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1. Introduction

A theoretically clean method to extract the CKM-anglis to exploit the interference present
in B* — DK™*, where theD is aD® or D® decaying to a common final statie, Decay rates in these
channels are sensitive to the following amplitude ratios

A(B~— D°K")

A(B*+ — DOK+)
A(B~— DOK-)

:rBei(éB*V)j 5
A(B* — D°K+)

=rge(®*Y), (1.1)

which are functions of three parameters: the ratio of the absolute magnatitles amplitudes,

rg; a CP-invariant strong-phase differencds; and the weak phasg A variety of y extraction
strategies have been suggested depending oD fliral state. Final states that can be used are:
two-body modes such d6"K =/t [1, 2], K*rrF [3], as well as multi-body final states such
asKg7T+rr [4, 5] andK* it /K= it i [6].1 In all cases, the measurementyois affected

by properties of thé decay amplitude. In order to exploit fully the sensitivity to tBespecific
parametersrg, dg andy) it is, therefore, highly advantageous to have prior knowledge of the
parameters associated with tbalecay. This is where CLEO-c plays a crucial role.

These proceedings describe three sets of measurements performe&®yc®f D-specific
parameters relevant to the measurement @&ec. 2 introduces the parameters of interest in the
context of theB decay rates. Sec. 3 then explains how one can exploit quantum-conslatithe
(3770 in order to probe these parameters. Sec. 4 describes the CLEO-c experiment and data
sets used for the analyses. Secs. 5, 6 and 7 describe the experimecealype and results.

2. D Parameters Associated with the ADS Method

In the case of the so-calledDS method [3], where f = K* 117, D-specific parameters con-
tribute to the suppress@&t decay-rates as follows:

F(B* — (K¥mH)pK®) Or3+ (r§™2+2rer"cogds + 65"+ y), (2.1)

wherer§™ and 35" are analogous to thB* parametersg and dg; r§™ is the absolute ratio of
the doubly Cabibbo suppressed (DCS) to Cabibbo favoured (CF) amggianntdf™ is the cor-

respondingD strong-phase difference. Futhermore, the extended method [6], whididers

multi-body ADS modes i.ef = {K*mFn®, K*mFrm}, introduces an addition& parameter,
R¢, the coherence factor:

F(B* — (f)pK ™) Or3+ (r))2+2rer Ry cosds+ o) ), (2.2)

whereR; satisfies the conditiofiRs € R | 0 < R < 1}. This dilution term results from accounting
for the resonant sub-structure of the multi-body mode. For modes whigsengdiate resonances
interfere constructivelyR; tends to unity, however if the resonances interfere destructively, then
R tends to zero.

1For a review of all these methods, and a summary of current aneeftur~ DK* y measurements, see Refs. [7]
and [8].
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3. Quantum Correlations at the /(3770

Determination of strong-phase differences and coherence factotsecanade from analysis
of quantum-correlate®°DP pairs. Such an entangled state, with= —1, is produced irete"
collisions at the(3770 resonance. To conserve this charge-conjugation state, the final State o
the D°DP pair must obey certain selection rules. For example, B8tandDP cannot decay t&P-
eigenstates with the same eigenvalue. However, decayB-igenstates of opposite eigenvalue
are enhanced by a factor of two. More generally, final states thatcasssible by bottD® and
DO (such ak~7r") are subject to similar interference effects. Consequently, by considémne-
integrated decay rates of double tag (DT) events, where both%faad theD? are reconstructed,
one is sensitive to interference dependent parameters such as@ases and coherence factors.
Furthermore, these decay rates are also sensitive to charm mixing. @figing is described by
two dimensionless parameters= (M1 —My) /I andy= (I'1 —I2) /2, whereMy » andl"1 » are the
masses and widths, respectively, of the neubrahesonCP-eigenstates. The explicit dependence
on the mixing parameters can be seen by considering the generalised, tigratede DT rate.
That is, for aD°DP pair decaying to the final statd, g):

F(f]g) = Qu|AtAg — AtAg|?+ Ru|AtAg — ArAg|?, (3.1)

whereA = (i|D%), A = (i|D°). The coefficient®Qu andRw posses the dependence on the mixing
parameters, whe®y = 1— (X2 —y?)/2 andRy = (x* +y?)/2 [11].

3.1 Probing strong-phases and coherence factors

Letting f represent the signd) decay of interest, it is possible to obtain access to strong-
phases and coherence factors by considering specific states ofghey:taAs an example, we
demonstrate here how sensitivity to strong-phases can be obtaineddiglerargg to be in aCP-
eigenstate with eigenvalup. For the purpose of this discussion, we simplify the problem by
ignoring D-mixing effects, i.e.x,y — 0. In this scenarioQu — 1, Ry — 0. Consequently, for
f = K~ m", Egn.(3.1) reduces to:

MK~ |CP) O |AkrAce — AkrAcp|?
= [Acnl?|Acp[? (1+ (r§™)% — 2Acpr§cog 85)). (3.2)

Therefore, with a knowledge M|, |Acp| andrK™, the observed asymmetry between the rates for
Acp = +1 andAcp = —1 provides direct sensitivity to c()%"). When a multi-body signal mode

is considered, such ds= {Kiﬁno, K%ﬁnﬁr}, the amplitudeA; must be integrated over
all phase-space. This has the effect of modifying Eqn. (3.2) throwgtrdhsformation ccﬁﬁg) —

R cog ). Therefore, forf = K~ 7t n:

[ (K= 1" 10|CP) = | A || Acpl? (1+ (5™ )? — 2Acp ™ Riro cOSB5™)).  (3.3)

To give a more concrete overview, expressions from evaluating Bogh) ére listed in Table 1
for various tag modes against= K~ 7r". As is demonstrated in Ref.[9], whilé\ |?> has direct
correspondence to the CF branching fractigfg’,), |Ax |2 and|Acp|? possess dependence on the
mixing parameters andy, i.e. |Axx|? = ZB25S(1+ 0(x,y)). Consequently, a linear dependence
onx andy is observed in some of the quantum correlated branching fractions gaofatle 1.
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Mode Relative Correlated Branching Fraction
K-mtvs. K-t Rwm

K-mtvs.K¥fm  (1+Rw)?—4rcosds™(r cosdk ™ +y)
K~ 1t vs. CP+ 1+Rws+2rcosdk™ +y
K-mvs.e” 1—rycosds™ —rxsindk™

CP+£ vs.CP+£ 0

CP+ vs.CP— 4

CP+vs.e” l+ty

Table 1: Correlated ¢ = —1) effectiveD®DP branching fractions to leading ordersny andr2. The rates
are normalised to the multiple of the uncorrelated brargfiactions. Some rates show dependence to the
wrong-sign rate ratioRys = r2 +ry’ + Ry, wherey' = (ycosds™ — xsinés™).

4. CLEO-c

All measurements presented are made wita~ — (3770 data accumulated at the Cornell
Electron Storage Ring (CESR). The CLEO-c detector was used to colése thata. Details of the
experiment can be found elsewhere [10]. The total integrated luminosiheadata is 818 pb',
however, only 281 pb' have been used so far for the measuremeﬁgdfpresented in Sec. 5.

5. Measurement of the strong-phase differencein D — K+

The first analysis presented is that of the strong-phase differeri2e-rK ™. Implement-
ing the method described in Ref. [11], this analysis has performed thenfrasurements gfand
cog85™) in quantum-correlateq/(3770 data. By comparing the correlated event yields, whose
rates are listed in Table 1, with the uncorrelated expectations, we are altesict &, rcos(ég"),
y andx?. To achieve this, a knowledge of the relevant uncorrelated branchtiag are needed.
This information is gathered by averaging results of single-tagged yieltie gt(3770 with ex-
ternal measurements using incoherently-produd@dnesons. In addition, to extract ¢d@§™)
from r cog 35 ™), knowledge of is required. This necessary information is obtained by including
Rws andRy as external inputs to the least-squares fit. Furthermore, external reeasus of the
mixing parameters are used as constraints. All correlations amongst the ampuaccounted for.

The analysis has considered a total of se@Breigenstates reconstructed againstkieT™
signal modeK K, " i, KImP, Kw, K9P, KOn andKPrP. In those DTs without &°, the
signal is identified using two kinematic variables: the beam-constrained Mass,/E3.,m— P,
andAE = Ep — Egeam WhereEgeamis the beam energpp andEp are theD® candidate momentum
and energy, respectively. The reconstructiorkK8f® events utilises the missing-mass technique
described in Ref. [12]. The analysis finds a resul§f = (227139,)° from using 281 pb! of
data, which is the first direct determination of this phase [13]. An updatdtrfollowing analysis
of the full 818 pb ! dataset is in preparation.
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6. Measurement of the coherence factor and aver age strong-phase differencein
D—K*mfnland D — K*mF i

Determination of the average strong-phase difference and assocaterknce factors for
the modesf = {Kmn®, K37t} have been made using an analogous technique to that described in
Sec. 5 [14]. As shown in Egn.(3.33P-tagged multi-body rates provide sensitivity to the product
Ry cos(éé). A means of decoupling these parameters fortunately comes from cangities rate
I(f|f). Evaluating Eqn.(3.1) fog = f, one obtains:

F(F1f) = QulArZIAr2 (1= (Rr)?) + IAr*Ru (1= 20r5)2+ (rh)*). (6.1)

In the case of the two-body mode= K* 7", Ry = 1 and Eqn.(6.1) reduces tA|*Ry as quoted

in Table 1. However, for multi-body final states, one observes(thatR%) is the leading term

in Eqn.(6.1). Consequently, the rdt¢f|f) provides direct sensitivity t&R; and allows for a
decoupling of the parameters. All ti#-tags listed in Sec. 5 are employed in this analysis, as well
askp, K2n" andKw.

As was done in th&K* ™ analysis, a least-squares fit has been used to extract both mix-
ing and strong-phase parameters. Likelihood contouBfinéé parameter space are shown in
Fig. 1(a) for f = Kmr®, and Fig. 1(b) forf = K37 The best-fit values of the coherence factors
and average strong-phases &gy = 0.84+ 0.07, 3™ = (227'14)°, Rear = 0.33'929 and

KST — (114'28)°. The uncertainties quoted are a combination of statistical and systemati error
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Figure 1: The limits determined on (a0, 8K™) and (b) Rear, 3537 at the 1, 2 and 8 levels.

The results show significant coherence B% — K, but much less so fob® — K.
These results will improve the measuremenyaind the amplitude ratiz in B — DK*, where
the D decays toK riri® and Krrrrrr. - Earlier preliminary results oRgs;; and 553" [15] combined
with CLEO-c’'s measurement @™ were shown to improve the expected sensitivity &t LHCb
in a combined ADS analysis &frr andK rirort final states by up to 40% [16].

7. Measurement of strong-phasevariationsin D — Kgﬂﬁr

The current best constraints grtome from measurementsBY — D(KSr™ - )K* and re-
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lated modes [17, 18] by performing likelihood fits to tlh@n+ - Dalitz plot [4]. These fits require
models to represent tizP — Kgnﬁr resonant amplitude structure. Since these models are based
on certain assumptions, an inherent systematic uncertainty is associatedisviitkimique. Cur-
rent estimates predict this error to be betweemid 9, meaning they measurement would soon
become systematically limited at the next generation of flavour-physicsimerdr However, an
alternativemodel -independent method has been proposed where events are counted in specified re-
gions of thek2rr* 7~ Dallitz plot [4, 5], thus eliminating the model-uncertainty. This method relies
on necessary strong-phase parameters having been determined@cCLE

As Dallitz plot variables we use the invariant-mass squared dfdine andKSr* pairs, which
we label as_ ands;, respectively. The strong-phase at a given point inkfe* i~ Dalitz plot is
thendp(s_,s. ). For the phase difference betweh — K2rrt m~ andD® — Kt r~ at the same
point in the Dalitz plot, we define

Adp = dp(s-,Sy) — Ip(S:,S-). (7.1)

The quantities measured by CLEO-c that provide input to the model-indepipndetermination
are the averages of d@sdp) and sirfAdp) in theith Dalitz plot bin. We denote these termsand

S, respectively. In a completely analogous manner to the analyses peegeiecs. 5 and 6;
can be determined fro@P-tagged decay rates, whiggis extracted from considering the double
Dalitz plot of Kgrﬁrr VS. Kgn+rr. Furthermore, additional constraints qrands are obtained
throughK?rmr* - events.

The choice of Dalitz plot binning affects the statistical precision of the aizalyshas been
demonstrated in Ref. [5] that it is beneficial to choose bins suciMavaries as little as possible
across each bin. The binning used in this analysis, with eight-pairs of biftsmly dividing Adp
over the rangg0, 211, is shown in Fig. 2(a). The location of these bins in phase space arerchos
based on the BaBar isobar model given in Ref. [19].

3620609-025

Phase Bins 3620109-001

| Y BaBar Model @ CLEO-c Data

(b)

Figure 2: In (a), the uniform|Adp| binning of thngn*rr Dalitz plot. In (b), the comparison of the
measured; ands (circles with error bars) to the predictions from the BaBztiar model (stars).
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The values o€; ands from the combined analysis ngn*rr andK?rt i tagged events are
shown graphically in Fig 2(b). When used as input toyttmeasurement, these results are expected
to replace the current model uncertainty 6f-59° with an uncertainty due to the statistically
dominated error og; ands of 1.7° [20].

8. Conclusion

The importance of CLEO-c’s quantum-correlatg(B770 dataset in the context of measuring
the CKM angley has been described. Analysis of a variety of two- and multi-dd®¥igecays with
these data have provided vital measuremenf%sétrong-phases, and associated parameters, for
model-independernt measurements at LHCb. In addition to the modes presented here, results are
in preparation for other promising final states, sucb8s- KK K.
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