
order to produce interference betweenb→ u andb→ c quark transitions. Measuring the relative
rates of theB+ andB− processes enablesγ to be determined.

Figure 1: Feynman diagram for
B− → D0K−.

Figure 2: Feynman diagram for
B− → D0K−.

The decay ofB− to D0K− is suppressed relative to the decay toD0K− by both colour suppres-
sion and the ratio of the relevant CKM matrix elements. The ratio between the suppressed and the
favoured amplitude isrBei(δB−γ) ≡A (B−→D0K−)/A (B−→D0K−), whererB is the ratio of the
magnitudes of the amplitudes andδB is the relative CP-invariant phase between the two decays.

In analyses ofB±→DK± decays, theD-decay parameters must be known to high precision —
in particular theD decay amplitude, which has strong phaseδD. TheD-decay parameters will used
as input toB± → DK± measurements at LHCb and futureb-physics detectors. Measurements of
these parameters have been conducted at experiments such as BaBar, Belle and CLEO-c, and in the
future will also be conducted at BESIII. Of these, CLEO-c and BESIII are particularly important
for the present discussion as the quantum correlation present inψ(3770) → DD production is of
great value in charm studies.

2. CLEO-c and BESIII

CLEO-c was an experiment located at the Cornell Electron Storage Ring (CESR), an electron-
positron collider. The detector is described in detail in Ref. [3]. Data were collected at and above
the open charm threshold which corresponds to a centre-of-mass energy of 3.77 GeV. A total of
(818± 8) pb−1 of e+e− → ψ(3770) → DD data were recorded. The twoD-mesons are either
neutral or charged1 and are quantum-correlated with an overall CP of−1. The decay environment
at CLEO-c was relatively clean, resulting in low backgrounds and the ability to reconstructD decay
modes with ‘missing’ particles such as aK0

L or a neutrino.

1Henceforth, only the neutral case will be considered.
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The BESIII experiment is located at the Beijing Electron-Positron Collider II (BEPCII). Data
have been recorded at several centre of mass energies, including 3.77 GeV. BESIII has a charm
physics program that will study quantum-correlatedψ(3770)→DD decays; the overall luminosity
of these decays is expected to be& 4 fb−1. These proceedings will describe several results from
the CLEO-c collaboration; future results from BESIII are also anticipated.

At both CLEO-c and BESIII, quantum correlations in theψ(3770) → D0D0 system can be
exploited to determine the strong phase (etc.) ofD decays. The decays of the correlatedD-mesons
are both reconstructed, and the quantum numbers of oneD that has decayed to a final state of a
particular CP (e.g.K+K−, which has a CP of+1) are determined. The quantum numbers of the
otherD that has decayed to the final state of interest can then be inferred. A reconstructed decay of
aD to a particular final state is referred to as atag.

3. Event reconstruction at CLEO-c

At CLEO-c, decays for which all final-state particles are reconstructed are typically selected
by determining thebeam-constrained mass(mBC) of eachD candidate. The beam-constrained mass

is defined asmBC≡
√

E2
beam−p2

D, whereEbeamis the beam energy andpD is the total momentum of

the reconstructed final-state daughters of theD. The majority of correctly-reconstructedD0 decays
are clustered aroundmBC ' mD0. A signal region and sidebands are specified on the plot of the
mBC of oneD against themBC of the otherD (the ‘mBC plane’). Figure3 shows themBC plane for
D0 → K±π∓ tagged with CP+ and CP− decays [4]. The quantity of flat background in the signal

Figure 3: ThemBC plane forD0 → K±π∓ events tagged with CP+ (left) and CP− (right) decays. The black
points are data. The blue box is the signal region and the red regions labelled A–D are the sidebands.

box is estimated by scaling the data yields in the sidebands. The quantities of peaking backgrounds
are estimated using high-statistics samples of genericDD Monte Carlo simulated data.

The reconstruction of events containing a missing particle proceeds initially with the recon-
struction of all other particles in the event. The missing invariant mass,mmiss, is then determined
using the net four-momentum of the reconstructed particles and information about the detector run-
ning conditions. The square of the missing mass for events containing aK0

L is expected to lie on
m2

K0
L
∼ 0.25 GeV2/c4 — an example of this is shown in Figure4 [4], for which a peak inm2

miss is
clearly visible. The quantity of background present is estimated using Monte Carlo simulated data;
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typically, there is a small quantity underneath them2
misspeak, but it is predominantly located in the

high-mass sidebands.

Figure 4: Square of the missing invariant mass forD0 → K0
Lπ0 decays tagged withK±π∓ (left) and CP−

(right) decays. Black points are data and the solid red region is the estimated background.

4. Hadronic D decays

In this section we considerD decays to a number of different hadronic2 final states. We
describe how the parameters of interest (strong phaseδD, etc.) can be determined in each case and
how these parameters can be used in measurements ofγ in B±→ DK± decays.

4.1 Self-conjugate multibodyD decays:D→ K0
Sh+h−

Decays ofB± → DK± in which theD decays to a self-conjugate multibody3 final state can
be analysed to determineγ using the method proposed by Giri, Grossman, Soffer and Zupan
(GGSZ) [5]. Input from an external determination of theD → K0

Sh+h− decay parameters is ex-
tremely useful in order to achieve greater statistical precision. Two such final states produced from
D decays have been investigated:K0

Sπ+π− andK0
SK+K−, collectively referred to asK0

Sh+h−. In
both cases the distribution of events across the Dalitz plane is studied; the formalism for both states
is identical.

Define the invariant kinematic variablesx≡m2
K0

Sh+ andy≡m2
K0

Sh−
. These variables are coordi-

nates on a Dalitz plane. Define theD0 → K0
Sh+h− decay amplitudefD0(x,y)≡ Axyeiδxy, whereAxy

andδxy are respectively the magnitude of the decay amplitude and strong phase at(x,y).
In the absence ofD-mixing and CP violation,fD0(x,y) = fD0(y,x). The decay amplitude of

B−→ (K0
Sh+h−)DK− decays on theK0

Sh+h− Dalitz plane is therefore:

A (B−→ (K0
Sh+h−)DK−)(x,y) ∝ fD0(x,y)+ rBei(δB−γ) fD0(y,x). (4.1)

2Consisting of charged and/or neutral kaons and/or pions.
3‘Multibody’ in this context means three or more particles.
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Consequently theB− decay rate is:

Γ(B−→ (K0
Sh+h−)DK−)(x,y) ∝ A2

xy+r2
BA2

yx+2rBAxyAyx[cos(δB−γ)·cos(∆δD)−sin(δB−γ)·sin(∆δD)]
(4.2)

where thestrong phase difference∆δD ≡ δxy−δyx.
In order to achieve greater statistical precision, it is desirable to use an external source ofD-

decay data to determine∆δD. One method is to use an additional flavour-taggedD-decay sample
to determine theD decay parameters. Both the BaBar and Belle collaborations use this method;
a high-statistics sample ofD∗ → D0π is used to determine a model of theD0 → K0

Sh+h− decay.
There is an uncertainty associated with this procedure, which is difficult to assess reliably, arising
from how well the model represents the underlying physics of theD decay. In particular, it is
possible to use this method to measure the magnitude of theD decay amplitude, but not the phase.

At BaBar, bothK0
Sπ+π− andK0

SK+K− have been analysed [6, 7]. The K0
SK+K− model is

parameterised using the isobar formalism; theK0
Sπ+π− model is parameterised with the K-matrix

formalism. The value ofγ obtained from measurements ofB±→ (K0
Sh+h−)DK± decays is:

γ = 68◦±14◦(stat)±4◦(syst)±3◦(model). (4.3)

At Belle, theK0
Sπ+π− decay has been modelled using the isobar formalism [8]. The value of

γ obtained using this model in the analysis ofB±→ (K0
Sπ+π−)DK± decays is:

γ = 78.4◦+10.8◦
−11.6◦(stat)±3.6◦(syst)±8.9◦(model). (4.4)

An alternative approach to modelling the decays using a flavour-taggedD0 sample is to divide
the K0

Sh+h− Dalitz plane into bins and count the number of events reconstructed in each bin. In
a sample ofB± → (K0

Sh+h−)DK± decays, the number ofB± events in theith bin of theK0
Sh+h−

Dalitz plane is:

Ni(B±→ (K0
Sh+h−)DK±) ∝ Ti + r2

BT−i +2rB

√
TiT−i [cos(δB± γ)ci +sin(δB± γ)si ] (4.5)

where
Ti ≡

∫
i
| fD0(x,y)|2dxdy, (4.6)

ci ≡
1√

TiT−i

∫
i
| fD0(x,y)|| fD0(y,x)|cos(∆δD(x,y))dxdy (4.7)

and
si ≡

1√
TiT−i

∫
i
| fD0(x,y)|| fD0(y,x)|sin(∆δD(x,y))dxdy. (4.8)

The parametersci andsi are the weighted-average cosine and sine of the strong phase dif-
ference in theith bin. CLEO-c and BESIII are uniquely positioned to makemodel-independent
measurements of these quantities using quantum-correlatedD0D0 decays.

At CLEO-c, bothK0
Sπ+π− [9] andK0

SK+K− have been studied; all results forK0
SK+K− are

preliminary. To first order, the CP ofK0
Lh+h− is the opposite CP of that toK0

Sh+h−; such decays
can therefore be used to provide additional statistical precision4. The parameters associated with
K0

Lh+h− are primed (e.g.c′i).

4There are second-order differences caused by doubly Cabibbo suppressed contributions.
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To determineci(′), the yield ofK0
S,Lh+h− tagged with CP eigenstates is used. Constraints

on si(′), and additional constraints onci(′), are provided by the yields ofK0
S,Lh+h− tagged with

K0
S,Lh+h−. A maximum likelihood fit is used to extractci(′) andsi(′)5.

The kinematic distributions of CP-taggedK0
S,LK+K− events are shown in Figures5–8. The

effect of quantum correlations can clearly be seen; resonances appear and disappear depending on
the CP state of theK0

SK+K−. In particular, a strong effect is seen for them2
K+K− projection. When a

K0
SK+K− decay is tagged with a CP+ eigenstate, theK0

SK+K− is in a CP− state and often decays
via the narrow CP− K0

Sφ resonance (Figure6). When aK0
SK+K− decay is tagged with a CP−

eigenstate, theK0
SK+K− is in a CP+ state so theK0

Sφ resonance is not present (Figure8).

Figure 5: The m2
K0

S,LK+ , m2
K0

S,LK− Dalitz

plane forK0
SK+K− tagged with CP+ data

andK0
LK+K− tagged with CP− data.

Figure 6: The m2
K+K− projection for

K0
SK+K− tagged with CP+ data and

K0
LK+K− tagged with CP− data.

Figure 7: The m2
K0

S,LK+ , m2
K0

S,LK− Dalitz

plane forK0
SK+K− tagged with CP− data

andK0
LK+K− tagged with CP+ data.

Figure 8: The m2
K+K− projection for

K0
SK+K− tagged with CP− data and

K0
LK+K− tagged with CP+ data.

A statistically-sensitive binning of the Dalitz plane is to use regions of similar∆δD[10]. Exam-
ple binnings forK0

Sπ+π− andK0
SK+K− are shown in Figures9 and10respectively. The branching

5The log likelihood term used in theK0
Sπ+π− analysis is given in Ref [9].

6



P
o
S
(
F
P
C
P
 
2
0
1
0
)
0
0
8

D0-hadronic decays related to the extraction of the CKM angleγ Christopher Thomas

ratio ofD0→K0
SK+K− is approximately five times smaller than that ofD0→K0

Sπ+π−, so in order
to achieve reasonable statistical precision a coarser binning is required forD0 → K0

SK+K−.

Figure 9: Binning of theK0
Sπ+π− Dalitz

plane into eight equal bins of∆δD. The
model used is detailed in Ref. [6].

Figure 10: Binning of theK0
SK+K− Dalitz

plane into three equal bins of∆δD. The
model used is detailed in Ref. [7].

The results on the(ci ,si) plane using these binnings are shown in Figures11 and12. The re-
sults are in reasonable agreement with the quantities predicted by the corresponding decay models.
However, to emphasise, these measurements are completely independent of the model.

Figure 11: Plot of the CLEO-cD0 →
K0

Sπ+π− results on the(ci ,si) plane. The
points with error bars are the measured val-
ues, the stars are the model-predicted val-
ues. The unit circle is in black.

Figure 12: Plot of the CLEO-cD0 →
K0

SK+K− results on the(ci ,si) plane. The
points with error bars are the measured val-
ues, the stars are the model-predicted val-
ues. The unit circle is in black.

4.1.1 Impact onγ measurement

A toy Monte Carlo study is performed in order to evaluate the impact onγ obtained by
using the CLEO-c results inB± → DK± measurements at LHCb. A large number ofB± →
(K0

Sh+h−)DK± decays are simulated using the CLEO-c values ofci and si . The ci and si are
smeared using their reported uncertainties, taking correlations into account. Central and smeared
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values ofNi are determined using the(c,s)i and preset values ofrB, δB andγ. The parametersrB,
δB andγ are then floated in the fit and extracted by fitting the smearedNi to the central values. The
RMS of their distributions is taken in order to determine the CLEO-c contribution to the error on
γ from the uncertainty on the measured values ofci andsi . ForK0

Sπ+π−, this contribution∼ 1.7◦;
for K0

SK+K−, the contribution∼ 3.7◦. These additional errors are small compared to the expected
LHCb statistical precision.

4.2 Two-bodyD decays:D→ K±π∓

The Atwood-Dunietz-Soni (ADS) method [11] is used to determineγ from B±→DK± decays
in which theD decays toK±π∓. This method also benefits from external input of theD decay
parameters measured in charm experiments. For decays of the formB± → (K±π∓)DK±, there are
four permutations of the charge of theB and the charge of theK produced by theD decay. The
decay rates of these permutations are:

Γ(B+ → (K+
π
−)DK+) ∝ 1 + (rBrKπ

D )2 + 2rBrKπ
D ·cos(δB + γ −δ

Kπ
D ), (4.9)

Γ(B+ → (K−
π

+)DK+) ∝ r2
B + (rKπ

D )2 + 2rBrKπ
D ·cos(δB + γ +δ

Kπ
D ), (4.10)

Γ(B−→ (K+
π
−)DK−) ∝ r2

B + (rKπ
D )2 + 2rBrKπ

D ·cos(δB− γ +δ
Kπ
D ), (4.11)

Γ(B−→ (K−
π

+)DK−) ∝ 1 + (rBrKπ
D )2 + 2rBrKπ

D ·cos(δB− γ −δ
Kπ
D ) (4.12)

whererB andδB were introduced in Section1 andrKπ
D andδ Kπ

D are respectively the amplitude ratio
and strong phase difference between the Cabibbo-favoured and suppressedD0 decays:

rKπ
D eiδ Kπ

D ≡ A (D0 → K+π−)
A (D0 → K−π+)

. (4.13)

The world average ofδ Kπ
D is (26.4+9.6

−9.9)
◦ [12]. This result has inputs from B-factory mixing mea-

surements and the CLEO-c analysis of 281 pb−1 of ψ(3770) → D0D0 data [4]. The CLEO-c
analysis reconstructedD0 → K±π∓ events tagged with flavour and CP eigenstates.

4.3 Multibody D decays:D→ K±π∓π+π−, D→ K±π∓π0

When theD0 decays to three or more bodies in a non-CP eigenstate, the ADS method can be
used but must be extended to take into account intermediate resonances. TheD0 decay amplitude
varies across phase space; it is useful to quantify the extent to which the amplitudes of the interme-
diate resonances interfere. For a multibody final stateF , thecoherence factor RF [13] is defined
as

RFe−iδ F
D ≡

∫
AF(x)AF(x)dx

AFAF
(4.14)

wherex denotes the multidimensional phase space variables,δ F
D is the average across phase space

of the strong phase difference of theD0 decay,AF(x) is the D0 decay amplitude, andAF ≡∫
|AF(x)|2dx. The value ofRF lies between 0 and 1. IfRF ∼ 0, the intermediate resonances

are out of phase and no single resonance dominates; conversely, ifRF ∼ 1, the resonances are in
phase (i.e coherent) and a single resonance dominates.

Quantum-correlated CLEO-c data have be used to measure the coherence factors forD0 →
K±π∓π+π− andD0→K±π∓π0, denotedRK3π andRKππ0 respectively [14]. The yields ofK±π∓π+π−

8
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Double-tag yield Sensitive to

K±π∓π+π− vs K±π∓π+π− RK3π
2

K±π∓π+π− vs K±π∓ RK3π ·cos(δ K3π
D −δ Kπ

D )
K±π∓π+π− vs K±π∓π0 RK3πRKππ0·cos(δ K3π

D −δ Kππ0

D )
K±π∓π+π− vs CP eigenstate RK3π ·cos(δ K3π

D )

Table 1: Dependence of yields ofK±π∓π+π− andK±π∓π0 on coherence factorsRF and average strong
phasesδ F

D .

andK±π∓π0 are sensitive to the coherence factors and average strong phases as outlined in Ta-
ble 1. Two-dimensional likelihood scans for the coherence factor and average strong phase of
K±π∓π+π− andK±π∓π0 are shown in Figures13 and14 respectively. High coherence is ob-
served forD0 → K±π∓π0 and low coherence is seen forD0 → K±π∓π+π−.

Figure 13: Two-dimensional likelihood
scan for the coherence factor and average
strong phase ofK±π∓π+π−. The star is
the most probable value.

Figure 14: Two-dimensional likelihood
scan for the coherence factor and average
strong phase ofK±π∓π0. The star is the
most probable value.

4.3.1 Impact onγ measurement

Measurements of the coherence factors, along with theD → K±π∓ strong phase, provide
invaluable additional input for the determination ofγ at LHCb. Using the CLEO-c results in the
B± → DK± analysis at LHCb is estimated to provide additional sensitivity equivalent to doubling
theBB dataset for 2 fb−1 [15].

5. Future

Several analyses at CLEO-c will be updated in the future. The measurements of double-tagged
K±π∓ decays, used as input to the ADS analysis, will be updated using the full 818 pb−1

ψ(3770)
dataset. The analysis ofD0 → K0

SK+K− will be finalised and the analysis ofD0 → K0
Sπ+π−

will be updated with different Dalitz plane binnings (determined using updated decay models from
BaBar [7] and Belle [8]). In addition there will be a coherence factor analysis of theD0→K0

SK±π∓

9
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decay. Similar analyses can be performed on data taken at BESIII, exploiting the higher sample
sizes which will become available at this experiment.

LHCb and otherb-physics experiments will be able to take advantage of the input from CLEO-
c and BESIII when makingB± → DK± measurements to determineγ. Excellent precision onγ is
expected to be achieved when combining these measurements [15].

6. Conclusions

Results from analyses ofD0-hadronic decays play an important role in the precise measure-
ment ofγ usingB±→ DK± decays at LHCb and otherb-physics experiments.

Quantum correlations at CLEO-c (and in the future BESIII) enable precise measurement of the
D0 decay parameters. The CLEO-c collaboration has performed analyses ofD0 decays toK0

Sπ+π−,
K±π∓, K±π∓π+π− and K±π∓π0 and the results have been summarised in these proceedings.
Preliminary results from an analysis ofD0 → K0

SK+K− have also been shown.
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