PROCEEDINGS

OF SCIENCE

Review of Belle results

Pavel Krokovny *

Budker Institute of Nuclear Physics and Novosibirsk Stata/étsity
E-mail: kr okovny @ np. nsk. sy

The Belle experiment, running at the KEK& e~ asymmetric energy collider during the first
decade of the century, achieved its original objective ohsueing precisely differences between
particles and anti-particles in thBesystem. After collecting 1000 fi of data at varioud reso-
nances, Belle also obtained the many other physics resdtgitied in this article.

The XXI International Workshop High Energy Physics and QuianField Theory,
June 23 &S June 30, 2013
Saint Petersburg Area, Russia

*Speaker.

(© Copyright owned by the author(s) under the terms of the Cre@vymmons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/


mailto:krokovny@inp.nsk.su

Review of Belle results Pavel Krokovny

1. Introduction

In the sections that follow, we describe the physics accomplishments of tle &geri-
ment [1], which ran at the KEKB[J2¢"e~ asymmetric energy collider in Tsukuba, Japan between
1999 and 2010. KEKB broke all records for integrated and instantenkemninosity for a high
energy accelerator. As a result Belle was able to integrate over 106®flone inverse attobarn
of data. Most of the Belle luminosity was recorded on or neaMM#S) resonance, which is the
optimal center of mass (CM) energy for the productioBfpairs used iB physics analysis.

Neutral B mesonsB°® andBP, can transform or mix into their antiparticles through box di-
agrams. The frequency of the mixing transition (oscillation)igy = (0.5074+ 0.004) ps! (B,
while the lifetime (o) is 1.51940.007 ps [B].

At a B-factory, pairs of neutraB mesons in a coherent state with= —1 are produced by
Y(4S) — BB° decays In a decay in which ormeson decays tdcp and the otheB meson
decays to a flavor specific final stafgy, the decay rate is given as

e |At ‘ / TBO
4TBO

P(M,q, S A ) = {1+q- [ﬂsin(AmdAt) +%cos(AnuAt)} } (1.2)
Here At = tcp — tiag is the difference between the proper decay timedcpfand fiag, = £1 is
the flavor of fiag (+1 for B — ftag). The quantities”” and.cz areCP violation parameters that
are dependent on the decay mode. The paran¥étéescribes mixing-inducedP violation and is
given by. = —ncpsin2 @ — @), wherencp is theCP eigenvalue offcp. The other parameter,
</, corresponds to dire@P violation (i.e. noCP violation in theB® «— B transition rates). It
should be noted that, depending on the weak phase of the d&ajplation measurements give
information on the various angles of the unitarity triangle. The asymmetry in taef8° andB°
decays is given by

PN, +1,S, o) - P (M, -1, )
P, +1,7, )+ P (M, -1, )

A(At) = = .7 sinAmyAt + &7 cosAmyAt (1.2)

An experimental measurement of time-dependeRtviolation at aB-factory includes the
following steps: reconstruct ori& decaying tofcp; determineq using all available information
on theB — fiag decay; reconstruct vertices fégp and fiag and determinét from the distance
between the twd vertices; obtain and.« by fitting theAt distribution of reconstructed signal
candidates.

2. Measurement of @

At the quark level neutraB meson decays int¢cC)K® are induced by & — cCstransition.
Since both leading and sub-leading order diagrams of this process coetifier\V,, nor\Vyq, there
is no complex phase in the decay amplitude. Tii$s zero and the mixing-inducedP violation
parameters is directly related to one of tHeéP-violating anglesg;. Inthe SM,.¥ = —ncp-Sin 2@
and.«f ~ 0 are expected.
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2.1 B® — (cc)KO reconstruction

We reconstruc/¢Kg, J/@K?, ¢(29)KE, andx1KE as thefcp in neutralB meson decays to
(cc)KO. J/y mesons are reconstructed via their decay into oppositely charged lefteiepa
or u™u~) while ¢(2S) mesons are reconstructed by lepton pairs as welj get" i1 final states.
We reconstruckc; mesons in thd/(y mode and(g mesons in ther" it final state.

ForB® — J/yK, w(29)KE, andx1K2 candidates, the signal is identified using two kine-
matic variables calculated in th4S) CM: the energy differencAE = Eg — E;,,and the beam-
energy constrained madc = \/(Ejeam? — (Pg)?, WhereE; . .is the beam energy in the CM of
the Y(4S) resonance, anl; and p; are the CM energy and momentum of the reconstruBtean-
didate, respectively. In thB° — J/@K? case, candidaté” mesons are selected using information
recorded in the ECL and/or the KLM. Since &g energy cannot be measured, we determine only
its direction. ThusB® — J/LpKE candidates are identified by the value g calculated using a
two-body decay kinematic assumption.

TheMy, distribution for signal candidates with a string&ft requirement|AE| < 40 MeV for
J/YKE, |AE| < 30 MeV for (25K, and|AE| < 25 MeV for x;1K2) as well as thepg distribution

for J/@K? candidates are shown in Fid. 1. The signal yields and purities are estinsatedch
fcp mode and given in Tablg 1.
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Figure 1: My distribution within theAE signal region forB® — J/@K¢ (black), ¢(2S)KS (blue), and
xclKg (magenta); the superimposed curve (red) shows the fit riEgudtll modes combined (left) and the
p;, distribution for B® — J/L,UKE candidates with the results of the fit separately shown asaki@pen
histogram), background with a re3l and a reaK? (yellow), background with a redl/ but without a
realK? (green), and background without a régly (blue) (right).

2.2 Flavor tagging

For the events in which we reconstruc8t— fcp candidates, the neutilflavor is identified
from the decay products of the accompanyigeson. The available information is obtained from
leptons, kaong) baryons, and pions. Leptons directly coming frBrdecay and secondary leptons
and strange particles in the cascade decays carry the nistla@or information. Low momentum
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Table 1: Signal yield (\sig), CP eigenvalue fjcp), and purity for eactB® — fcp mode.

B decay mode Ncp Nsig Purity (%)
J/ YK —1 12649+114 97
W(2S) (¢ )KS —1  904+31 92
YRS/ /Yrm)KE —1  1067+33 90
Xc1K2 ~1  940+33 86
J/PKP +1 10040+ 154 63

tagging pions may come from** decays. In addition, there are high momentum pions originating
fromB® — D™+ or D®)' p~ decays. Both types of tagging pions give some information about
b-flavor. The information from all the decay products is handled by a multi-déioaal likelihood
approach with corresponding look-up tables.

To calibratew, we select a flavor specific final state of neuBaheson decays such as semilep-
tonic B® — D**¢~v decays and hadronB® — D**);r~ andD**p~ decays. We then determine
the wrong tag fractiom by measuring the time evolution of the opposite-sign flavor asymmetry, as
it exhibits aAt dependence proportional (& — 2w) cofAmyAt). We also determinAw, which is
the difference iw betweerg = +1 and—1 events. FoB® — J/ Lng decay, we obtain the effective
tagging efficiencygerr = £(1— 2w)? = (30.1+ 0.4)%, wheree is the tagging efficiency.

2.3 At determination and itsresolution

In energy-asymmetrie™ e~ collisions at KEKB, theY(4S) is produced with a Lorentz boost
of By = 0.425 nearly along the-axis, which is defined as the direction anti-parallel toghdseam
at Belle. SinceB mesons are approximately at rest with respect toYi#S), we can measure
At by measuring the displacement between the Bayoeson decay vertices in thairection, Az,

At ~ BAch'

The B meson decay vertex is reconstructed by a Lagrange multiplier approaath mini-
mizes thex? calculated from the decay vertex position and the daughter particle tridksall
this procedure a “vertex fit”. The vertex fit is carried out using daugtgeks with a sufficient
(minimal) number of SVD hits and a constraint on the interaction-region profilleeplane per-
pendicular to the beam axis.

Because of the negligible flight length &f @ or ¢/(2S) mesons, the vertex reconstructed from
their daughter lepton tracks can representBhe- fcp decay vertex; its resolution is found to be
approximately 75um. On the other hand, tfg&° — fiag vVertex is obtained with well-reconstructed
tracks that are not assignedfigp. Here, high momentum leptons are always retained because they
usually come directly from semilepton®meson decays. Sindgg may contain long-lived parti-
cles such a®*, D% K, and so on, the vertex reconstructed using the daughter tracks coming fr
these intermediate particles can deviate from the BlUe» ftag vVertex. This effect is minimized
by removing tracks that are identified by a large contribution to the verte fiThe ftag vertex
position resolution is found to be approximately 165.
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In the Belle experiment, the contributionsfib measurement error are divided into three cat-
egories: detector measurement error, the effect of secondaryl@gitidi,g vertex reconstruction,
and the kinematical approximatiofw, ~ Az/ (B yc). These three effects are convoluted on an event-
by-event basis to obtain thg resolution function, which is used in a maximum likelihood fit to
extract and.es as discussed in the next section.

2.4 Extracting CPviolation parameters

We determine sin@ and.es from a maximum likelihood fit usingt andq information ob-
tained on an event-by-event basis from signal candidates. By takirgffdw of incorrect flavor
assignment into account, the probability density function (PDF) expectéddsignal distribution
is given by

oAt/ 150

Psig(At) = BT { 1—-0Aw +q(1—2w;) x |:(—rlcp) sin 2 sin(AmgAt) + ;z%cos(AmdAt)} }

° 2.1)
The distribution is convoluted with thét resolution functiorRsig(At), which takes into account
the finite vertex resolution as described in Seci. 2.3. The backgroundJffAt) is determined
by the events found in a sideband region well away from the signal regidg—AE space as well
as Monte Carlo (MC) events. A small component of broad outliers id#tdistribution, caused by
misreconstruction, is represented by a Gaussian funcigifAt) with o ~ 30 ps. We determine
the following likelihood value for each event indexediby

P, (AtiaQi ;sin 2@.’%) = (1_ 1:ol) 1Esig/ ysig(At/)Rsig(Ati _At/)d(At/) + (1_ fol) fbkggzbkg(Ati) + 1EoIF’ol(A'[i)7
- 2.2)

wherefq is the outlier fraction fsig and fukg are the signal and background probabilities calculated

as functions ofAE and Mp.. The CP violation parameters, sin® and <7, are determined by

maximizing the likelihood functio.(sin2p,, </') = [; Zi (A, Gi; Sin 2y, <7 ), where the product

runs over all events. A fit to the candidate events results iCteiolation parameterd][4],

sin2p = 0.667+4 0.023(stat)}t 0.012(syst) (2.3)
&/ = 0.0064 0.016(statH-0.012(syst)

The background-subtractéd distribution forq = +1 andq = —1 events and the asymmetry for
events with good quality tags are shown in f]g. 2. The world average ofsis 2ow 068+ 0.02,
which is a firm SM reference.

2.5 Search for new physics using CP violation measurementsin b — s penguin modes.

B meson decays involving penguin diagrams are thought to be a sensitive fmonew
physics (NP) beyond the SM because of the one-loop nature of penghiR could appear as
deviations ofCP violation parameters from the SM expectation. In this section, some highlight
results for penguin modes are reviewed.

In SM b — sqq hadronicB decays, the relevant coupling\gVis and the weak phase is the
same as in the — ccstransition, e.gB? — (cc)K® decay. Therefore, the main point is to check
whether the pengui@P violation results deviate from the SM expectatiori,= —ncpsin2p, and
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Figure 2: The background-subtractéd distribution forq = +1 (red) andqy = —1 (blue) events and asym-
metry for events with good quality tags (oc)K2 (left) andJ/ @K (right) decays.

« = 0. In this context, the time-dependdDP-violating parameters are denoted as spff?and
/. The modes3® — ¢KO, n’K®, andK°K°KO that involve onlyb — sSsprocesses are of special
interest, since the SM theoretical uncertainty@®t violation is small for these decay processes.

In the Belle experiment, attempts to perform measurements of time-depelidenlation
in b — sqq induced decays witB° — n’K2 and K2 modes were made from the earliest stage
of data taking, starting in 2002. In 2003, using a 3520° BB data sample, the value of in
BY — K2 flipped sign and exhibited a 3o5deviation from the S parameter measuredih—
(cc)K® modes [p]. This was very striking and suggestive of an NP effect. 062@ith a larger
statistics data sample corresponding to 53%° BB, updated measurements were reported. These
measurements add®? — n’K? and pK? decays to the8® — n’K® and gK° sample [b]. The
results are summarized in Talfle 2.Bh — n’K° decayCP violation is observed with a statistical
significance of 5.6. In all these thre® decay modes, the large deviation fr@h— (cc)K® has
disappeared.

In spite of the small theoretical uncertainty, experimentally, several cotitits overlap in
B? — ¢KY because of the relatively wide natural widths of the resonances thatbede in the
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Table 2. Measurements oEP violation parameters, sing” and .7, in B® — n’K°, ¢K°, andK2KIK
modes with a 53% 10° BB data sample. The first and second errors are statisticalyetensatic errors,
respectively.

B decay mode sing" o

n’'KO +0.6440.10+0.04 —0.014+0.074+0.05
KO +0.504+0.214+0.06 +0.074+0.154+0.05
KIKZIK2 +0.304+0.32+£0.08 —0.31£0.20+0.07

K*K~ final state. In order to resolve these interfering contributions, Belle fittrtteedependent
Dalitz distribution by expressing each contribution at the amplitude level foBthe KTK~KZ
candidate events. With this technique, the extracted parameter is n«nf%ibm rather the an-
gle (pfff itself and.«#. Therefore the result does not have a two-fold ambiguity betvﬁérand

/2 — (pleﬁ. In B — K*K‘KgJ decays, we find four solutions related to resonant amplitude in-
terference. The preferred one is identified using external informatifated tofp(980) and fx
(assumed to béy(1500) branching fractions. The obtain@P violation parameters are summa-
rized in TablgB[[7]. These are consistent with @ violation in B — ccK® decays at the d&

Table 3: CP violation parameters iB° — K+K‘Kg time-dependent Dalitz analysiqeieff and.<Z. The first,
second, and third errors are statistical, experimentaésyatic, and Dalitz model uncertainties, respectively.

B decay mode @ o
(ng (322+9.04+2.6+1.4)° +0.04+0.20+0.10+£0.02
fokQ (31.3+9.0+3.4+4.0° —0.30+0.29+0.11+0.09

level.

Including otheh — s mediatedB decays, the precision of sikpgff is still statistically limited,
typically 0.1~ 0.2. ObtainingZ(10~2) sensitivity requires an integrated luminosity@f10 ab 1),
and a SupeB-factory experiment.

3. Measurement of @

After the first observation @€ Pviolation in B meson decays, which gave a measuremegt,of
a precise measurement@fbecame the next target@P violation measurements for the validation
of the Kobayashi—-Maskawa model. The first Belle measureme@Paisymmetry parameters in
B® — mtmm decay [B] was reported in March 2002, representing the secong deade (after
B — ccK?) with a time-depender@P violation measurement.

The decay modes used f@r measurements are those proceedindwvia u transition, such as
B — mtm, B — p*m,B° — ptp~. Theb — utransition is shown in Fig]3(left) and includes
the Cabibbo—Kobayashi—-Maskawa (CKM) elema&fjt, it can be shown that the time dependent
CP asymmetry is then given ag = sin2g and .« ~ 0. However, an additional amplitude, a
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“penguin diagram” (FigJ3(right)), contributes and has a phase thaféselift from the tree diagram
(Mg instead o). This causes a deviation of from sin 2p, and a non-zerey'.

d b : ar ; d
4: 9 -
_ u
W
b - Ll u u
d < dd - d

Figure 3: Tree (left) and penguin (right) diagrams 8% — " 7~ decay.

The firstg» measurement was attempted usingBe— 7t~ decay mode. This decay has
the simplest two-body topology and was one of the first well establishethtdssB decays. The
reconstruction of the decay is straightforward: a pair of oppositelygethpions with an invariant
mass consistent with thB-meson massMpc = mg) is selected; thd meson energy in CM is
required to be consistent with the beam enedyly & 0). However, the selected sample suffers
from a very large background from tlede” — qq (q = u,d,s,c) continuum process since the
same kinematic properties can easily be faked by two oppositely chargesifpagmented from
primary quarks and carrying about half of their momentum. Another signiftizckground is from
B® — KT decay, where the kaon is misidentified as a pion. The branching fractitimeféormer
decay mode is about four times higher than thabf- " 77. In this case, the reconstructa#
is shifted by—40 MeV and goo /T separation and good momentum resolution are important to
reduce this background.

The continuum background is suppressed utilizing a difference in thalgéelent topology
for the two classes of events; continuum events have a two-jet like sHaiﬂthB_events have
an isotropic shape as the tvBbmesons are produced almost at rest in the CM. To quantify the
event shape, we use a Fisher discriminant combining modified Fox—Watfimments. We form a
likelihood %5 (%) for signal (continuum background) using the Fisher discriminant amdrtigle
between the flight direction of thB candidate and the beam direction in the CM, @gs The
likelihood ratioZ = %s/(%s+ £) is used as the final continuum suppression parameter. In the
early analyseqJ8], we imposed a tight requirementdhy optimizingS//S+ B, whereSandB
are the expected number of signal and background events, respediiva later analysi§]9], we
optimized theZ requirement depending on the flavor tagging quality.

The AE distribution ofB® — " 71~ candidates is shown in Fifj. 4. Background events due to
three-body decays populate the negafi&region but they do not contribute in th? — -
signal region [AE| < 0.064 GeV).

The vertex reconstruction and the flavor tagging are performed in the wamnas for the
sin2p, measurements. TheP violation parameters are extracted from a fit to fedistribution
for the events in the signal region &XE andMy ([5.271, 5.287] GeVA). The PDFs include the
signal, continuum background, aBd — K* 7~ background. The first result was reported using
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Figure4: Left: AE distribution ofB® — rr* 7~ candidates. In order to enhance the signal, requiremeats ar
imposed on the two other variablédy:. and.%Z. Right: At distribution forB® andB® taggedB — " 1~
events (top) and theP asymmetry together with the fit result (bottom).

48x 10° BB pairs: [$]

Sn=—1.217557(stay " g13(syst
rn= +0.94752(stap + 0.09(sys} 3.1

In the latest analysis using 53510° BB pairs [J], a stringent selection df/ 1t particle identifi-
cation is not imposed and instead th®— K+~ decays are included as a component in the fit
to extract theCP violation parameters. This increases the signal detection efficiency bya28%
improves the measurement errors by 10%. The resultg]are [9]

= —0.61£ 0.10(stap + 0.04(sys?
= +0.55+0.08(stal) + 0.05(sys. (3.2)

The At distribution and the asymmetry together with fit results are shown in[JFig. 4. A clea
non-zero</;; i.€. a clear direcCP violation, is seen (the asymmetry exhibits a significant cosine
term). As shown above, the first measurement already indicaRediolation in decays with a
significance of Dag. The first evidence of direc@P violation in aB decay mode was reported
with 3.20 significance in January 2004 using a sample of #32° BB pairs [10]. Although this
claim was not widely accepted at that time because the result of the Balkdraration showed a
rather smallez;; value, the latest world average/; = 0.3840.06 [[L1], establishe§P violation
in B — 7" decays with a significance above 5

The large direcCP violation indicates that the contribution of the penguin diagram is sizable
and the deviation of/;;;from sin 2 may be significant. The anglg can be extracted using the
isospin relation among branching fractions @ asymmetries oB® — mtm—, B — n°1°, and
BT — m"i® decays; this was first proposed by M. Gronau and D. Lonfdn [12§. r€sult, shown
in Fig.[§, is obtained using the results fof;;and.; given above and the world average values
of branching fractions of the thr&&— rmrrmodes and direc@P asymmetry irB® — 1°7i°. Using
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Figure5: Left: 1—C.L. for a range ofp, values as obtained with an isospin analysiBef mmdecays. The
solid and dashed lines indicate C.L. = 68.3% and 95%, relspéctRight: 1-C.L. as a function ofp from
the average of the Belle and BaBar result8®f— ", B® — pr, BY — pp.

this method, there are multiple discrete ambiguities for the aggl&he solution that is closest to
the global fit result[[1]3] givegy = (97+11)°.

The final state iB® — p* 7 decay is not &P eigenstate, but the decay proceeds through
the same quark diagramsB%— " 7. SinceB® andB° can decay t@* 11, time-depender@P
violation can occur and provide information gp. Here the final state ig" 71~ 7° and the decay
B® — mt 1 contains three intermediate stat®: — ptm, p~mrt, andp°m®. These three
amplitudes interfere and their magnitudes and relative strong phases esindmed from a Dalitz
plot amplitude analysis. Knowing the hadronic phases of these amplitudes ratite plane, a
time-dependent Dalitz plot analysis allows the determinatiogd¢fl4]. This method provideg
without ambiguities (assuming large signal statistics) exceppfer @ + L.

The reconstruction and continuum suppression are similar 8%he 71 77~ analysis with an
additionalr® reconstructed in tha® — yydecay modeCP violation parameters are obtained from
a three-dimensional fit to the distribution &f and two Dalitz distribution parameterfx;ﬁl,,zﬁnO and
M72rn0- Belle performed the analysis using 44Q0° BB pairs [I5]. The amplitudes inclugE770)
and higher mass resonancg$1450 andp(1700. The time-dependent Dalitz plot distribution
is parameterized with 27 real parameters describing the components thaliffexent time- and
Dalitz plot behaviors.CP violation parameters foB® — p* ", B — rn°r® decays andp, are
extracted from these parameters. We obtain‘a<68» < 95° at a 68.3% confidence level (C.L.)
interval for the solution consistent with the global fit result. A large reg®ng{ ¢ < 5°, 23 <
@ < 34, and 109 < @ < 180°) also remains. With a larger data sample, a more restrictive
constraint without ambiguities is expected from this measurement.

IntheB® — p*p~ mode a pseudoscalar decays into two vector particles and the final state is a
mixture of CP-even andCP-odd amplitudes. In order to extract the fraction of e@éhcomponent,
an angular analysis is required. Fortunately, the fraction of the longitugoiarization turns
out to be close to 1009 TlL§, [1F,]18], simplifying the measurement. The sigmalidates are

10
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reconstructed irp* — t° decays. Because of twas in the final state, the combinatorial
background due to fake® candidates is very large. The results using 53%° BB pairs are [19]:

Gy p- = +0.16+0.21(stap £0.07(sys?
Sprp- = +0.19£0.30(stap + 0.07(sysh (3.3)

In this mode,@ can be obtained using an isospin relation similar to that irBthes rrt i~ case.
Because the branching fraction 8t — p°p°is much smaller than those B — p*p~ andB* —
ptpY, the deviation ofp, from the measured value is small and some ambiguities are degenerate.
So far only an upper limit o8(B° — p°pP) has been obtained; this is used in the isospin analysis.
The isospin analysis gives 6Z ¢ < 106" at the 68.3% C.L.

All of the above results and results from the BaBar collaboration can imbio@d to obtain
the @, constraint shown in Fig] §T13l» = (89.0743)° is obtained at a 68.3% C.L.

4. Measurement of @3

The anglep, has been now measured with high precision ($éct. 2). Measurementaofglee
@ is more difficult due to theoretical uncertainties from the contributions ofjpendiagrams
(Sect.[B). Precise determination of the third angle of the unitarity triagleis possible using
B* — DK™ decays. However, it requires much more data than determinations of thieaatjies.
The determination ofp; is theoretically clean due to the absence of loop contributigas;an
be determined using tree-level processes only, exploiting the intereetmteeerb — cud and
b — ucd transitions that occurs when a process involves a neDtraéson reconstructed in a final
state accessible to bobf andD® decays. Thereforeg provides an SM benchmark, and its precise
measurement is crucial in order to disentangle non-SM contributions tomthegsses, via global
CKM fits.

Several differenD decays have been studied in order to maximize the sensitivigy.td@ he
archetype is the use &f decays taCP eigenstates, a method proposed by M. Gronau, D. London,
and D. Wyler (and called the GLW methofl) [20]. Belle makes useR&ven modesll;), such as
K*K~, andCP-odd modesD,), such aX2rm°. To extractyp; using the GLW method, the following
observables sensitive @P violation are used: the asymmetries

BB~ — D12K™) — AB(Bt — D12K™) 2rgsindgsings

o= == 4.1
1,2 HB(B~ — D12K™) +A(BT — D1 2KT) 1-+r3 + 2rg coSds COSPs (4.1)

and the ratios

,@(87 — D172K7) +<@(B+ — D172K+)

H12= %(B~ — D9K—) + %(B+ — DOK+)

= 1+r3 4 2rgcosds COSP; (4.2)

whererg is the ratio of the magnitudes of the two tree diagrams shown in[Fig. &aimltheir
strong-phase difference. The valuergfis given by the product of the ratio of the CKM matrix
elements\V; Ves|/ [V Vus| ~ 0.38 and the color suppression factor, which altogether results in a
value of around 0.1. In the expressions above, mixing@Rdsiolation in the neutraD meson
system are neglected. Among these four observal#es,and .« », only three are independent
(sincecrZ#1 = —ah%>). Recently, Belle updated their GLW analysis using their final data sam-

11
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Figure 6: Feynman diagrams f@~ — D°K~ andB~ — DK

Table 4: Results of the GLW analysis f@" — DK* mode.

%1  1.03+0.07£0.03
H,  1.13+0.09+0.05
o/ +0.294+0.06+0.02
oy —0.124+0.06+£0.01

ple of 772x 10° BB pairs [2]1]. The analysis usé3® decays toK K~ and rr" 71~ asCP-even
modes (Fig[]7)K2n® andK2n asCP-odd modes. From Eqp. #[I}.2, the signs oftfieand o7
asymmetries should be opposite, which is confirmed by experiment [{able 4).

~100 ~100¢
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6 “E o
o 80F o 80f
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o 40F L
30 30%
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SRRTICONT R AW . T i .. S Eoso 25 N B i T X
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Figure7: Signals forB* — D;K* decays. The left (right) figure is f@~ (B*) decays. The plotted variable,
AE, peaks at zero for signal decays, while background fB6m- D™ appears as a satellite peak at positive
values.

The difficulties in the application of the GLW methods arise primarily due to the smajt ma
nitude of theCP asymmetry of thé8* — DcpK* decay, which may lead to significant system-
atic uncertainties in the observation of 8@ violation. An alternative approach was proposed
by D. Atwood, I. Dunietz, and A. Son[R2]. Instead of usiBy decays tcCP eigenstates, the
ADS method uses Cabibbo-favored and doubly Cabibbo—supprewedsdﬁo — K~ " and
D® — K~ In the decay8* — [K~ " |pK* andB~ — [KTmm |pK~, the suppresse decay is
followed by a Cabibbo-alloweB° decay, and vice versa. Therefore, the interfering amplitudes are
of similar magnitude, and one can expect a latgeasymmetry. Unfortunately, the branching ra-
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tios of the decays mentioned above are small. The observable that is niiasihne ADS method
is the ratio of the suppressed and allowed branching fractions:

B(BF — KTt |pK™)

_r2 2
BB [KEmrjpk=) 181D 2eroCoscsd, (4.3)

Fnps =

and

BB~ — [KT1T oK) — Z(B* — [K~]pK™)
BB — K T oK)+ Z(B" — [K 1T |pK")

GNDS = = 2rgrpsSingssind/%aps, (4.4)
whererp is the ratio of the doubly Cabibbo-suppressed and Cabibbo-allBRecay amplitudes
andd is the sum of strong phase difference8iandD decaysd = 3+ d. The ADS analysiq[23]
using the fullY(4S) data sample was reported by the Belle collaboration (fig. 8). The analgsis us
B* — DK* decays withD® decaying toK ™ m~ andK 7t (and their charge-conjugated partners).
The signal yield obtained is 5@2 events, which corresponds to the first evidence of an ADS signal
(with a significance of 4.4); the ratio of the suppressed and allowed modes is summarized in
Table[b. Although the analyses wiBt — DK* decays give the most precise results, diffe@nt
decays have also been studied. The use of two additional decay nisdesDm® andD* — Dy,
provides an extra handle on the extractionppfrom B* — D*K™*, which is becoming visible in
the most recent resultf J21].

Table 5: Results of the Belle ADS analyses.

Mode HADS SIADS
0.0044+0.0007 0261004

B— DK 0.016370 0051 00015 —0-3970%57003

30,0~ 0 0010 P BERE"  Loadi:

B— D*K,D* - Dy 0.0369513+0.002 -051933+0.08

A Dalitz plot analysis of a three-bod® meson final state allows one to obtain all the in-
formation required for determination @ in a single decay mode. Three-body final states such
as Kgnﬁr have been suggested as promising moflels [24] for the extractign. oAs in the
GLW and ADS methods, the two amplitudes interfere if DR andD° mesons decay into the
same final stat&2r" 71-. Assuming noCP asymmetry in neutraD decays, the amplitude for
B+ — D[Ksrt" r]K* decay as a function of Dalitz plot variableg = mﬁgm andm? = mﬁgrr is

fg: = fo(me,m?) +rgd @ % fp(m? e (4.5)

where fp(m?,m?) is the amplitude of thd® — K2t decay. Similarly, the amplitude for
B~ — D[Ksmr"m |K™ decay is

fg- = fo(m?,m2) 4 rge ' ®H & fp(m? n?). (4.6)

TheD°® — K3t - decay amplitudefp can be determined from a large sample of flavor-tagged

(D Kgnﬁr decays produced in continuugfie annihilation. Oncefp is known, a simultane-

ous fit toB™ andB~ data allows the contributions of, @; anddg to be separated. The method has
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Figure 8: Signal forB* — DK* decays from Belle ADS analysis. In theAE andNB (continuum sup-
pression variable) distributionf * 71~ |pK~ components are shown by thicker dashed curves (red).

only two-fold ambiguity:(¢s, d) and(¢@; + 180, dg + 180°) solutions cannot be distinguished. To
test the consistency of the fit, the same procedure was applied B-the D*) 1= control sam-
ples and the8* — D*)K* signal. A combined unbinned maximum likelihood fit to tB& and

B~ samples with free parameters, ¢, anddg yields the values given in Tabj¢ 6. Combining
B* — DK* andB* — D*K*, we obtain [25] the values = (78'13+ 44 9)°, where the sources

of uncertainties are statistical, systematic, and due to imperfect knowledge afplitude model
that describe® — Kgrﬁn’ decays. The last source of uncertainty can be eliminated by binning

Table 6: Results of Belle Dalitz plot analyses.

Mode @ (°) 3 (%) rs
B—DK 8173+5 1377}3+4 0.16+0.04:+0.01
B—D'*K 74733+4 34239+3 0.2040.07+0.01

the Dalitz plot (Refs.[[34] 26]), using information on the average strdveg@ difference between
D° andD° decays in each bin that can be determined using quantum corrglé3gd@0 data. Re-
sults have been published recently by CLEQ-¢ [27]. The measuredygthase difference is used
to obtain a model-independent res{ilf][28]:

@ = (77+15+4+4)°, 4.7)

where the last uncertainty is due to the statistical precision of the CLEQiktges
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