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1. Introduction

Of the three angles of thke— d Cabibbo-Kobayashi-Maskawa (CKM}][ triangle (cc/¢2,
B/¢1 andy/¢s), v (defined as arg—[VudV,),)/VedVdy)} ) is currently the least well-determined.
The uncertainty ory from direct measurements is 2®5° [2]. A more precise determination gf
is thus one of the central goals of flavour physics.

A very promising method to improve the precision pis to study interference in decays of
the formB* — DK=, whereD is eitherD? or DO. Feynman diagrams f&~ decays are shown in
Figuresl and2. For bothB* andB~ decays, thé®°® andD® must decay to the same final state in
order to produce interference between- u andb — c quark transitions. Measuring the relative
rates of theB™ andB™~ processes enablggo be determined.
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Figure 1: Feynman diagram for Figure 2: Feynman diagram for
B~ — DOK~™. B~ — DK~.

The decay o8B~ to DOK ~ is suppressed relative to the decaypfK ~ by both colour suppres-
sion and the ratio of the relevant CKM matrix elements. The ratio between the suppressed and the
favoured amplitude isg€(% 7 = o7 (B~ — DOK ) /.7 (B~ — D°K ), whererg is the ratio of the
magnitudes of the amplitudes afiglis the relative CP-invariant phase between the two decays.

In analyses oB* — DK™ decays, th®-decay parameters must be known to high precision —
in particular theD decay amplitude, which has strong phase TheD-decay parameters will used
as input toB* — DK* measurements at LHCb and futurghysics 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 present3n70 — 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 R&jf. Pata were collected at and above
the open charm threshold which corresponds to a centre-of-mass energy @&V. A total of
(818+ 8) pb! of ete~ — y(3770 — DD data were recorded. The tvd-mesons are either
neutral or chargedand are quantum-correlated with an overall CP-af The decay environment
at CLEO-c was relatively clean, resulting in low backgrounds and the ability to reconStdsxtay
modes with ‘missing’ particles such ax® 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 1l (BEPCII). Data
have been recorded at several centre of mass energies, includinG8V. BESIII has a charm
physics program that will study quantum-correlate@®770 — DD decays; the overall luminosity
of these decays is expected to bet fb~t. 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 th&3770 — D°DO system can be
exploited to determine the strong phase (etcp afecays. The decays of the correlaidnesons
are both reconstructed, and the quantum numbers oDotieat has decayed to a final state of a
particular CP (e.gK"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 atag.

3. Event reconstruction at CLEO-c

At CLEO-c, decays for which all final-state particles are reconstructed are typically selected
by determining thdeam-constrained magsigc) of eachD candidate. The beam-constrained mass
is defined asngc = 4 /Ebeam pD, whereEpeamis the beam energy amg, is the total momentum of
the reconstructed final-state daughters ofh&he majority of correctly-reconstruct@f decays
are clustered arounmhsc ~ mpo. A signal region and sidebands are specified on the plot of the
mgc of oneD against thangc of the otheD (the ‘mgc plane’). Figure3 shows themgc plane for
D% — K*xT tagged with CR- and CR- decays §]. The quantity of flat background in the signal

1.89 189 3950108-004

o
3
1

1.88]-

®
%

1.87:

1.86 |

M (GeV/c?)
T
(@]

. 1.85 7D C
1.84 |- B 1.84 — B
resbosl D L 1esbesl D : w
1.83 184 185 1.8 187 1.88 189 1.83 184 185 186 1.87 1.88 1.89
M (GeVi/c?)

Figure 3: Themgc plane forD® — K* ¥ events tagged with GP (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 gef¥didvonte 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 magss 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 contairfiigsaexpected to lie on
mg, ~ 0.25 GeV?/c* — an example of this is shown in Figu#g4], for which a peak immg,is
cIearIy visible. The quantity of background present is estimated using Monte Carlo simulated data;
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typically, there is a small quantity underneath thiapeak, but it is predominantly located in the
high-mass sidebands.
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Figure 4: Square of the missing invariant mass Bft — K2z° decays tagged witK*z T (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 considdd decays to a number of different hadrohiinal states. We
describe how the parameters of interest (strong pbasetc.) can be determined in each case and
how these parameters can be used in measuremepta & — DK™ decays.

4.1 Self-conjugate multibodyD decays:D — th+h*

Decays ofB* — DK™ in which theD decays to a self-conjugate multibcdijnal state can
be analysed to determingusing the method proposed by Giri, Grossman, Soffer and Zupan
(GGSZ) B]. Input from an external determination of tile— KZh™h~ decay parameters is ex-
tremely useful in order to achieve greater statistical precision. Two such final states produced from
D decays have been investigatez* 7~ andKIK K, collectively referred to ak2h*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 variabless mﬁoh+ andy = rnﬁoh,. These variables are coordi-
S S .
nates on a Dalitz plane. Define tB8 — K&h*h~ decay amplitudefipo(X,y) = Acq€%y, whereAyy
andoyy are respectively the magnitude of the decay amplitude and strong phasyg) at
In the absence dD-mixing and CP violationfno(X,y) = fg5(y,X). The decay amplitude of

B~ — (K¢h*h™)pK~ decays on th&2h"h~ Dalitz plane is therefore:

o/ (B” — (KN h™ )oK ) (xy) O fpo(x,¥) + ra€ =7 fpo(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 th8~ decay rate is:

F(B™ — (K" h )oK )(x,y) O AL +1EAL+ 2rBAyAyX[COS 85 — 1) - O Adp ) —Sin(Sg —¥) -Sin(Adp )]
4.2)

where thestrong phase differena®dp = xy — Syx.

In order to achieve greater statistical precision, it is desirable to use an external soDrce of
decay data to determin®p. One method is to use an additional flavour-tagBedecay sample
to determine thd decay parameters. Both the BaBar and Belle collaborations use this method;
a high-statistics sample &@* — Dz is used to determine a model of tB8 — KZh™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 ofhdecay. In particular, it is
possible to use this method to measure the magnitude @ thecay amplitude, but not the phase.

At BaBar, bothk2z* 7~ andKZK K~ have been analyse6,[7]. The KIKTK~ model is
parameterised using the isobar formalism;lﬂ@a*n‘ model is parameterised with the K-matrix
formalism. The value of obtained from measurements®f — (K2h*h~)pK* decays is:

y =68 £ 14°(stay £+ 4°(sysh + 3°(mode). (4.3)

At Belle, thngn+7r‘ decay has been modelled using the isobar formal&mihe value of
y obtained using this model in the analysis®sf — (K27 7~ )pK* decays is:

y=784""1%8 (stap + 3.6°(sysh + 8.9°(mode). (4.4)

An alternative approach to modelling the decays using a flavour-ta@@edmple is to divide
the KZh*™h~ Dalitz plane into bins and count the number of events reconstructed in each bin. In
a sample oB* — (K2n*h~)pK* decays, the number & events in thé™ bin of theK¢h*h~
Dalitz plane is:

Ni (B — (KSh*h™)pK®) O T +r3T i + 2rgy/T T_i[cog8g = ¥)Gi + sin(dg + ¥)s] (4.5)

where
T = / [ foo(x, ) [2dxdy, (4.6)
6= \/% /. [ fo(%, Y| foo (¥, X)| cOS A (x, y)) dxdly (4.7)
and 1
= Mansd, | foo (X, ¥) || fpo (Y, X)| SIN(Adp (X, y)) dxdy. (4.8)

The parameters; ands are the weighted-average cosine and sine of the strong phase dif-
ference in the™ bin. CLEO-c and BESIII are uniquely positioned to makedel-independent
measurements of these quantities using quantum-corrdéd@¥decays.

At CLEO-c, bothKSz* 7z~ [9] and KIKTK~ have been studied; all results isEK*K~ are
preliminary. To first order, the CP dﬁf’h*h‘ is the opposite CP of that ﬂogh+h‘; such decays
can therefore be used to provide additional statistical predisiBhe parameters associated with
KPh*h~ are primed (e.gc)).

4There are second-order differences caused by doubly Cabibbo suppressed contributions.
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To determinec;(’), the yield ongLh+h* tagged with CP eigenstates is used. Constraints
ons(’), and additional constraints an(’), are provided by the yields Mth+h‘ tagged with
K2 h*h~. A maximum likelihood fit is used to extract(’) ands(')°.

The kinematic distributions of CP-taggmgLKJrK— events are shown in Figurés8. The
effect of quantum correlations can clearly be seen; resonances appear and disappear depending on
the CP state of thﬁgKJfK*. In particular, a strong effect is seen for tlném, projection. When a
KIK*+K~ decay is tagged with a GPeigenstate, th&2K K~ is in a CP- state and often decays
via the narrow CP- K2¢ resonance (Figuré). When aK2K K~ decay is tagged with a GP
eigenstate, thE2K*K~ is in a CPt state so th&2¢ resonance is not present (Figie
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A statistically-sensitive binning of the Dalitz plane is to use regions of sididaf{10]. Exam-
ple binnings folkK2z " 7z~ andK3K *K ~ are shown in Figure8 and10respectively. The branching

5The log likelihood term used in thég7r+7r‘ analysis is given in Refd].
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ratio of D® — KKK~ is approximately five times smaller than thaf— K2z 7z~ so in order
to achieve reasonable statistical precision a coarser binning is requir@8 #erKgKJFK‘.
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plane using these binnings are shown in Figureand12. 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.
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4.1.1 Impact ony measurement
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A toy Monte Carlo study is performed in order to evaluate the impacy afbtained by
using the CLEO-c results iB™ — DK* measurements at LHCb. A large numberBf —
(K§h+h‘)DKi decays are simulated using the CLEO-c valuegiainds. Thec ands are
smeared using their reported uncertainties, taking correlations into account. Central and smeared
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values of\; are determined using the, s); and preset values og, 6g andy. The parametenss,

dg andy are then floated in the fit and extracted by fitting the smebred the central values. The
RMS of their distributions is taken in order to determine the CLEO-c contribution to the error on
v from the uncertainty on the measured values; @nds. ForKgn+7r—, this contribution~ 1.7°;

for KQK*K—, the contribution~ 3.7°. These additional errors are small compared to the expected
LHCDb statistical precision.

4.2 Two-bodyD decays:D — K*xT

The Atwood-Dunietz-Soni (ADS) method]] is used to determingfrom B* — DK™ decays
in which theD decays toK*z 7. This method also benefits from external input of h@lecay
parameters measured in charm experiments. For decays of th&form(K*z7)pK*, there are
four permutations of the charge of tBeand the charge of thi€ produced by thé decay. The
decay rates of these permutations are:

(BT — (KT )pKT) 01 + (rar§)? + 2rer§™- cog8s + y— 857), (4.9)
(B — (K x")pK") Org + (r§7)?  + 2rery” cos(55+y+5 ), (4.10)
FB~ — (K'z )pK™)Ord + (r$™?  + 2rpr§” cos(SB—y+6 ), (4.11)
FB™ — (K 2")pK)O1 + (rgr§™)? + 2rer§™- coq &g — v — 857) (4.12)

whererg anddg were introduced in Sectiohandr™ and K" are respectively the amplitude ratio
and strong phase difference between the Cabibbo-favoured and supibeskamiys:

0 +p—
K7 SDKn:f,(Z{(D — K™ )
rpre®r = (DS K ) (4.13)
The world average off” is (26.4fg;8)° [12]. This result has inputs from B-factory mixing mea-
surements and the CLEO-c analysis of 281pbf w(3770 — DD data K]. The CLEO-c

analysis reconstructdd® — K*zF events tagged with flavour and CP eigenstates.

4.3 Multibody D decays:D — K*x¥ntn~, D — K*nFx°

When theDP 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 resonanc&’ démway 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 skgtéhe coherence factor R[13] is defined
as

iss _ J o (X)(x)dX

= Ae A
wherex denotes the multidimensional phase space variafgss the average across phase space
of the strong phase difference of tl¥ decay, o (x) is the D° decay amplitude, andg =
[|As(x)[?dx. The value ofRr lies between 0 and 1. IR: ~ 0, the intermediate resonances
are out of phase and no single resonance dominates; converdeiy,ifl, 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 fadi8rs-for

K*rnFrtrn~ andD® — K* 7770, denotedRcz, andRy 0 respectively 14]. The yields oK * T 7+~

Ree™ (4.14)
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Double-tag yield Sensitive to

KErFatn vsKEnFatn~ Rzl

KEnFatn vsKin™ Riar- COS 8537 — 5K7)
KEnFatn vsKEnFx0 Rian Ry g0+ COY 8537 — §K77°)

K*zFrtn~ vs CP eigenstate R¢z,- cog 6K%%)

Table 1: Dependence of yields &*n Tz 7~ andK*772° on coherence factoR: and average strong
phasesf.

andK*n 770 are sensitive to the coherence factors and average strong phases as outlined in Tas
ble 1. Two-dimensional likelihood scans for the coherence factor and average strong phase of
KE*rTrtr~ andK*zTx° are shown in Figure$3 and 14 respectively. High coherence is ob-
served foD® — K*z 720 and low coherence is seen of — K*r¥rtn—.
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Figure 13: Two-dimensional likelihood Figure 14: Two-dimensional likelihood
scan for the coherence factor and average scan for the coherence factor and average
strong phase oK*zTxTx~. The star is strong phase oK*z 7% The star is the
the most probable value. most probable value.

4.3.1 Impact ony measurement

Measurements of the coherence factors, along withlthe K*z¥ strong phase, provide
invaluable additional input for the determinationjoft LHCb. Using the CLEO-c results in the
B* — DK™ analysis at LHCb is estimated to provide additional sensitivity equivalent to doubling
the BB dataset for 2 fb [15].

5. Future

Several analyses at CLEO-c will be updated in the future. The measurements of double-tagged
K*xT decays, used as input to the ADS analysis, will be updated using the full 818yi8770
dataset. The analysis &@° — KIKTK~ will be finalised and the analysis @° — K3z 7~
will be updated with different Dalitz plane binnings (determined using updated decay models from
BaBar [7] and Belle B]). In addition there will be a coherence factor analysis ofdHe- KgKinjF
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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 otheb-physics experiments will be able to take advantage of the input from CLEO-
¢ and BESIII when makin* — DK* measurements to determipeExcellent precision ory is
expected to be achieved when combining these measureréhts [

6. Conclusions

Results from analyses @°-hadronic decays play an important role in the precise measure-
ment ofy usingB* — DK® decays at LHCb and othérphysics experiments.

Quantum correlations at CLEO-c (and in the future BESIII) enable precise measurement of the
D? decay parameters. The CLEO-c collaboration has performed analyBBsletays tk2z* 7,
KEr¥, K*rFrtr~ andK*x 720 and the results have been summarised in these proceedings.
Preliminary results from an analysis Bf — KgK+K* have also been shown.
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