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Observation of mixing-induced CP violation in the neutral B meson system

K. Abe® K. Abe*® R. Abe3! T. Abe* I. Adachi? Byoung Sup Ahrt/ H. Aihara®® M. Akatsu?* Y. Asano®® T. Aso®
T. Aushevt* A. M. Bakich/® Y. Ban® E. Banas’ S. Behari P. K. Beher&' A. Bondar’ A. Bozek?

M. Bracko 2>1°T. E. Browder® B. C. K. Casey P. Chang’® Y. Chao?® B. G. Cheort® R. Chistov}* S.-K. Choi/ Y. Choi *®
L. Y. Dong!2 J. Dragic?3 A. Drutskoy* S. Eidelmart, V. Eiges'* Y. Enari?* C. W. Evertor?® F. Fand® C. Fukunagd!
M. Fukushima'! N. GabysheV, A. Garmastt;® T. Gershor?, B. Golob?!'*® A. Gordon? H. Guler® R. Guo?®
J. Hab& H. Hamasak?, K. Hana&;akie,‘6 F. Handd'* K. Hara® T. Hara®* N. C. Hasting€® H. Hayashii?® M. Hazumi?
E. M. Heenarf? I. Higuchi** T. Higuchi*® T. Hojo®® T. Hokuue?* Y. Hoshi*® S. R. Hou?® W.-S. Hou?®
S.-C. HstP® H.-C. Huang?® T. Igaki,24 T. lijima,® H. Ikeda? K. Inami* A. Ishikawa?* H. Ishino!® R. Itoh? H. Iwasaki?
Y. lwasaki? D. J. Jacksor® H. K. Jang® H. Kakuno?® J. H. Kang>* J. S. Kand\’ P. Kapust&® N. Katayama,

H. Kawai2 H. Kawai®® Y. Kawakami?* N. Kawamural T. Kawasak! H. Kichimi,® D. W. Kim,*® Heejong Kim>*
H. J. Kim>* H. O. Kim;*® Hyunwoo Kim!’ S. K. Kim* T. H. Kim,>* K. Kinoshita® H. Konishi*® S. Korpar?*'®
P. Krizan?2® P, Krokovny? R. Kulasiri? S. Kumar* A. Kuzmin? Y.-J. Kwon?*J. S. Langé,G. Leder® S. H. Lee®
A. Limosani?® D. Liventsev** R.-S. Lu?® J. MacNaughtort® G. Majumde*! F. MandI*® D. Marlow*® T. Matsuishi?*
S. Matsumotd, T. Matsumotd®* Y. Mikami,** W. Mitaroff,®® K. Miyabayash?® Y. Miyabayash?* H. Miyake 3
H. Miyata®! G. R. Moloney?® S. Mori® T. Mori,* A. Murakami®’ T. Nagaminé’* Y. Nagasakd® Y. Nagashima®
T. Nakadaird’® E. Nakano®? M. Nakao® J. W. Nam®® Z. Natkaniec?® K. Neichi*® S. Nishida® O. Nitoh*® S. Noguch?®
T. Nozaki® S. Ogawd'? T. Ohshim&* T. Okabe?* S. Okuno'® S. L. Olserf W. Ostrowicz?® H. Ozaki? P. Pakhlo*
H. Palka?® C. S. Park® C. W. Park!” H. Park!® K. S. Park® L. S. Peak® J.-P. Perroud® M. Peter$ L. E. Piilonen®?
E. Prebys® J. L. Rodrigue?, F. Ronga’® M. Rozanska? K. Rybicki,?® H. Sagawa, Y. Sakai’ M. Satapathy}

A. Satpathy® O. Schneidef? S. Schrenk, C. Schwandd;* S. SemenoV! K. Senyo?* M. E. Sevior?® H. Shibuya??
B. ShwartZ? V. Sidorov? J. B. Singh®* S. Stani¢® A. Sugi?* A. Sugiyam&? K. Sumisaw&, T. Sumiyosht® K. Suzuki?
S. Suzuk®® S. Y. Suzuk® H. Tajima/® T. Takahasht? F. Takasak?, M. Takita2® K. Tamai® N. Tamura®! J. Tanakd?
M. Tanaka® G. N. Taylor?® Y. Teramoto®* S. Tokud&* M. Tomoto? T. Tomura?® S. N. Tovey?® K. Trabelsi®
W. Trischuk®®* T. Tsuboyamd, T. Tsukamot@ S. Uehar&, K. Ueno?® Y. Unno? S. Uno? Y. Ushiroda® S. E. Vahser®
K. E. Varvell®® C. C. Wang?® C. H. Wang?’ J. G. Wang’? M.-Z. Wang?® Y. Watanabd® E. Won3® B. D. Yabsley’

Y. Yamada® M. Yamaga* A. Yamaguchi** H. Yamamotd'* T. Yamanaka® Y. Yamashita° M. Yamauchi® J, Yashim&,
M. Yokoyama®® Y. Yuan!? Y. Yusa?* H. Yuta® C. C. Zhang? J. Zhang? Y. Zheng® V. Zhilich,? and D. Zontar®

(Belle Collaboration
IAomori University, Aomori

2Budker Institute of Nuclear Physics, Novosibirsk
3Chiba University, Chiba
4Chuo University, Tokyo
SUniversity of Cincinnati, Cincinnati, Ohio
SUniversity of Frankfurt, Frankfurt
"Gyeongsang National University, Chinju
8University of Hawaii, Honolulu, Hawaii
High Energy Accelerator Research Organization (KEK), Tsukuba
%Hiroshima Institute of Technology, Hiroshima
Hnstitute for Cosmic Ray Research, University of Tokyo, Tokyo
nstitute of High Energy Physics, Chinese Academy of Sciences, Beijing
Binstitute of High Energy Physics, Vienna
HMinstitute for Theoretical and Experimental Physics, Moscow
153, Stefan Institute, Ljubljana
18Kanagawa University, Yokohama
YKorea University, Seoul
K yoto University, Kyoto
%yungpook National University, Taegu
20PHE, University of Lausanne, Lausanne
2Yniversity of Ljubljana, Ljubljana
22University of Maribor, Maribor
ZUniversity of Melbourne, Victoria
2Nagoya University, Nagoya
2Nara Women's University, Nara
26National Kaohsiung Normal University, Kaohsiung
2National Lien-Ho Institute of Technology, Miao Li
2&National Taiwan University, Taipei
294, Niewodniczanski Institute of Nuclear Physics, Krakow
30Nihon Dental College, Niigata

0556-2821/2002/68)/03200722)/$20.00 66 032007-1 ©2002 The American Physical Society



K. ABE et al. PHYSICAL REVIEW D 66, 032007 (2002

3INiigata University, Niigata
%20saka City University, Osaka
3%0saka University, Osaka
34panjab University, Chandigarh
35peking University, Beijing
38Princeton University, Princeton, New Jersey
%7Saga University, Saga
38seoul National University, Seoul
39Sungkyunkwan University, Suwon
4%University of Sydney, Sydney NSW
#ITata Institute of Fundamental Research, Bombay
42Toho University, Funabashi
43Tohoku Gakuin University, Tagajo
4Tohoku University, Sendai
“University of Tokyo, Tokyo
46Tokyo Institute of Technology, Tokyo
4"Tokyo Metropolitan University, Tokyo
“®Tokyo University of Agriculture and Technology, Tokyo
4%Toyama National College of Maritime Technology, Toyama
S0University of Tsukuba, Tsukuba
5lUtkal University, Bhubaneswer
52Virginia Polytechnic Institute and State University, Blacksburg, Virginia
53Yokkaichi University, Yokkaichi
S4Yonsei University, Seoul
(Received 13 February 2002; published 29 August 2002

This article describes an observation of mixing-indu€dd violation and a measurement of teP viola-
tion parameter, sing;, with the Belle detector at the KEKB asymmetd¢e collider. Using a data sample
of 29.1 fb ! recorded on th& (4S) resonance that contains 31.3 milli&B pairs, we reconstruct decays of
neutralB mesons to the followingC P eigenstatesd/ K2, y(29)K2, xc1 K2, 7:K2, J/yK? and I/ yK*O.
The flavor of the accompanyirg meson is identified by combining information from primary and secondary
leptons,K= mesons,A baryons, slow and fast pions. The proper-time interval between theBtwweson
decays is determined from the distance between the two decay vertices measured with a silicon vertex detector.
The result sin 2,=0.99+ 0.14(stat)- 0.06(syst) is obtained by applying a maximum likelihood fit to the 1137
candidate events. We conclude that there is |&®@eviolation in the neutraB meson system. A zero value for
sin 2¢; is ruled out by more than six standard deviations.

DOI: 10.1103/PhysRevD.66.032007 PACS nuntder11.30.Er, 12.15.Hh, 13.25.Hw

I. INTRODUCTION matrix) implies that2;V;; V= &« , which gives the follow-

The phenomenon o€P violation is one of the major ing relation involvingVyp andViy:

unresolved issues in our understanding of particle physics
today. In 1973, Kobayashi and Maskaw&M) proposed a VuaVEp+ VeaVi,+ VgV =0. )
model whereCP violation is accommodated as an irreduc-
ible complex phase in the weak-interaction quark mixing
matrix [1], which is defined as This expression can be visualized as a closed triangle in the
complex plane as shown in Fig. 1.

The three interior angles of the unitarity triangle originate

Vua Vus Vuo from the nonvanishingC P-violating phasethe KM phasg
Vea Ves Voo |, (1)  and are defined d€]
Vie Vis Vi

¢1=m—ard —VigViy/ —VedVep)
where the nontrivial complex phases are conventionally as-
signed to the furthest off-diagonal elements, and V4.
Unitarity of this CKM matrix(Cabibbo-Kobayashi-Maskawa dor=arg VigViy/ —VuaVi)» (3

*On leave from University of Toronto, Toronto, Ontario. ¢3Ea"9(VudV3b/_Vch:b)-
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The bold ansatz of Kobayashi and Maskawa required the R(goﬂfcp:At)

existence of six quarks at a time when only thed ands

quarks were known. The subsequent discoveries ottte =e*‘A“’TB°/ZrBo[1—§fsin 2¢cpSIN(AMyAL) ],
andt quarks as well as the consistency with @P violation
observed in the neutral kaon system led to the incorporation . . .
of the KM mechanism as an essential component of the starzli—nd the time-dependeftP-violating asymmetry i46]
dard model(SM).

In 1980, Sanda, Bigi and Carter pointed out that the KM R(§0_>fCP;At)_R(BO_)fCP;At)
model contained the possibility of sizabl@P-violating A(At)=
asymmetries in certain neutr@lmeson decayg3]. The sub-
sequent observation of a lofigguark lifetime[4] and a large
mixing in the neutralB meson systenf5] indicated that it = — &SI 2 pSIN(AMgAL), (6)
would be feasible to measuf@P violation in B meson de-
cays at an asymmetrig" e~ collider at theY (4S) energy.

Until recently the only observation @P violation was in ~ Where §; is the CP eigenvalue offcp, Amy is the mass
the neutral kaon system, where the interpretation of results idifference between the twB® meson mass eigenstated
complicated due to large corrections from the strong interac@ndAt=tcp—t,,. Because the asymmetA(At), vanishes
tion. By contrast, these corrections are absent or very smaih the time-integrated rate, it is very important to measure the
for the aforementione@ P violation in the neutraB meson  time dependence.
system. Thus its measurement can be used to over-constrain The anglegcp is directly related to the interior angles of
and test the consistency of the SM. the unitarity triangle, and is the phase difference between

A pair of neutralB mesons created in the decay4S) two interfering amplitudes, one faB°(B%) —f.p and the
—BOBY is in a state withC=—1 at the time of production other for the mixing procesB®(B%) —B°(B%)—fcp. The
(t=0), whereC denotes the charge conjugation. Although quantity ¢cp is equal tog, if fcp=J/¥K2 or any otherC P
oscillation then starts, the state preserveiGLm:id configu- eigenstate that arises from ME)HCESG) transition. The
ration and is not allowed to bB°B® or B’B®. The time  hadronic uncertainty in this case is negligibly small because
evolution of the pair is given by the amplitude of theb—s flavor-changing transition with

associateat c production is not only small but has the same
|W(t))=e VB W(t=0)), weak phase.
(4) As is described in the next section, the KEKBe™ col-
lider produces theY (4S) with a Lorentz boost ofBy
[1BO(k)BO(—K))—|B(—K)B°(K))], =0.425. Since th&° andB° are nearly at rest in th¥ (4S)
\/5 center of mass systefoms, At can be determined from the
displacement between the tviBdecay vertices—i.e.

R(B%— fep;At)+ R(B%—fcp;At)

1
|W(t=0))=—

wherek and —Kk are theB mesons’ momenta in th¥ (4S)

rest frame. This_coherence is pr_eserved until 8nmeson At=(zcp—zng)! Byc=AZIBycC, (7)
decays. Hence, if we can determine the flavor and the decay

time ti,4 of one of theB mesons decaying into a final state o ) ) .
f(ag, We are able to determine the time-dependent decay anyvhere thez axis is defined to be anti-parallel to the positron
plitude of the otheB at any timet as a function of the time Peam direction. - ) _

differencet —t,,,. We consider the case where the oter _ Following initial experimental studie8 9], the BaBar
meson decays dt=tcp to aCP eigenstatefcp. When the [10] and Belle[11] Collaborations recently reported the first
decay is dominated by a single transition amplitude, the folcléar observations o€ P violation in the neutraB meson

lowing formulas for the decay rates hold to a good approxi-Systeém. In this paper we describe the details of the measure-
mation[3]: ment of sin 26, with the Belle detector at the KEKB asym-

metrice™e™ collider with the same 29.1 ft data sample
R(BO— fep:At) reported in Ref[11]. In Sec. Il we describe the KEKB col-
cp lider and the Belle detector. The measurement of ginr2-
= 1A78%Y2 o[ 1+ &sin 2dcpSiN(AMyAt)], (5)  quires the reconstruction d°— f.p decays(denoted by
Bcp), the determination of thbk flavor of the accompanying
(tagging B meson, the measurement &f, and a fit of the
expectedAt distribution to the measured distribution using a
likelihood method. The selection and tagging procedures are
described in Secs. Il and IV. After introducing the methods
Vch:b to extract sin2; from the At distr'ibutions in'Sec. vV, we
present the results of the fit and discuss the interpretation of
FIG. 1. The unitarity triangle relevant ®decays. Angles of the the CP violation in Sec. VI. We summarize the results in
triangle arise from the KM phase. Sec. VII.
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Il. EXPERIMENTAL APPARATUS particles. Using this information, P(K/)
; : - - o =ProbK)/[ Prob(K) + Prob , the probability for a par-
KEKB [12] is an asym_metnce*e colider 3 km in cir- ticle to(ng[ aKi(Kr)neson (i?]calculffted A s){alectionpwith
cumference, which consists of 8 Ge¥ and 3.5 Geve” P(K/m)>0.6 retains abOl’Jt 90% of the char ed kaons with a
storage rings and an injection linear accelerator. It has a )= . DOUE SUY0 9
. . : . : _ . charged pion misidentification rate of about 6%.

\?\;irt]ﬁlz Izirsas(i:ggnasgllgﬂo? zvéh(:?aéhe_?he a;;[ae uscgtlj“(ijr? thi Photons and other neutrals are reconstructed in argsil
. ' rystal calorimeter(ECL) [18] consisting of 8736 crystal

analysis were taken between January 2000 and July 200 y f ) [18] 9 y

. . : : . locks, 16.1 radiation lengths(g) thick. Their energy reso-
The collider was operated during this period with a peak . = N
beam current of 930 mAg*) and 780 mA &), giving a kIutlon is 1.8% for photons above 3 GeV. The ECL covers the

L same angular region as the CDC. Electron identification in
peak luminosity of 4.%10* cm 2s . Because of the en- g g

ergy asymmetry, ther (4S) resonance and its daughtBr Belle is based on a combination dE/dx measurements in
mesons are produced with a Lorentz boosgof 0.425. On the CDC, the response of the ACC, the position and the

h d . v 2 : shape of the electromagnetic shower, as well as the ratio of
average, thd3 mesons decay approximately 20om from the cluster energy to the particle moment{it8]. The elec-
the Y (4S) production point.

The Belle d 131 | | | i tron identification efficiency is determined from two-photon
e Belle detectof13] is a general-purpose large soli ee —ete ete  processes to be more than 90% for

angle magnetic spectrometer surrounding the interactiog 1.0 GeVk. The hadron misidentification probability, de-
point. It consists of a barrel, forward and rear components. I{ rmined using tagged pions from inclusildé—m-r*w* d’e—
is placed in such a way that the axis of the detector solenoigeayS is below 0.5%

is parallel to thez axis. In this way we minimize the Lorentz Al the detectors mentioned above are inside a supercon-

force on _the low energy positron beam. .. ducting solenoid of 1.7 m radius that generates a 1.5 T mag-
Precision tracking and vertex measurements are provided

: o tic field. The outermost spectrometer subsystem IK'{’a
by a central drift chambefCDC) [14] and a silicon vertex ne . )
detector(SVD) [15]. The CDC is a small-cell cylindrical and muon detectaikLM) [20], which consists of 14 layers

drift chamber with 50 layers of anode wires, including 18of iron absorber(4.7 cm thick alternating with resistive
layers of stereo wires. A low- gas mixturelHe (50%) and plate counter¢RPQ. The KLM system covers po'lar af‘g'es.
C,Hs (50%)] is used to minimize multiple Coulomb scatter- between 20 and 155 degrees. The overall muon identification

ing to ensure a good momentum resolution, especially fopfﬂmency, determme.d by using a two-photon proc_e§e

low momentum particles. It provides three-dimensional tra-——€ € #" x~ and simulated muons embeddeddB can-
jectories of charged particles in the polar angle region 17didate events, is greater than 90% for tracks wijh

< #<150° in the |ab0ratory frame, wheré is measured >1 GeV/c detected in the CDC. The COI’I’eSponding pion
with respect to the axis. The SVD consists of three layers Misidentification probability, determined usingg— 7~

of double-sided silicon strip detectors arranged in a barreflecays, is less than 2%.

and covers 86% of the solid angle. The three layers at radii In our analysis, Monte CarlgMC) events are generated
of 3.0, 4.5 and 6.0 cm surround the beam pipe, a double-wallsing theQQ event generatof21] and the response of the
beryllium cylinder of 2.3 cm radius and 1 mm thickness. TheBelle detector is precisely simulated by a GEANT3-based
strip pitches are 84um for the measurement afcoordinate ~ program[22]. The simulated events are then reconstructed
and 25 um for the measurement of azimuthal angleThe ~ and analyzed with the same procedure as is used for the real
impact parameter resolution for reconstructed tracks is medlata.

sured as a function of the track momentgnimeasured in

GeVlc) to be o,,=[19050/(pBsin*?¢)] um and o, lil. RECONSTRUCTION OF B° DECAYS
=[36@42/(pB sir’?4)] wm. The momentum resolution of L ] )
the combined tracking system iso’pt/pt: (030/B We use a 29.1 fb- data Sample, which contains 31.3

©0.19,)%, wherep, is the transverse momentum in GeV/ million BB pairs, accumulated at theé(4S) resonance be-
The identification of charged pions and kaons uses threveen January 2000 and July 2001. The entire data sample

detector systems: the CDC measurementsEfdx, a set of has been analyzed and reconstructed with the same proce-

time-of-flight counter§ TOF) [16] and a set of aerogel Cher- dure. o . .

enkov counter$ACC) [17]. The CDC measures energy loss e recoonstrucB déacays 0 the f°"°"g'”@|? eigenstates

for charged particles with a resolution o{dE/dx)=6.9%  [23]: J/¢4Ks, #(25Ks, xc1Ks and 7Kg having §r=—1;

for minimum-ionizing pions. The TOF consists of 128 plasticand J/¢K{ having &=+1. We also use the decaB’

scintillators viewed on both ends by fine-mesh photomulti-— J/¢K*°, K*®—K27°, which is a mixture of even and

pliers that operate stably in the 1.5 T magnetic field. Theirodd CP eigenstates. The selection of thé&e> candidates is

time resolution is 95 pgrms) for minimum-ionizing par- described in the following sections.

ticles, providing three standard deviationo8K “/7* sepa-

ration below 1.0 GeW, and 2o up to 1.5 GeVE. The

ACC consists of 1188 aerogel blocks with refractive indices .

between 1.01 and 1.03 depending on the polar angle. Fine- To select generi@B candidates, we require at least three

mesh photomultipliers detect the Cherenkov light. The effectracks that satisfy/x>+y?<2.0 cm, |z|]<4.0 cm, andp,

tive number of photoelectrons is approximately 6 1 >0.1 GeVk, wherex, y, z represent the point of closest

A. BB event pre-selection
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approach of the track to the beam axis, @pés the momen- 15000
tum of the track projected onto the/ plane. We also require [
that more than one neutral cluster is observed and have en- 459002

ergy greater than 0.1 GeV.

The sum of all cluster energies, boosted back to the cms
assuming each cluster is generated by a massless patrticle, is <
required to be between 10% and 80% of the total cms en-
ergy. The total visible energy in the cn&L°, is computed
from the selected tracks, assuming they are pions, and the
calorimeter clusters that are not associated with the tracks.
We require thatE(L® is greater than 20% of the total cms
energy. The absolute value of tzecomponent of the cms 2
momentum is required to be less than 50% of the cms en- 2000 |- -
ergy. The event vertex reconstructed from the selected tracks
must be within 1.5 cm and 3.5 cm of the interaction region in
the directions perpendicular and parallel to #eis, respec- 9

5000

Events / (5 MeV/t
o

4000 — .

SN YO NN SR S N SN S ST S N SR S

! . ! | . 2.60 2.80 3.00 3.20 3.40
tively. Monte Carlo simulation shows that the selection cri- Dilepton mass (GeV/c?)

teria described above retain more than 99%Bd& events

andJ/y inclusive events. FIG. 2. The invariant mass distributions fé& J/¢—pu* ™

TO Suppress Contlnuum background, WhICh COI’]SIStS Oﬁnd(b) J/ lp—> e+e_ in the reconstruction of tha/ !ﬁKg mode where
+ o — — . . the selection fobneof the tracks is relaxe(tetails are explained in
e"e —qq whereq is au, d, s or c quark, we also require

R,=H,/Hy=0.5, whereH, andH, are the second and ze- the tex).

roth Fox-Wolfram momentg24]. mass distribution [26] and improves the signal-to-

background ratio. Thes(2S) candidates are then selected
B. B®—charmonium Kg(K*°) reconstruction requiring the mass differenchl, + - ,+,-— M+ -, to be be-
The candidate)/s and 4(2S) mesons are reconstructed tween 0.58 GeW” and 0.60 GeW?. This corresponds to
using their decays to lepton pairs, i.8ly—utu~ and @ =30 requirement wherer is the resolution on the mass
ete”. The ¥(2S) meson is also reconstructed via its difference[27].
Jlyt 7w~ decay, theye; meson via its)/ ¢y decay, and the ~ The xc1—J/ ¢y candidates are selected by requiring the
7e meson via itk "K 7% andKY( 7" 77 )K= 7" decays. =~ Mass dlﬁegence, M|+|_7_M|+2|_1 to be between
For J/y and ¢(2S)—1"1~ decays, we use oppositely 0.385 GeVt~ and 0.43(35 Gew . We_veto photon candi-
charged track pairs where both tracks are positively identidates that form a good™ candidate with any other photon
fied as leptons. For thB°—>J/¢Kg(7-r+7r‘) mode, which candldaote of energy gregter than GQ Mey in the evgnt.. A
has the smallest background fraction among @ eigen- good 7~ candidate |zs defined b)_/ an :)nvarlant mass W|2th|n
states that are used, the requirementdoe of the tracks is 20 (0 +17 MeV/c® of the nominalm™ mass, and by ¥
relaxed to improve the efficiency: a track with an ECL en-©f €SS thgm 10+ after a mass-constrained kinemati@i.
ergy deposit consistent with a minimum ionizing particle is FOr Ks—a "7~ reconstruction, we select oppositely
accepted as a muon and a track that satisfies eitheifigx ~ charged track pairs that satisfy the following requirements:
or the ECL shower energy requirements as an electron. IfL) When both pions have associated SVD hits, the distance
order to remove either badly measured tracks or tracks th&f the closest approach of both pion tracks in #uirection
do not come from the interaction region, we requicg] ~ Should be smaller than 1 cn2) when only one of the two
<5 cm for both lepton tracks. In order to account partially Pions has associated SVD hits, the distance of closest ap-
for final-state radiation and bremsstrahlung, the invarianProach of both the pion tracks to the nominal interaction
mass calculation of the*e™ pairs is corrected by adding PeInt in thex-y plane should be larger than 0.25 mi8)
photons found within 50 mrad of the* or e~ direction. ~ When neither pion has an associated SVD hit, ¢heoordi-

o ; : +o- iract -
Nevertheless, a radiative tail remains and we use an asynfidte of them "7~ vertex and thep direction of thew ™7~
metric invariant mass requirement—150<M,.,-  candidate’s three-momentum vector should agree within 0.1

— M 3/ yiues <36 MeV/c2. Since thep* x~ radiative tail racj. The invariant mass of the candidaté 7~ .pair is re-
is smaller, we select —60=M,+,-—My 029 quired to be b(()atweer) 482 and 514 Me¥/ which retains
<36 MeV/c? [25]. Events with a candidatd/ y—171~ de-  99.7% of theKs candidates.
cay are accepted if thé/y momentum in the cms is below  For thex¢;K¢ and 7Kg modes, more stringent track se-
2 GeVlc. Figure 2 shows the invariant mass distributionslection criteria are applied iK2— =+~ reconstruction to
for J/y—u" n~ andJ/y—e* e with the selection criteria reduce the backgroundl) the flight length in the-¢ plane
applied for thed/ K2 mode. should be greater than 1 m{@ mm for 7,— K K~ 79); (2)
To reconstruct$(2S)—J/ym* =~ decays, we select a mismatch in the direction at thek vertex point for two
mtmw~ pairs with an invariant mass greater than " tracks should be less than 2.5 ¢i® cm for 7,K2); (3)
400 MeV/c?. This requirement is based on the measuredhe angle in the-¢ plane between th&2 momentum vector

032007-5



K. ABE et al. PHYSICAL REVIEW D 66, 032007 (2002

and the direction defined by thég andJ/ ¢ (or n;) decay where teamis the cms beam energy, ai™ and pg™ are
vertices should be less than Q@1 for 7,KY) radian; and  the cms energy and momentum of B candidate. To im-
(4) for the XclKg selection we also require that the distanceprove the momentum resolution, a vertex fit and then a mass-
of closest approach of th# ¢ vertex in the radial direction constrained fit are performed wherever needed. The resulting
for eachsr™ track should be greater than 0.25 mm. fitted momenta are used in theE and M. calculations. A

To reconstruch—> w270 candidates, we first select pho- scatter plot oM. andAE for J/¢Kg(w+ 7 ) candidates is
tons that have an energy of at least 20 MeV. Fd—yy  shown in Fig. 3 along with the projections onto each axis.
candidates, we require that the invariant mass of the tw@he B candidates are selected by requiring 52%0,
photons be between 80 Med/ and 150 MeVt? and the  <5.290 GeVE? (|Myc— Mgo|<3.50) and by applying the
momentum ofr® be greater than 100 Me¥/ Initially, the  mode-dependent requirements AE listed in Table I. Fig-
- decay vertex is assumed to be at the nominal interactiofire 4 shows thév . distribution after theAE selection.

point. To selecK¢— 7%7° candidates, we find the best de-  The background in the signal region is estimated by si-

cay vertex where the invariant masses of twcandidates multaneously fitting théM . and AE distributions with sig-

are the most consistent with the nominal mass. To this nal and background functions in the region S,
end, first thek2 flight direction is measured from the sum of <53 GeVk2 and —0.1<AE<0.2 GeV. We use a two-
the momenta of the four photons, then we calculatexthef  gimensional Gaussian for the signal. For the background, we
the mass constrained fit for eaet?, varying the decay ver- ;se the ARGUS background functid@8] for M,. and a

tex along theKg direction through the IP. We choose the jinear function forAE. The details are described in Sec. V D.

vertex point that minimizes the sum of thé for the twom®  The number of candidates observed as well as the estimated
candidates. We require that the distance between the IP a%ckground are given in Table |.

the reconstructettKg decay vertex be larger than20 cm

where the positive directiqn is defined by 18 momentur(r)i. C. B%= J/4K® reconstruction

To reduce the combinatorial background, fffefor each _ 0 0 . )

meson at thekQ decay vertex point determined by this  1he reconstruction o8"—J/¢K is an experimental
method is also required to be less than 10. Using the calcih@llenge but is very important because its yield is expected
lated K decay vertex, we finally require that the invariant ©© P€ 1arge. In addition, since this mode iC#&-even eigen-

mass of Kg candidate lie between 470 Mey! and  State we s_hould observe a tinge-de_pendent_ asymmietry re-
520 MeV/c2 versed in sign compared Y #/Kg, which provides an im-

For J/yK* (K27 decays, we us&2x° combinations ~POMant experimental consistency check.
that have an invariant mass within 75 Me¥/of the nomi- While the detached vertex and invariant mass oflﬂge

nal K*© mass. Here, the:° candidate is reconstructed from provide significant background reduction fafyK2, the
photons with an energy greater than 40 MeV and the twd@ckground is larger fod/yK? as only thek? direction is
photon invariant mass is required to be between 125 anBneasured. Since the energy of i is not measuredyl,,
145 MeV/c?>. We reduce the background from low- andAE cannot be used as the final kinematical variables to
momentum=® mesons by requiring cagk<0.8, wheref, identify B® candidates as in other final states. Using the four-
is the angle between thi&*© flight direction and thek? — momentum of a reconstructedf ¢ candidate and thé?

momentum vector calculated in tie* © rest frame. flight direction, we calculate the momentum of tK¢ can-

We reconstructB’— 7.K2 candidates in twoy, decay didate requiringAE=0. We then calculatgg™ which is
modes: 7.— KgKiTri and 770—>K+K*7r°. We require used for the final selection.
charged kaons to be positively identified using CBE/dx The selection criteria are necessarily tighter than those
measurements and information from the TOF and ACC sysused for thel/ yK§ candidates. However, precise determina-
tems. For thep,—K2K= 7~ channel, we require an invari- tion of theK? flight direction with the KLM and ECL allows
ant mass ranging from 2.935 to 3.035 Ge¥/In order to  usto reconstrucil/szE candidates with sufficient efficiency
suppress the continuum background, we reqiise<0.45 and purity.
and |coséy,|<0.85, whered,, is the angle between the We use tracks which are positively identified as electrons
thrust axis of theB® candidate and that of all remaining (muons in the identification of)/y—e*e™ (u"u™) can-
charged and neutral particles in the event. In thg didates. We require the invariant mass of the lepton pair to
—K*K~7° mode, we reconstruct the® meson from pho- lie in the range 3.05 M+ -<3.13 GeVE?. The radiative
tons having an energy larger than &D0) MeV in the ECL  photon correction for electron pairs is made in the same way
barrel (end-cap region. The invariant mass of the.  as for the other modes. Events are rejected if one of the
— K"K~ 7% candidate is required to be between 2.890 andollowing decay modes are exclusively reconstructed, and
3.040 GeVt2. The continuum background is suppressed bysatisfy |[AE|<0.05 GeV and 5.2ZM.<5.29 GeVt?:

requiring R,<0.40 and|cosé,|<0.80. JYK®, IyKS, IPK* (K*T =K 70 Ker"), and
For B? reconstruction, we calculate the energy difference J/ yK*© (K*°—>K+w*,ng°).

AE, and the beam-energy constrained madg,. The en- We selectKE candidates based on the KLM and ECL

ergy difference is defined adE=Eg™-Epc,, and the information. There are two classesf candidates that we

beam-energy constrained mads,.= J(Egg‘: 2—(pg™?, refer to as KLM and ECL candidates. To select the KLM
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NQ [
> FIG. 4. TheM . distribution for all exclusive decay modes com-
(ND 100 bined excepﬂ/szE . The AE cuts are imposed. The shaded area is
8 I the estimated background.
o _F
g 50;' of Csl crystals surrounding the crystal at the center of the
e | shower; the ECL shower width and the invariant mass of the
w9 pe—Los shower. After a very loose pre-selection based on the above
5.2 5.25 0 5.3 . o . .
M, (GeV/c?) five discriminants, we calculate signal and background like-

lihood values for each discriminant based odV & inclusive
FIG. 3. The scatter plot oAE versusM . for J/yK(7* 7 ™) MC. Taking the products of the above five likelihoods for
candidates. The box represents the signal region. The upper le@@ch signal and background, we form the likelihood ratio
figure is theAE projection with 5.276CM,.<5.290 GeVt? The  Lyo/(Lko+ L. This likelihood ratio is required to be
lower right figure is theMl,; projection with| AE|<0.04 GeV. The greLater than 0.5.

enhg.nceme.nt in the negatitE region isodue to decay modes with We examine the characteristics Iéf candidates in both
additional pions, e.g8—J/yK*, K* —Kg. the data and the MC. We obtain consistent distributions for
the number oK? candidates per event, th& flight direc-
candidates, a cluster of KLM hits is formed by combining tions in the laboratory system, the total number of hit KLM
the hits within a 5° opening angle. We require hits in two orlayers and the number of hit first-layers in ﬂh% candidates.
more KLM layers and calculate the center of the KLM clus- We investigate the momentum dependence of the KLM re-
ter. If there is an ECL cluster with energy greater than 0.16ponse by using charged pions and kaons. The MC simula-
GeV within a 15° cone, we relax our criteria to allow a tion reproduces the results obtained with data well. We also
cluster with a hit in just one KLM layer. In this case the usee"e — y¢ followed by ¢—KK2, where the exadk?
direction of the ECL cluster is taken as tH§ direction. If  direction and momentum can be obtained by reconstructing
the cluster lies within a 15° cone of the extrapolation of ay andK%— 7" 7. These studies indicate that tig iden-
charged track to the first layer of the KLM, it is discarded. tification is well reproduced by the MC with an exception of
ECL candidates are selected from ECL clusters using th@n overall detection efficiency. The{ detection efficiency
following information: the distance between the ECL clusterin the data is found to be lower than the MC expectation.
and the closest charged track position; the ECL cluster enlhis, however, does not cause a difficulty in our analysis
ergy; the ratio of energies summed irx3 and 5x5 arrays since we do not rely on the MKE detection efﬁCiency.
For both KLM and ECL candidates, we require that the

TABLE I. Summary ofAE signal region, the numbers of signal K| direction should be within 45° of its expected direction

candidates, and the expected background. calculated f_rom the/ s candio!ate momentum assuming that
the BY candidate was at rest in the cms. We also require that
Decay AE cut(MeV) Signal  Expected NO photon from ar® decay is found near _thléE candidate.
mode Lower to upper candidates background:or this requirement, we seleq’t0 candidates satisfying
0.12<M,,<0.15 GeVt? and with momentum above 0.8
BO— J/yK2 (1.2) GeVk for KLM (ECL) candidates.
KS o —40-40 457 11.9 ; To refconstruc?okTJ/wKO, W% f(ijrst use the; KLhM ca?di-
_1E0_ ates. If none of the KLM candidates satisfy the selection
ng_’WOWOO 150100 7 94 criteria below, we use the ECL candidates. Thus, the two
B™— ¢(29Ks classes 0B8°—J/yK? candidates are mutually exclusive. In
$(2S)— 171~ —40-40 39 12 order to suppress the background, we calculate a probability
+_— —40-40 46 2.1 density function(PDF) for each of the following variables
Y(2S)—= Il ya™ ! b g
B0 v KO — 40-40 24 24 gnd.then form a product of the PDF’s to obtﬂ? the combined
B0y KO likelihood: the cms momentum of th#y, pj;,; the angle
Tehs between th&k? candidate and the closest charged track hav-
ne— KK m* —40-40 23 113 ing a momentum larger than 0.7 GeY/the Fox-Wolfram
Pe— KK~ 70 —60-40 41 13.6 moment ratioR,; cosfz where g is the polar angle of the
BO— J/yK*© —50-30 a1 6.7 reconstructe® in the cms; and the number of charged tracks

with p.>0.1 GeVk, |dr|<2 cm, and/dz<4 cm. In ad-
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dition to these five variables, two other variables are in- '3800
cluded conditionally to reduce the background frdi 2600:("") IV
—J/yK*+, K* " K27 " decays. One such variable is the 8 a00f
0 0 < 200k
cms momentum of the/yK 7" system,pg”?S(J/sz,_?r), 5208—. . —
and the other is the momentum of the additional pion. We 0 01 02 03 04 05 06 07 08 09
likelihood ratio

use pS"YJ/yKP7) if the invariant mass of th&? and a ©
charged track, with the nominal pion mass being assumed, is & 4g0f (b) JwX BG
above 0.85 GeW? and below 0.93 GeW?, and >
PS™J/ YK 7w)<0.8 GeVk [29]. The pion momentum is .%200_

used if the addition of the extra pion results in 0.2 ® 0 gt oo
<pe"™J/yK27)<0.45 GeVt given the requirement likelihood ratio

above on thef(wa invariant mass. o é o Ra—— ¥
The combined likelihood is calculated fafyK| (signa) = 60F MC

and inclusive B—J/y decays (background using MC 2 40F

samples. Background events from misidentifiéake) J/ 5 2 pr =

e L | | L L L L
mesons are not included in the likelihood construction since 01 02 03 04 05 06 O'Tikecl)iﬁoo(c){gratio
their contribution is small. We then form a likelihood ratio
£J/¢KE/(£J/$KE+‘Cbkg) that is used as a discriminant vari- FIG. 5. The likelihood ratio distributions fdia) J/LﬂKE Monte

able. Figure 5 shows the likelihood ratio distributions for the S0 Sample(b) J/y+X background Monte Carlo sample, aul
. the data in the signal region with Monte Carlo events overlaid.
data and Monte Carlo candidates.
We require that the likelihood ratio be larger than 0.4 to

identify J/lﬂKE candidates. tagging(Sec. IV B); extraction of the proper-time resolution

function (Sec. V B; B lifetime measurements as a cross

Figure 6 shows the resultap§™ distribution for events check(Sec. VI B 2; and the demonstration of null asymme-
that satisfy all the selection criteria. We define the signakios in noncPp final stategSec. VI B 3. Since a large num-

. O .
region as 0.2 pg™<0.45 (0.40) GeM¢ for K| candidates ey of events with high purity are required for these pur-

identified with the KLM(ECL) criteria[30], and obtain 569 pgses we use semileptonic decays and hadronic decays from
candidates, out of which 397 are KLM candidates and 17 _ cud transitions

are ECL candidates. 0 . . . For the semileptonic decays, we use the decay cHgiins
We extract thel/ ¢/K| signal yield by fitting thepg™ dis- . e —o o & ot o =0
tribution of the data to a sum of four componert:signal; P v and D*"—D%x", where D°—~K"a", D
(2) background withK?; (3) background withouk?; and ~—K '@ @° and D°—K"*m*a a". All tracks used must
(4) combinatoriald/» mesons. The shapes of the first threeNave associated SVD hits and radial impact paramétis
components are determined from tdéy inclusive MC ~ <0.2 cm, except for the slow pion from tHe* ~ decay.
sample and look-up tables are used in the fit. The normalizaCandidateD® decays are selected by requiring the invariant
tions of these three components are treated as free paramiass to be consistent with the nomim mass. The invari-

eters in the fit to minimize the effect of the aforementionedant mass requirement depends on ﬁ?edecay mode, vary-

qncertamty n theK'- c_ietectlon efﬂmency in the MC _5|mula ing from +9 to +23 MeV/c? above theD® mass and from
tion. The combinatorial component is evaluated using events

with ew pairs that satisfy the requirements fafy recon- 9 t‘i__37 MeV/c? below theD® mass, respectively. For
struction. The shape is modeled by a second-order polyndh® D™~ reconstruction, we also 'mpose a requirement on
mial. An additional parameter of the fit is an offsetpf™, the mass differencéd i, between &* ~ candidate and the
allowing the signal shape to shift with respect to the back<correspondingd® candidate. We requirt g to be within
ground distribution.

The result of the fit to thgg™ distribution is shown in 200
Fig. 6. By integrating each component obtained by the fit in
the signal region, we find a total of (346:28.8) J/z,/;KE
signal events, and a signal purity of 61%.

The fitting procedure is applied to the KLM and ECL
candidates separately. Th@ of the fit to KLM (ECL) can-
didates is 54.831.4) for ndf=35. Table Il summarizes the
fit results.

—
[8)]
o

Events/(0.05 GeV/c)
o
o

0 0.5 1 15 2
D. Control samples of flavor-specificB decays pg™ (GeVic)
The reconstruction of flavor-specifi decays is also a  FIG. 6. Thepg™distribution of thel/ K} candidates. The solid

key ingredient in this analysis, since such decays are used faire is a sum of the signal and background. The shaded histogram
various purposes: evaluation of the performance of flavoshows the background component only.
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TABLE II. Results of the fit to thepg™ distribution of the 1600F
J/yK? candidates. Yields are for the sigra™ region. 1400k
L

KLM ECL Sum = 1200F

Signal 2448251 101.5-14.2 346.328.8 (851000 2

Background 3 800}

with K 118.1 26.5 144.6 » 600F

without K? 275 38.6 66.1 S a00f
Combinatorial 6.6 5.4 12.0 ook N

Total yield 397 172 569 ; i

o~ A N A PR B
5.2 522 524 526 5.28 5.3
M, (GeV/c?)

2 ; ; )
0.8t0 1.75 MeVL~ of the nominal mass difference, depend FIG. 8. My, distribution for all hadronic decay mode®Y

ing on theD® decay mode. In addition, we require tbe ~ —D 7", D* " #*, andD* “p*) with |AE[|<50 MeV. Fit curves
cms momentum to be less than 2.6 GeW suppres®* ~ for backgrounddashed and signal plus background everiselid)
mesons from the continuum. TH&* ~ candidates are com- are superimposed.

bined withu* or e* candidates having the opposite charge
to the D*~ candidate. Lepton candidates must satisfy 1.4
<p/™<2.4 GeVk, wherep/™ is the cms momentum of
the lepton. We exploit the massless character of the neutrin

5 ) > X prove its resolution. The overall signal fraction in these
to calculateM s, the effective missing mass Sq“i‘zgg in the control samples is estimated to be 79.4%. The backgrounds

cms defined byMZ = (ES™-EZN)2—[pa92—|pTal2  consist of fakeD* mesons (10.4%), incorrect combinations
and a product of the momenta of tBeand theD*| system, of D* with leptons that do not show an angular correlation
C=2|p%" |p<Ly |. The cosine of the angle betwepf{"and  (4.1%, called “uncorrelated backgroungd” continuum
~cms isB ivenD:)I ~MZ2_/C. In the M2, versusC plane events (2.1%) and8™ decays(4%). Thefraction of fake
Pp« 1S9 y miss = miss P " leptons in the uncorrelated background is estimated with a

therefore, we selecD*lv candidates inside the triangle : : .
? . . i ) Mon rlo simulation .5% and is neg| . W
shown in Fig. 7. The triangle is defined bg= onte Carlo simulation to be 0.5% and is neglected. We

_ 2 - 2 - estimate the fak®* background by using events in tig
_((%22612%%55?&‘ 5% +1(;;5()1224§)1)\/I mes AN C= s sideband as well as fake* events that are recon-
The vertex pogil'fison of th®* | v candidate is obtained by structed with Wrong-charge'slow pions. We evaluate the un-
first fitting the vertex of theD candidate from its daughter correlated bac_kgroun_d fraction b_y counting signal events in a
tracks, and then fitting the lepton amdcandidate to obtain sample wherein we flip the candidate lepton momentum vec-

the B vertex. The slow pion track from th* meson is al tor artificially. In this case the number of uncorrelated back-
eb vertex. The slow pion track ro eson s aiso ground in the signal region remains the same level while the

signal events are rejectd@1]. We apply the same event

ncluded in the fit. This is important since the re-fitted helix
arameters of the slow pion are used to recalcWibjg and

§ 2 selection to off-resonance data (2.3 # and count the
§1 8 oo number of events in the signal region after subtracting the
S F i fake D* background. We estimate the continuum back-
S16r ground fraction by scaling the result with the integrated lu-
14L minosity. We fit theC distribution with a range—10<C
) <1.1 to estimate the signal an8—D** v background
1.2 fractions. We use MC information to model the signal and
1k B—D** | v distribution. TheC distributions and fractions of
C all the other backgrounds are obtained from the aforemen-
08 tioned special background samples and are fixed in the fit.
L We treat the background fraction uncertainties as a source of
0.6 r systematic errors in the determination of wrong tag fractions,
04 F which will be discussed in Sec. IV B.
_ For hadronic decays, we use the decay mods
02r e —D 7*, D* 7" andD* p*, whereD —=K*'7 77,
oL e e p"— 7" 7% We reconstructD* ~ candidates in the same

8 6 4 2 M2 0 (Gewzcg)g modes that were used for tHe* ~|*» mode. ForD and
miss D*~ candidates we apply mode-dependent requirements on

FIG. 7. The distribution of candidat8®—D* ~1"v decays in the reconstructedD mass (ranging from +30 to

2 .
the plane ofC versusM?,... The signal regiortriangle is also ~ +60 MeV/c?) and Mgy (ranging from =3 to

shown. +12 MeV/c?), in a similar way as foD* | *1 mode. We
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TABLE . Summarylof the nur.n.bers of flavor-specific decay ( Information on charged tracks )

candidates and their estimated purities.
Track-level
Decay mode Candidates Purity - Jpiciy tabiee
l Slow pion Lambda I | Kaon Lepton ]
B—D* |ty 16101 79.4% Select track Calculate Select track
with combined "q.r" with

B D &+ 2241 85.5% largest "r" largest "r"
B*—D* " @* 2126 87.2% qr (ar)K/A qr
B—D* p* 1620 72.2%

Event-level look-up table |

selectp™ candidates by requiring the ™ #° invariant mass Flavor information "q™ and "r

to be within 150 MeV£? of the nominalp™ mass. In order FIG. 9. A schematic diagram of the two-stage flavor tagging.
to suppress continuum background, we impose modesee the text on the definition of the parameteqs 4&nd “r.”
dependent cuts oR, (upper cut values ranging from 0.5 to

1.0) and co%,,, (upper cut values ranging from 0.92 to 1.0 ] )

The cut values are chosen to maximize the figure of merif?@nce is characterized by two parametersand w. The
S/\JS+B for each mode, wher& and B are numbers of Parametere is the raw tagging efficiency, whilev is the
signal and background, respectively. We selfttandidates ~Probability that the flavor tagging is wrongrong tag frac-

by requiring 5.2&M,<5.29 GeVt? and |AE] tion). A non-zero value ofv r«_asults in a dilution of the true
<50 MeV. Background contributions are estimated by fit-@symmetry. For example, if the true numbers of recon-
ting theM . andAE distributions in the same way as we do structedB® andB° arengo andngo, the corresponding asym-
for CP modes. Figure 8 shows thd . distribution for the  metry is A= (ngo—ngo)/(ngo+ngo). With realistic flavor
three control sample modes combined. The overall signdiagging, the observed numbers aMgo= €[ (1—w)ngo
purity is ~82%. We study baﬁkground components with a+wngo] for B®, Ngo= €[ (1—w)ngo+wngo] for B®, and the
MC sample that includes bofB and continuum events. We observed asymmetry becomes—2w).4. Since the statisti-
find no significant peaking background in the signal regioncal error of the measured asymmetry is proportionad 14,
Therefore we use the ARGUS function to model the backthe number of events required to observe the asymmetry for
ground in theM . distribution. A possible deviation due to a certain statistical significance is proportionaleg= e(1
combinatorial backgrounds may introduce ambiguities in the- 2w)?, which is called the “effective efficiency.” Note that
signal fraction determination and the backgrousidmodel an imperfect knowledge o# shifts the central value of the
parameters of the control sample, resulting in small uncermeasurement and thus represents a potential source of sys-
tainties in the final determination of ti@P asymmetry. This tematic error.

is considered as a source of systematic uncertainties. In light of the above, our tagging algorithm has been de-
The numbers of candidates and their purities for flavor-signed to maximizes.;. Moreover, sincew directly affects
specific samples are summarized in Table III. the central value of our result, we have developed an ap-
proach wherein it can be determined from the data.
IV. FLAVOR TAGGING In our approach we use two parameteysndr, to rep-

resent the tagging information. The firgf, corresponds to
After the exclusive reconstruction of a neutBlmeson the sign of theb quark charge wherg=+1 for b and hence
decaying into a final statdcp, all the remaining particles B9, andq=—1 forb andB°. The parameter is an event-
should belong to the final statf,,, of the decay of the other by-event flavor-tagging dilution factor that ranges fram
B meson. To observe time-depend@t violation, we need =0 for no flavor discrimination ta=1 for unambiguous
to ascertain whetheft,q is from aBP or BC. This determina- flavor assignment. The values gfandr are determined for
tion is called “flavor tagging.” The simplest and most reli- each event from a look-up table. Each entry of the table is
able method for flavor tagging uses the charge of highprepared using a large statistics MC sample and is given by
momentum leptons in semileptonic decays, B8—XI*v
andB®— X1~ ». The charges of final-state kaons can also be _
used since the deca®®—K*X (with b—c—s) and B° N(B®) —~N(B®)
o ; o Qr=————=-, ®
—K~X (with b—c—s) dominate. In addition to these two N(B®)+N(B°)
leading discriminants, our algorithm includes other catego-
ries of tracks whose charges depend onbilgpiark’s flavor:
lower momentum leptons from—sl*»; A baryons from  \hereN(B®) andN(BY) are the numbers @° andBP in the
the cascade decap—c—s; high-momentum pions that \MC sample.
originate from decays lik8°—~D®™) " (7" p*,a; , etc); In this analysis, we sort flavor-tagged events into six bins
and slow pions fromD* ~—D% . All these inputs are in r. For eachr bin, we empirically determinav directly
combined, taking their correlations into account, in a wayfrom data by using control samples, as described in Sec.
that maximizes the flavor tagging performance. The perfordV B.
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A. Flavor tagging method termediate momentum leptons froB—D cascade decays
here theD decays semi-leptonically.

If a track cannot be positively identified as a kaon and its
emomentum is less than 0.25 Gay/it is assigned to the
slow-pion category, since low-momentum pions often come
from chargedD* — D« decays. Here the discriminant vari-
ables are the track charge; the momentum and polar angle in
) Fhe laboratory framep,,, and 6,,,; the ratio of the electron
resemble leptons, kaons, baryons, and slow pions. FOr 1, - nronability fromdE/dx; and cosy,, the cosine of the

each category, we consider several tagging discriminantg,,qje petween the slow pion candidate and the thrust axis of
such as track momentum and particle identification informayy,e tag-side particles in the cms. The main background in

tion. The value ofy andr for each track is assigned based onhjs category comes from othéire. nonD* daughtey low
MC-generated look-up tables that take the tagging discrimimomentum pions, electrons from photon conversionszhd
nants as input. Dalitz decays. To separate slow pions from those electrons
In the second stage, the results from the four track categaye usedE/dx for this class. Since the direction of the slow
ries are combined to determine the values ahdr for each  pion from aD* decay is approximately parallel to tHz*
event. Again a look-up table is prepared to provipe. direction, it is also almost parallel to the thrust axis. The
Figure 9 shows a schematic diagram of the flavor taggingariables cosay,, pja, and by, thus help to identify the slow
method. The event-level parametershould satisfyr=1  pions originating fromD* decays.
—2w where we measur& from control samples. Using this If a track forms aA candidate with another track, it is
MC-determined dilution factor as a measure of the tagging assigned to thé\. category. In that category the discriminant
quality is a straightforward and powerful way of taking into variables are the flavorA or A); the invariant mass of the
account correlations among various discriminants. Using tweeconstructed\ candidate; the angle difference between the
stages, we keep the look-up tables small enough to provid@ momentum vector and the direction of thevertex point
sufficient MC statistics for each entry. In the following, we from the nominal IP; the mismatch in thedirection of the
provide additional details about each stage of the flavor tagiwo tracks at the\ vertex point; and the proton-ID quality

Flavor tagging proceeds in two stages. In the first stage®’
the flavor tagging informationg andr) provided by each
track in the event is calculated. In the second, the track-lev
results are combined to determine event-level valuesgfor
andr.

Tracks are sorted into four categories, namely those th

ging. value.
_ If a track does not fall in any of the categories described
1. Track-level flavor tagging above, and is not positively identified as a proton, it is clas-

We select tracks that do not belongBegp and that satisfy ~ Sified as a kaon. The _kacgn category is subdivided into two
|dr|<2 cm and|dz <10 cm. Tracks that are part ofe)  parts, one for events witki 5 decays, and the other for events
candidate are not used. Each selected tag-side track is exaiithout Kg's. Separate treatment is necessary as events with
ined and assigned to one of the four track categories. Track§s have a larger wrong tag fraction because of their addi-
in the lepton category are subdivided into categories fotional strange quark content. We use the track chapg®,
electron-like and muon-like tracks. If the cms momentum,6,,, and the probability ratio of kaon to pion as the tagging
pf™s, of a track is larger than 0.4 GeWhnd the ratio of its ~ discriminants. The charge of kaons is the most important
electron and kaon likelihoods is larger than 0.8, the track igliscriminant. The other three variables help separate kaons
assigned to the electron-like category. If a track ipg8°®  from pions.
larger than 0.8 Ge\d and the ratio of its muon and kaon  Although the discriminating power of high-momentum
likelihoods is larger than 0.95, it is passed to the muon-likePions is weaker than that of charged kaons, they do provide
category. The likelihood is calculated by combining theSome tagging information and are therefore included in the
ACC, TOF, dE/dx, and ECL or KLM information. In the kaon category. Approximately half of the pions wighfi™*
lepton category, leptons from semileptorBcdecays yield >1.0 GeVk are included in the kaon category, while the
the largest effective efficiency. Leptons frdBa—D cascade Other half falls into the lepton class, mostly in the muon-like
decays and high-momentum pions froBf—D®*)~7*Xx  category. o
also make a small contribution to this category. We choose As is described in Sec. IVB, we have developed a

the following six discriminants: the track charge; the magni-method wherein the wrong tag fractions in our flavor tagging
tude of the momentum in the cmgf™s; the polar angle in method are evaluated from data. Thus possible discrepancies

the laboratory framefi,,; the recoil massM e, calcu- between data and MC in the distributions of discriminant
lated using all the tag side tracks except the lepton candidat¥@riables do not affect our sin/g measurement, although

the magnitude of the missing momentum in the cRE™; they might result in the degradation in the effective effi-
and the lepton-ID quality value ™" ciency. Nevertheless, we have made detailed comparisons

The track charge directly provides theflavor g. The between .data and MC,.wh_lch_are described elsewftk
lepton-ID quality distinguishes leptons from pions. Its per-and obtain consistent distributions.
formance is reinforced by variablgg™ and 6,y,, which
have distributions that are different for leptons and pions.
The variablesp;™®, M i and Piis: discriminate between The event-level flavor tagging combines the results from
high momentum leptons from semileptodadecays and in- each of the track categories to determine an overaihdr.

2. Event-level flavor tagging
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FIG. 10. Theq-r distribution for(a) B® and (b) B® candidates. g 1F < g 1F <
In each figure the closetbpen points with errors show th&° qé [ 0-75<r<0.875 é f 0.875<r<1.0
—D* 1"y (hadronicB® decay$ data with the background sub- # 05k >
tracted, while the histogram is the MC prediction. =T ®
For the lepton and slow-pion track categories, we take the ]
b-flavor assignment from the track with the highesglue in 0 L 053. L
each category. For the kaon and categories, a combined 0% 5 10, Y 5 10
, _ (ps) At (ps)
b-flavor output is calculated as the product of likelihood val-
ues for all tracks: FIG. 11. Measured asymmetries between the OF events and the

SF eventgOF-SF asymmetrigdor six regions ofr obtained for the
control sampleB®— D*1v. The definition of the OF and SF events
H [1+(q- r)i]_H [1—(q-r);] is given in the text. The background is not subtracted in the asym-
i i 9 metry plots. Fit curves are also shown.

H [1+(q- r)i]+H [1—-(qg-r);] As a validation, we compare the distribution@fr in the
! : D* v control sample with the MC expectation. As shown in
Fig. 10, the data and MC are in good agreement.

CRITS

where the subscrigtruns over all tracks in the kaon and

categories. The product likelihood is designed to use the in- B. Flavor tagging performance

formation from the sum of the strangeness, which provides The flavor tagging performance is evaluated by replacing

better flavor-tagging performance than simply choosing thghe CP-eigenstate side of the event with a flavor-specific

best candidate. . decay and tagging thie flavor for the other side using the
Using the three aforementioned track-lewelr values, method described above. We use the semileptonic dBcay

the event-levelj andr values are obtained from a look-up _,p*|, and hadronic modeB°—D™)~ 7", and D* p*

table that is prepared with a MC sample that is independeny this purpose. The overall efficiency of our flavor tagging

of the sample used to obtainr values in the track catego- s 99.79% which is consistent with the MC expectation.

ries. The probability that we can assign a non-zero value for  gjnce we know the flavors of bof mesons in this case,

ris 99.6% in MC; i.e. almost all the reconstructed candidategye can observe the time evolution of neutBameson pairs

can be used to extract sig2 _ with opposite flavofOF) or same flavotSP), which is given
We specify the following six regions :<Or=<0.25, 0.25 by

<r=0.5, 0.5xr=0.625, 0.625:r=<0.75, 0.75r=<0.875

and 0.875.r=<1. For each region we obtain the wrong tag Por(At)x1+(1—2w)cog AmyAt),
fraction, w,, wherel is the region ID (=1, .. .,6), using
hadronic and semileptonic control samples, which is de- PsHAt)cl—(1—-2w)cogAmgAt),

scribed in the next section. In this way, the analysis is insu-
lated from systematic differences between the MC simula@d the OF-SF asymmetry,
tion and the data due to imperfections in the modeling of the PP

detector response, decay branching fractions, and fragmenta- A= ———F = (1—2w)cog AmyAL),
tion in our MC simulation. Port Psk
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TABLE IV. The event fractions §) and wrong tag fractionswj) for eachr interval. The errors include
both statistical and systematic uncertainties. The event fractions are obtained franyKfesimulation.

| r € w,(D*1v) w,(hadronig w,(combined
1 0.000-0.250 0.405 0.463 0511 0.469°0512 0.4650.550
2 0.250-0.500 0.149 0.351° 9512 0.352 9058 0.352° 3915
3 0.500-0.625 0.081 0.254" 3955 0.219° 39353 0.243 3955
4 0.625-0.750 0.099 0.169' 5512 0.192°9:058 0.176'9:022
5 0.750-0.875 0.123 0.107" 3912 0.127°3%% 0.110° 395
6 0.875-1.000 0.140 0.041°0512 0.041°5:5% 0.041°35%

wherew is the wrong tag fraction. We thus obtain the valueimportant exception is th€ distribution of theD** | v back-

of w directly from the data by measuring the amplitude of theground; we use severBl** components and add them with

OF-SF asymmetry. fixed fractions using MC. Since these fractions are poorly
We obtain the wrong tag fraction by fitting thet distri-  known experimentally, we conservatively assume that each

bution of the SF and OF events, wiffm, fixed at the world component dominates tHg** | v distribution and repeat the

average value of 0.472 p$[6]. The procedure to form the fit procedure to obtain the systematic error. For the hadronic

probability density functiofPDF) for the fit is quite similar modes, the main contribution to the systematic error comes

to that adopted for the maximum likelihood analysisG®  from the uncertainty of the fit bias obtained from the MC

eigenstates, which is described in the next section. simulation, but the statistical errors dominate. The event
The resolution function for signal events, which modelsfractions and wrong tag fractions are summarized in Table

how the true distribution is smeared by the finite vertex resoiV.

lution, is constructed by fitting the proper-time distributions  The total effective efficiency obtained by summing over

without discriminating between the OF and SF events andher regions is calculated to be

with the lifetime fixed to the world average value. In the fit

we use the background fraction estimated for each region of

r, and the proper-time distribution for background obtained €= €(1—2w))2

using events outside the signal region. For hadronic modes [

the sideband regions iNl,. and AE are used. For semilep-

tonic decays the upper sidebandhy;; is used for the fake

D* backgrounds. Uncorrelated backgrounds are modeled

with the events that are found in the signal region after inyyheree, is the event fraction in each of the six regions.
verting the momentum of the lepton. Semileptonic decays Qur simulation indicates that events with high-momentum
D*Xlv are treated as signal events since they approximatelyptons dominate the highestegion and provide the clean-
obey the same OF-SF asymmetry. est tagging information. Events with charged kaons have
Figure 11 shows the measured OF-SF asymmetries as|@werr, but are more numerous, and thus provide the largest
function of At for taggedD* *1= v events for the six regions contribution to the effective tagging efficiency. The effective
of r. The curves in the figure are obtained by the fit. Theefficiency using each category alone is examined with MC.
background is not subtracted in the plots. For hadronigye obtain 13% for the lepton category, 19% for the kaon
modes the fits to OF and SF events are similar to those in thgnd lambda Categories Combined, and 4% for the slow pion
semileptonic case. category. Note that the sum of these values exceegs
We also fit signal MC samples to examine the difference(29.6% in MO since an event contains tracks in different
between the generated and reconstructed values. We ap Mtegories.
small corrections tov, that correspond to the difference. For e check for possible biases in the flavor tagging by mea-
hadronic modes the corrections range from 0.003 to 0.03Suring the effective tagging efficiency for tHa° and BO
depending on the region. For semileptonic decays the dif- ontrol samples separately, and for the=+1 and — 1

ference is conS|sten_t with zero within statistical errors, an amples separately. We find no statistically significant differ-
we apply no correction. ence

To combine the results from semileptonic and hadronic
decays, we calculate the weighted average and its error. We
conservatively treat the difference between the weighted av- V. MAXIMUM LIKELIHOOD FIT
erage and each measurement as an additional systematic er-
ror, and add this difference in quadrature with the error. The We determine sin@; by performing an unbinned
systematic errors for the semileptonic mode are dominatethaximume-likelihood fit of aC P violating probability density
by the uncertainties on the background fractions and aréunction (PDF) to the observedAt distributions. These
comparable to the statistical errors. As explained in SecPDF's come from the theoretical distributions diluted and
[l D, the background estimation relies little on MC informa- smeared by the detector response. For modes other than
tion since we use control samples whenever possible. Ond ¢/K*° the PDF expected for the signal is

=[27.0+0.8stah * 55(syst]%,
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e~ |Atl/7go ments by the KEKB accelerator group. For leptons, we re-
Psig(At,q,w , &) =——Pcp(At,q,W; , &), (10) quire that there are sufficient SVD hits associated with a
27g0 CDC track by a Kalman filter technique, i.e. batlandr-¢

hits in at least one layer and at least one additional layer with
a z hit. In order to remove events with misreconstructed
Pep(ALGW, &) =1—&q(1—2w,)sin 2¢;SiNAmgAL). tracks, we require that the reducgél (x*/n, n= number of

11 degrees of freedojof the vertex be less than 20. The vertex

reconstruction efficiency is measured to be 95% wBth

In order to take into account the effect of finite vertex reso-— J/yK* andB°—J/ yK*°(—K*7™) events. This is con-
lution on theAt distribution, this PDF is convolved with a sistent with the expectation from the SVD acceptance and
resolution function, Rgg(At). Our vertex reconstruction cluster matching efficiency. The resolution estimated by MC
method is explained in Sec. V A. The parametrization ands typically 75 xm (rms).
extraction ofRg(At) are described in Sec. VB. We also  For B— 7.K2 candidates, the method is basically the
incorporate the effect of background that dilutes the signifigagme as fod/ 4, replacingl |~ with K"K~ in the case of
cance ofCP violation in the time distribution of Eq(10). 7e—K K™ 7% and with K*7* for 7.—KXK*7*. Al

The At distribution for background eventB,(At), is con-  though the resolution in these cases is worse than for candi-
structed in a similar way to the signal distribution and is yates with ally vertex, it is still better than the tag-side

where

described in detail in Sec. V C. vertex resolution.
~ As aresult, we adopt the followingt distribution func- The algorithm for tag-side vertex reconstruction is chosen
tion for each event: to minimize the effect of long-lived particles, secondary ver-
tices from charmed hadrons and a small fraction of poorly
P(At; ;sin 2¢l)=fsigJ’ Peig(At',q,W; , &) reconstructed tracks. From all _the charged tracks except
those used to reconstruct tlP side, we select tracks that
X Rgg At — At')dAL + (1 fg) have associated SVD hits in the same way as forGlie
side. We also require that the impact parameter with respect
X Ppig(Ati), (12 to theCP-side vertex be less than 0.5 mm in theé plane,

less than 1.8 mm iz, and the vertex error iz be less than

where fq is the probability that the event is signal, being g 5 mm. Tracks are removed if they formk® candidate

calculated for each candidate fropf™ for J/yK} and a satisfying [Mco—M _+-|<15 MeV/c?. Tracks satisfying
combination ofAE andM_ for other modes. The only free S

parameter is sin@,;, which is determined by maximizing the
likelihood function

these criteria are used to reconstruct the tag-side vertex

where the IP constraint is also applied. If the redugdaf

the vertex is good, we accept this vertex. Otherwise we re-

move the track that gives the largest contribution to e

L=H P(At;;sin2¢,), (13 and repeat the vertex reconstruction. If the track to be re-
' moved is a lepton witlp™*>1.1 GeVk, however, we keep

where the product is over all candidates. We perform a blindh€ 1epton and remove the track with the second wgfst

analysis: The fitting algorithms were developed and finalized! NiS trimnzﬂng procedure is repeat_E!q until we obtain a good
without using the flavor information. reducedy~. The reconstruction efficiency was measured to

In the following we explain the details of b€ 93% forB= —J/yK= a”dBO—’J/’ﬁK*O(—’.K”ﬁ) can-
Reg(At), Ppg(At) and fgq in turn. The likelihood for didates, consistent with the MC expectation (91%). The
resolution estimated from the simulation is typically

JIyK*O(— K270 candidates is described separately in Sec!
VE. 140 um (rms).

A. Vertex reconstruction B. Signal resolution function

The decay vertices for th€P side that include al/y
candidate are reconstructed using leptons fromltlgeand a

The resolution functiomRg,(At—At") is parametrized by
the sum of two Gaussians:

congtraint on theB decay point.. TheB degay point is con- Reig(At—At)=(1— i) G(At— At uar, 0ar)
strained by the measured profile of the interaction pdint _ _
profile) convolved with the finiteB flight length in the plane +G(At— At u@ N (14

perpendicular to the axis (ther-¢ plane. The IP profile is
represented by a three-dimensional Gaussian distribution.
The standard deviation of each Gaussian is determined usinghereG(x; u,o) is a Gaussian distribution kwith meanu

pre-selected B candidates on a run-by-run basis, while theand rmso. The parametef,; describes the fraction of the
mean is evaluated in finer subdivisions. The typical size otail of the resolution function, and;, otAat", Mar and ,utft"

the IP profile is 100um in x, 5 wm iny and 3 mm inz. are the proper-time difference resolutions and the mean value
Since the size in thg direction is too small to be measured shifts of the proper-time difference for the main part and the

from the vertex distribution, it is taken from special measure+ail of the resolution function, respectively. The valuefgjf
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is determined to be 0.830.02 from the lifetime analysis of (5SP)2=11+ acel (x¥N)cp— 3110 SP)2

hadronic samples using the same resolution function. z 20 (15
The proper-time difference resolutions,; and o2 are ~tag 2 2 tag 2

calculated on an event-by-event basis taking into account the (079" ={1+ awd (X*/M)ag= 31} (079",

ir;or(g,)(/ﬁ(t\?;a. kinematic approximatioAt=Az/cfy, By nqre (*/n)cp and (x*/n)q are the reduceg®of the ver-
7 :

tex fits for theC P and taggind3 decay vertices, respectively.
> The coefficientsacp=1.02+0.03 anda,g=1.64+0.05 are
g .
TA= (C,BA;/) +oZ, determined by a MC study @°— J/yK2.

As mentioned above, the offsets,, and x& originate
from the mean shifts of thAz measurementg,,, and,utA"’“Z',

olail— \/ ( UtAalzl)z n (O_tail)z respectively,
& C’By “ ‘ tail
_ MAz tail _ MAz
We measure o¢=0.287-0.004 ps and ¢@'=0.32 Ka= gy Hat™ gy
+0.19 ps using the MC simulation. These parameters are ) all )
independent of the detector performance. The mean value shiftg,, andu,, , are caused by contami-
The parametersr,, and o' are calculated from the nation from charm daughters in the vertex reconstruction on

event-by-event vertex errors of the tiomesonsoCP and  the tag side and are correlated witff?:

29, which are computed from the track helix errors in the . tag
vertex fit. We use pad 079 =pot @,0;°,

il _ il il
08 ,= el 0572+ (St Shparnd (7592, w07 =g + o,
The values foru, and u§" are determined from hadronic
samples to beuo=(—21.4+3.7) um and pu@'=(151
+128) um, while a,, and atlf‘" are derived from MC simu-

lation where we obtainy, = —0.10=0.01 ande'?"= —1.42

(087 = (S (0F") >+ [(SE)*+ (S )77,
whereS.mand Sy - are scaling factors to account for the

degradation of the vertex resolution on the tag-side due tQLO 17
tail — Ll

contamination from charm daughters, ag,; and Si; are Figure 12a) shows theAt,e— Aty distribution for the

globgl scaling factors thgtpaccouggfor systemat_lc uncertalnl—vIC J/:,//Kg(w* 7~) candidates along with the resolution
ties in the vertex errors;” and o, ~. We determineScnam

i function, whereAt,.. and At,, are the reconstructed and
— tail : . _ ' g rec gen i ’
=0.58+0.01 andscharm_z'lg?—ro'lo using the MC simula- 0 proper-time differences, respectively. The resolution
tion. The values 0Bye; and Sge are measured from the data fnction is obtained by summing event-by-event resolution

as they depend on the detector performance. We determingnctions. The distribution is well represented by the resolu-
Ster Using aD"—K™ a7~ control sample. The production tion function. The average resolution function obtained from
point of the D%s obtained from the primary tracks in the e JyKY 7" w) data is shown in Fig. 4B), which is

same_hemisphere as tBécandidate using the IP constra_int. represented by the sum of two Gaussian distributions with
The distance between tfi¥’decay vertex and the production the following parameters: wmm=—0.24 PS, i

v_ertex in thez directio(r)w'is fit with the same resolution func- _q 1g PS, T main=1.49 pS,oz=3.85 ps.
tion and the knowrD"lifetime to obtainS;. We measure
Sger= 0.88£0.01 from the data an8y.~= 1.05+0.01 from a
MC simulation of the D%sample. Finding Sye=1.035
+0.003 for aB—J/yK MC sample, we useS .~ (0.88 The background likelihood function is defined in a similar
+0.01)X(1.035+0.003/(1.05+0.01)=0.86+0.01 for the way to the signal function,
data. We determin&2! to be 3.510.88 from the lifetime .
analysis of theoﬂavor-specific .hadronic samples_.. Pbkg(At)ZJ wpbkg(At') ‘Ryg(At—At')dAt". (16)

For B— n:Kg decays, we introduce an additional scale —o
factor to account for the difference between theandJ/
decays. Using the MC sample, we determine the additionahlthough Ry, (At—At’) is treated as a resolution function
scale factor for . to be 1.020.02 for both 5. for the background, it does not need to be an exact model of
KK~ 7% and nc—>KgKi7rI. the vertex resolution. It is more important thag,, repre-

A small fraction of events have a large reducgd We  sents the proper-time distribution of the whole background
have found that the vertex error computed from track helixs@mple with sufficient precision.
errors in the vertex fit underestimates the vertex resolution The PDF for background events is expressed as
and the vertex with largey?has worse resolution. In order to
take into account this effect, we introduce effective vertex

resolutionsas” and o' when y?/n is greater than 3:

C. Background shape

e*lAtl/Tbkg

ZTbkg

Porg(At) =1 +(1-1,)8(At), 17
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- (@ - (b) — ;nfal\in + tail
. FIG. 12. () The At,ee— Atgen
310 %40 distributions  for the MC
= s JyKY 7w+t 7~) candidates with
<10 1k the resolution function antb) the
; average resolution function from
10 10l YKy 7wt 7~) data. The vertical
. . . 3 scales are arbitrary.
-10 -5 0 5 10 -10 = 0 5 10
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wheref _ is the fraction of the background component with +0.08. The lifetime distribution of the combinatorial back-
an effective lifetime ofry,,, andé is the Dirac delta func-  ground is obtained frome-x combinations with invariant
tion. We assume no asymmetry in the backgrodndlistri-  masses in theé/y region that satisfy our selection criteria.
bution. We findf . to be small using background-dominated The effective lifetime is determined to bepgcme=1.03
regions in theAE versusM,, plane ofJ/¢K2 and J/ yK* +0.12 ps, also from the-u control sample. An MC study
candidates. We thus ugg,(At) = 5(At) for all fcp modes  shows that the effective lifetime for background frdsr,
except forJ/z//KE. Thge*, IS shorter than th8~ lifetime due to the contamina-
The background in the]/z/;KE mode is dominated b tion of charged tracks fromfep [mostly 7= from
—JIyX decays, includingCP eigenstates that have to be leK*i(KEwi)] into the tag-side vertex. The value of
treated differently from noi©P states. ThePy,, for the 7+ is determined from the MC simulation to be (1.49
J/:,bKE mode is determined by a MC simulation study sepa-+0.04) ps. The same MC study shows that the effective
rately for each background componemwK*O(KEﬂ-o), & lifetime for B backgrounds is consistent with the nominal
——1 CP modes (/yKY), &=+1 CP modes ¢(29)k?, B lifetime. Thus we use the nominaF lifetime in our fit.
xciK? andJ/y70), the otherB®, B* decays and combina- For theJ/sX background in thé/ 4K mode, we use the
torial background. For th€ P-mode backgrounds, we use Signal resolution functioR;yto model the background since

the signal PDF given in Eq(11) with the appropriatet; both the CP- and tag-side vertices are reconstructed with
values. For the/ yK*9(K =) mode, which is a mixture of similar combinations of tracks for these backgrounds.

&=—1 (about 81%) and;=+1 (about 19%) statef33], For the combinatorial background, we use
we use a neCP eigenvalue of jx«o=—0.62+0.11. AN (1 f ' As. bkg _bkg
Accordingly, we obtain the background PDF fifyK?: Rk AU =AD = (1= Frai pig) GAL = AL 157, 0
+ftail,bkgG(At'_Atiﬂft”'bkglo'ft”’bk )

e*\At\/TBO
PokgAt)= ——— (19
27go bkg tail, bkg .
where f i prg: tar, @and uay' > are constants determined
X[ foggot+ fogurx0Pcp(At, 0, Wi, € ykx0) from data. The resolutions5 ando'2-"*9 are calculated on
an event-by-event basis as
+fpgep,Por(At,g,w;, —1) y
bkg
+ fbgcpevenPCP(At’q'Wl ,+ 1)] O'glig: Tz ,
cBy
e~ ‘At‘/TbgBt t{ e |At|/7bngb
+fpge— +f fremb—m——— tail, bkg
bgB TbgBi bgCm Cmb ZTbngb a-tAat”vbkg: OpAz ,
cBy
+(1—f ¢ Q&(At)}, (18) bk bkgy 27 (7 =~
- (03)?=(SED A (o5P)2+ (792,
Wherefbng*o’ fbgcpodd' fbgCF’even’ fbgBO' fbgBt' andfbngb (O{AaiZI'bk 2:( ta;ilgl)z[(}ch)2+(}tzag)2]i

are the fractions of background components from

I yK*O(KP ), &=—1 CP modes,&=+1 CP modes, whereoSP and o' are calculated as shown in EG5).

the remainingB®, B*, and combinatorial, respectively  We use different values &3¢ and "9 for the finite
(Foguicxo +Fogep  F Fogcr, o Foggo + foge= + fogemb = 1).  lifetime component and the zero-lifetime component, since
The fraction of each background component is a function ofhey come from different types of events. The background
pg". The fraction,fp,cmp, is calculated as described in Sec. shape parameters for all modes excéptK? are obtained

[l C. The combinatorial background includes a prompt com-from events in the background-dominated regiond Bfver-

ponent with the fraction of (% f,cm) Where f.cmp=0.26  susM,.. Ford/yK?, we use events wite-u pairs to deter-
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mine the properties of faké/ ¢ candidates, as discussed in  TABLE V. Background shape parameters for the combinatorial
Sec. Il C. The parameters used in the fit are summarized iRackground.

Table V.
Parameters cekY(K*0) I yK?
D. Signal probability S 1.08+0.06 0.88:0.07
The signal probabilityf 4, is calculated as a function of Stk 3.31+0.28 3.94-1.14
AE andM, for each event. It is given by  tail, bkg 0.14+0.04 0.05:0.02
lifetime component
L (AEMyo) = Fsic(AE,Mpo) (20 1RAps) N/A ~0.33+0.10
sig == b T E L (AE M o) + Foio(AE,Mpo) paPkgng) N/A 1.86+1.28
prompt component
where Fgg(AE,M,) is the signal function and 139 —0.05:0.04 —0.22£0.15
Fsc(AE,M,y is the background function. wlkbkg(pg) —0.12+0.26 —5.00+1.10

In the case oB°—J/yK2 each distribution ofAE and
My is well modeled by a Gaussian function. For the back-
ground, we use a linear function fa&tE and the ARGUS E. Likelihood for J/ K* (=K 270)
parametrizatio28] for My.:

For theB®°— J/yK*© fit, the signal PDF we use is
Fsig(AE,Mpd) =a-G(AE  use 0ae) G(Mbcimo Oy ) Pyy(AL,6,,q,W; , &)

—|At|/7go
e 3
Fea(AE,Mp)=b-(1+c-AE)-Mpev1—(Mpc/Epeam” o (1—fodd)§(1+C0520tr)PCP(At1an| ,+1)
X exp{n-[1— (Mpc/Epeam ]} (21) ®
3
wherea andb are normalization factors consistent with the +dedZ(l_Cogﬁtr)Pcp(At,q,M — 1, (22)

overall signal-to-background ratios obtained from the fit to
the My, distribution in the AE signal region. The values

My MMygr OM, e My, CaNdNare determined from afit \yhere £, is the fraction of &=—1 decays in theB®

to the data. —J/yK*O(K*°—K27% mode determined from a full an-
The AE and M, distributions forB°— y(2S)Ks(¢(2S)  gular analysis to be 0.190.04(stat)- 0.04(syst)[33]. Here
—1717), B y(29Kg(¢(28)—Jlym"m7), and B® g s defined in the transversity bagids] as the angle be-
—1cKS (n.—KeK*77), are determined using the same tween the positive)/y decay lepton direction and the axis
procedure as that f@°—J/yKs. ForB°— x1Ks, theAE  normal to theK*° decay plane in thel/y rest frame.
and My, distributions are determined from MC simulation P, (At,q,w, ,&;) is defined in Eq(11). The signal resolu-
because the data sample for this mode is too small to estiion function is identical to that used for the other modes. For
mate the parameters reliably. the background shape, we also use @) for Ry, except
The treatment for modes that inclug@ mesons, such as for the J/ X background where we ud, in the same way
BO— J/yK(K§—m"7°) and BO— 5K(n—K"'K 7%,  as for thed/yK? fit.
is different. While the fit function for theM . distribution We use the following background PDF:
remains the same, thekE distributions are better represented

by the Crystal Ball functior34]: TABLE VI. Summary of the numbers of candidates and back-

ground fraction in the signal region for each mode. The values are

obtained for events that have successful vertex reconstruction and

—ex for AE>pu g— ao,g,

1 p(_(AE—m)Z

A ZUiE flavor tagging.
Decay mode Events Background fraction
2

1 exp— a’/2) s for AE<pujg—aoag. BO—J/yK2, K&t~ 387 0.038:0.010

A [1_ (AE—ppp)a  a” BO— J/yKS, K 700 57 0.272:0.054

ONEX n BO— y(29)K2, 4(2S)—I171~ 33 0.038-0.028

BO— (29K, w(29)—dlymta™ 32 0.078-0.027

All the parameters for these fits were determined from MCB— y K2, xo1— /¢y 17 0.144£0.056

simulation because the number of events for these modes gpP_, 7KL, ne—KEK* 7+ 35 0.242+0.045

data is too small. The integrated background fractions in thgo_, ;, K9 5 KK~ 7° 17 0.560-0.164

signal region are listed in Table VI. For tfﬁé’—d/z/xKE fit, BO— J/yK? 523 0.379-0.048

we define the signal probability as a function p§™, as  Bo_. j/yKk*°, K*0— K 2O 36 0.163-0.054

described in Sec. Il C.
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FIG. 13. At distributions for the events witlqé;=+1 (solid sin26
1

pointg and gé;=—1 (open points The results of the global fit
(with sin 2¢,=0.99) are shown as solid and dashed curves, respec- riG. 14. Values of—2 IN(L/L;nay) VS Sin 2p, for the &= —
tively. (dashed and +1 (dotted modes separately and for both modes

combined(solid).
7|A'[|/TBFA e7|At|/TB

Pokg( A= Fogra——— + Fognr— +fpgem®(Al),  CP-odd, CP-even, and all decay modes. A more detailed
Bra Brr 293 breakdown along with separate resultsder +1 and—1 is
given in Table VII. We find no systematic trends beyond
where fogea, fognrs @nd fugems are the fractions of back- Statistical fluctuations. o
ground components from feed-across from otdépK* Figure 15 shows the asymmetry, si2sin(AmyAt), ob-
modes, non—resonaﬂo—d/(//KgTro decays and combinato- tained in each\t bin for (a) all modes,(b) CP-odd modes
rial background. The fractions of feed-across and nonand(c) CP-even modes. The unbinned maximum likelihood
resonant decays are determined from the MC simulation antit is performed separately for events in eath bin. The
from K* mass sideband events, respectively, and are fundalue of sin2, and its error are multiplied by the average
tions of My.. The fraction of combinatorial background is value of sinQmyAt) in eachAt bin of the plot. The points are
determined in the same way as for #& modes. The effec- Plotted at the averagat of each bin. _
tive lifetimes of the feed-across and non-resonant decay Ve also checked the values of si2in the differentr
backgroundszs_ and 5, are fixed to theB® lifetime in ranges of the flayor ta'gg'lng.' The resullts are listed in Table
. FA NR VIIl. No systematic variation is seen. Finally, we subdivided
the fit. ) ; i :
Ei I _ the CP sample into three data taking periods: in 2000, from
inally, the determination of ;4 follows the method for January to April 2001 and the rest. The sify2values we
other modes that include® mesons. The\E distribution is btai y 8840 2o(stat) 1 336 30(stat d 094
modeled by a Crystal Ball function. We consider contribu-i an are . o (stat), - -30(stat) an -
tions from the feed-across from oth?f— J/K* °modes as __0._20(stat), r_es_pectlvely. Agaln the results are consistent
well as from the non-resona@®— J/ K 27° mode, which within the statistical fluctuations.
make a peak in the signal region. These background fractions
are determined from the MC simulation akd °mass side-

A. Systematic errors

band data, respectively. The sources of systematic error we consider are listed in
Table IX[37]. Adding all the systematic errors in quadrature,
VI. FIT RESULTS we obtain
The likelihood fit is applied to the 1137 candidates where sin2¢,=0.99+ 0.14 stah = 0.06 sys?.

the vertex reconstruction and flavor tagging have been suc-
cessful. We obtain

Sin 2¢,=0.99+ 0.14 staj. 1. Vertex reconstruction
o ) The largest contribution comes from vertex reconstruc-

The observed P violation is large. Figure 13 shows t& jon \We searched for possible biases by using two different
distributions together with the results from the fit. Indeed, the,gtexing algorithms and changing the track selection criteria
broken CP symmetry is visually apparent from the differ- fo; the tag-side vertex. In the alternative vertexing algorithm,
ence between the number of events dfi=+1 andaé; e first obtain a seed vertex using tracks of good quality: an
=—1 at eachAt bin, despite the dilution from the vertex jmpact parameter from the IP in theg direction is smaller
resolution, background events and incorrect flavor tagging. than 2.5 times the-¢ vertex error, the vertex error inis

We examined the value of siriZ in various sub-samples. |ess than 0.5 mm, and the cms momenta are larger than
Applying the likelihood fit to €c)K (&=—1) andJ/yK{ 0.3 GeVk. We then repeat the vertex fit using tracks within
(é=+1) separately, we obtain sigg=0.84+0.17(stat) 3 (4) o in z from the seed vertex for the cms track momen-
and 1.310.23(stat), respectively. Figure 14 shows thetum less(largep than 1 GeVt, whereo is the error of the
logarithmic-likelihood values as a function of sig for seed vertex irz. We also estimated the effects of the vertex

Below we explain each item in order.
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TABLE VII. Summary of sin 2, fit results. Only statistical er-
rors are shown.

PHYSICAL REVIEW D 66, 032007 (2002

TABLE VIIl. The r dependence of sing fit result. Only sta-
tistical errors are shown.

Sample Events sing® r region 0.0-0.5 0.5-0.75 0.75-0.875 0.875-1.0
fag=B% (=+1) 560 0.84-0.21 Events 613 239 119 166
fag=BC (4= —1) 577 1.11-0.17 sin2;,  0.60°3% 040733 156733  1.057313
(CE)Kg 578 0.84:0.17
J/KK[S)(W+777) 387 0.810.20 resolution tails using samples with smalt (|At|<6 ps)
(cc)K2 exceptd/ yKY(mwt7™) 191 1.00-0.40 and tighter vertex quality cuts.

I/ yK? 523 1.310.23
I yK*O(K270) [36] 36 0.97+-1.40 2. Resolution function
Al 1137 0.99+0.14 We estimate the contribution due to the uncertainty in the
resolution function by varying its parametegven in Sec.
VB) by £10.
3. Wrong tag fraction
- Systematic errors due to uncertainties in the wrong tag
= I (a) Combined fractions given in Sec. IV BTable 1V) are studied by vary-
é‘, = ing the wrong tag fraction individually for eachregion. We
4 added the contributions from each variation in quadrature.
c L
% 0 i N
s P \ 4. Physics parameters
[aY] L
£ -1E + The B meson lifetime and mixing parameter are fixed to

- the world average valuef6] in our fit, i.e. 75=(1.548

. * — +0.032) ps andAmy=(0.472+0.017) ps'. We estimate

: (b) (CO)Ks (&=-1) the systematic error by repeating the fit varying these param-

F eters by their errors. Another physics-related uncertainty is

A the CP eigenvalue ofl)/ yK*° (&3/yx+0) measured from the

0 S ~ angular distribution of the decay daught¢8s]. This sys-
- tematic uncertainty is determined from thel o uncertainty
F _+_ in the measurement.
: : * 5. Background fraction except for Un//KE
C (c) JWK (&= +1) S :
1B The background fraction in our PDF,—f,, is calcu-
% C lated from the signal and background distribution functions
E ok / of AE and M., as described in Sec. V D. The distribution
% / functions of AE and M. are determined from data or the
<,E MC simulation depending on the decay mode. To estimate

: the systematic errors associated with the choice of parametri-

d : : zation, we varied the parameters obtained from the MC

F (d) Non-CP sample simulation byi2q and the parameters obtameq from the

1E data by=10. The likelihood fit was repeated. A wider range
0 s ° ° ® TABLE IX. List of systematic errors on singz.
A 3 Source +error —efrror

vertex reconstruction +0.040 —0.040

8 ” 0 N 8 resolution function +0.022  —-0.032

At (ps) wrong tag fraction +0.022 —0.025

) ] physics @rgo,Amgy,J/ yK*0) +0.007 —0.004

At 't:)IGf 15t.h(a)fTITZ zisymme':ry ?hbtalned f_rortr;1 separzlatte fﬂttr? to leic?oackground fractioriexcept ford/ wKE) +0.003 —0.004

»t Dinfor the Tull data sample, the CUve 1S %resu_ ot the global) 2 ckground fractionJ/ yK?) +0.020 —0.020

fit. nge corresponding plots for thg&)) (co)Kg (&5=-1), (0 background shape 10001 —0.001
YK (&=+1) and (d) nonCP B’ control samples are also

shown. The curves are the results of the combined fit applied sepgotal +0.06 -0.06

rately to the individual data samples.
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of uncertainty was conservatively chosen for parameters ob- We also generate toy MC samples S/K 2 andJ/yK? .
tained from the MC simulation to take into account the pos-The average negative errors are 0.19 and o_2s/f¢Kg and
sible difference between the MC simulation and data. Wey/ 4k respectively. Our measurement firyK 2 (0.20 is
also estimated the systematic errors for the integrated backy good agreement with the expectation, while the result for
ground fractions, listed in Table VI, by varying these param-, JIyK? (0.23 is smaller. We obtain the probability of
eters by 1o. We added the results of these calculations forobtaining smaller errors than this measurement to be 1.4%

each decay mode in quadrature. for J/yK?, which is within a possible fluctuation.

6. Background fraction for J ¢K?
grou ' ToKL 2. B lifetime

As described in Sec. Ill C, the background fraction for the The BC [ifetime has been measured with the same data

O . . - cms . . .
J/K sample is obtained from a fit distribution and sample. We apply the same vertex reconstruction algorithm

is given in Table Il. In this fit, the sum of components is for fully reconstructedd® decays as for the P decays and

automatically constrained to the total number of events in th?he tracks on the tag side. Unbinned maximum likelihood fits
signal region. Thus, the signal yield and the size of other 9 '

. . are made with an exponential PDF convolved with the same
backgrounds are strongly anti-correlated. To determine thit resolution function and background PDF as in the fit for
systematic error on sing? that comes from the uncertainty CP eigenstates. For the combin@&P—J/yK* (K" )

of the background, we need to take this antL—correIation intcb(*),q_ﬁ D* 7p'+ andD* | *» decay modes, the® Iife:
account. To this end, we repeat the fit to #F d|str|but|o.n time is measured to bego=1.547+0.021(stat) ps. The re-
Wlth the_background fractions as free parameters but with thgult is consistent with the world average vali.

signal yield fixed+ 1o or — 10 away from the central value

obtained in the nominal fit. The resultant background yields
are used to repeat the procedure to obtain & /e regard ]
the difference between the thus obtained value and our nomi- We use control samples of n@P eigenstates,B°

nal sin 25, value as the systematic error. We also check the~J/¥K*(K*7~), B®=D®) 7", B%~D*"p* and B°
systematic error due to the uncertainty in @ content of —D* I +V_: to check for biases in the analysis. We perform
the background. We repeated the fit varying parameters tH1€ same fit to these control samples as forGleeigenstate
determine the various background fractions. Since these p&20des. The results, summarized in Table X, show no system-
rameters are obtained from the MC simulation, we estimatétic tendency. A combined fit to all the modes yields 0.05
the systematic error by conservatively changing each parant- 0-04, consistent with zero at the #.2evel, as shown in

eter by=+2¢ and adding the resulting changes in quadraturefig. 15d). - _
We check for a possible bias due@ asymmetry in the

7. Background shape background. We fi/ yK? candidates in the background re-

in Sec. V C, are varied within their errors and fits are re-J/ l//KE candidates. Note that the fraction of events with defi-
peated. nite CP in this region ofpg™ is expected to be negligible.
The result is sin @,=0.49+0.35, consistent with zero at the

B. Crosschecks 1.40 level.

3. Tests on control samples

We performed several crosschecks: The fitting procedure
was examined using MC samples based on our likelihood C. Discussion
functions(toy MC samples We also measured tfi&meson We have performed several statistical analyses of the re-
I|f_e_t|me using the same vertex reconstruction method. In adg,its described in the previous sections. Using a Gaussian
dition we tested noi& P control samples. These crosschecksjikelihood function based on the statistical and the systematic
are described below. errors, we calculated the confidence intervals bounded by the
physical region for sin &, using two methods: the Feldman-
Cousins[38] frequentist approach and the Bayesian method

A thousand toy MC samples, each containing 1137with a flat prior PDF. We find a lower bound on sit2of
events, are generated based on our likelihood function t6.70 at the 95% C.L. in both cases. We also estimated the
check the fitting procedure. Figure 16 shows the distributiorBayesian lower limit using the exact likelihood function,
of residuals] sin 2¢(fit) —sin 2¢;(input)], pulls (residuals shown in Fig. 14, and obtained 0.69. We conclude that the
divided by fit error$, and the positive and negative errors onlikelihood function is Gaussian to a good approximation.
sin 2¢, returned from the fits. All the toy MC samples have Combinations of indirect measurements typically constrain
an input value of sin®,=0.99. The center of the residual in 0.50<sin 2¢;<0.86 in the framework of the SNI39]. Al-
Fig. 16(@) is consistent with zero, and the standard deviatiorthough our measured value is large, it is consistent with the
of the pull distribution in Fig. 1@) is consistent with unity. higher range of the SM prediction. We are continuing the
Therefore the global fit returns the input si#,2value and a measurement with much higher statistics in order to test the
reasonable error. Figures (tfand 1&d) also show that the KM ansatz more precisely.
positive and negative errors obtained from the fit are consis- Finally we comment on the possibility of dire€tP vio-
tent with expectations. lation. The signal PDF for a neutrBlmeson decaying into a

1. Ensemble test
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80 E (@) 80 TABLE X. CP asymmetries for control samples.

60 F 60

40 40 D(*)_’7T+

20 | f 20 JyYK*O(K*w~) andD* pt  D* 17y
0 = 0
B Events 816 5560 10232

150 F g CP asymmetry 0.0x0.14 0.12£0.06 0.0x0.05

150 |
100 | 100 B
50 £ . VII. CONCLUSION

B b9 00 52 %8 098 DT D% We have measured ti@P violation parameter sing, at

" positive error " negative error the KEKB asymmetri@ e~ collider using a data sample of

29.1 fb ! recorded on thé& (4S) resonance with the Belle
FIG. 16. The result of our toy Monte Carlo test of our f#) the ~ detector. To extract sing, we apply a maximum likelihood

distribution of residual§sin 2¢,(fit) — sin 2¢,(input)], (b) pull dis-  fit to the 1137 candidatB meson decays t€ P eigenstates.
tribution [(residua)/(error of fif)], and(c) the positive andd) nega- \We obtain
tive errors of sin 2, returned from the fits. The vertical lines (o) . _
and (d) indicate the errors obtained from the fit to data. Sin 2¢,=0.99+0.14stay + 0.04 sys).

We conclude that there is lar@2P violation in the neutraB

) ) meson system. A zero value for sighis ruled out by more
CP eigenstatd Egs. (10) and (11)] can be expressed in a than six standard deviations.

more general form as We have calculated the confidence intervals bounded by
At o ) the sin 2p; physical region for the Bayesian and Feldman-
e At/me 1+|\]| Cousins frequentist approaches. The lower bound is found to
Psigl At,0,wy *ff)ZZT 2 5 ~A(1=2W)  he 0.70 at the 95% C.L. in both cases. Our result is consis-
tent with the higher range of values allowed from the con-
straints of the standard model as well as with our previous
X| &A|N|SIN(AmgAt) measurement9].
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