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This paper reports an updated measurement of the standard @Bdegblation parameter sin2using the
CDF Detector at Fermilab. The entire run | data sample of 110§ proton-antiproton collisions at's
=1.8 TeV is used to identify a signal sample ©f400 B—J/4 K2 events, where)/yy—u* u~ and K2
— a7, The flavor of the neutraB meson is identified at the time of production by combining information
from three tagging algorithms: a same-side tag, a jet-charge tag, and a soft-lepton tag. A maximum likelihood
fitting method is used to determine siﬁ%O.?Qﬁgjﬁ(staH— syst). This value of sin2is consistent with the
standard model prediction, based upon existing measurements, of a large goBitivelating asymmetry in

this decay mode.

PACS numbes): 12.15.Hh, 13.20.He, 14.40.Nd
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. INTRODUCTION (p.n)

The first observation of a violation of charge-conjugation
parity (CP) invariance was in the neutral kaon system in
1964[1]. To date, violation ofCP symmetry has not been
directly observed in any other system. The stud{éf vio-
lation in theB system is an ideal place to test the predictions
of the standard modé2—4]. The decays of neutr&® mesons
into CP eigenstates are of great interest, in particular the
CP-odd stateB— J/ K2 [5,6]. The decayB—J/ ¢ K2 is a
popular mode in which to observeG@P-violating asymme- (0.0) (1.0
Ezoaicauessrelticgallli/ 3) g'gtf':]ecé c?fxlg?grjlgnﬁgttjarl:)r?ilgE?\tgéia?:t(ijelqs FIG. 1. The unitarity triangle indicating the relationship between

-= Y he CKM elements.

[7]. Furthermore, the contribution to the asymmetry due to

enguin diagrams, which is difficult to calculate, is negli- L . . .
giblg becauge the penguin contribution is small and thegtre OCP nonconservation is expef:ted tq manifest itself in the
level and penguin diagrams contribute with the same weak’d §ystgm[2] as an asymmetry n part|_c le decay rate versus
phasd8]. Previous work searching for@P-violating asym- antiparticle decay rate to a particular final state:
metry in the deca)B—>J/¢//K(S’ has been presented by the — 0 0
OPAL Collaboration[9]. An initial study on the measure- A  N(B®—J/yKg) — N(B— I/ yKg)
ment of sin3 by the CDF Collaboration is given in Ref. CP N(§°—>J/¢Kg)+N(B°—>J/¢rKg)'
[10]. The result reported here incorporates and supersedes

Ref.[10]. This paper reports a measurement of grtlat is =5 o _
the best direct indication of @ P-violating asymmetry in the WNereN(B"—J/¢Kg) is the number of mesons decaying to

neutralB meson system. J/yK that were produced &8° andN(B°— J/¢KY) is the
Within the framework of the standard mod€lP noncon-  number of mesons decaying déyK$ that were produced as

servation arises through a non-trivial phase in the CabibboB® [3]. It should be noted that the definition 8&p is the

Kobayashi-Maskaw&CKM) quark mixing matrix11]. The  negative of that in Ref48] and[9].

CKM matrix V is the unitary matrix that transforms the mass In the standard model, theé P asymmetry in this decay

eigenstates into the weak eigenstates: mode is proportional to sin@ Acp(t)=sin 28sin(Amyt),
whereg is the angle of the unitarity triangle shown in Fig. 1,
Vi V. V t is the proper decay time of thB8° meson andAmy is the
ud us ub

mass difference between the heavy and lighimass eigen-

V=| Vea Ves Veo states. In a hadron collideBB pairs are produced as two

Via Vis Vi incoherent meson states. Consequently, the asymmetry can
5 be measured as either a time-dependent or time-integrated
A . . S -
1- 2 \ AN3(p—in) quantity. The time-dependent analysis is however statisti-
2 cally more powerful. In this paper, we take advantage of this
_ A2 +0O(\%) fact and employ a sample of events that have a broad range
-\ 1- — AN? ' of time resolutions.

It is possible to combine information from several mea-
AN3(1—p—in) —AN? 1 surements to indirectly constrain the allowed range of gin 2
Based on global fits to these measurements, it is found that

The second matrix is a useful phenomenological parametrit-he standard model prefers a large positive value of gin2

; s - ._and that the fits are in good agreement with each dthér
zation of the quark mixing matrix suggested by Wolfenstein?" g .
[12], in which \ is the sine of the Cabibbo angle. The con- 17]. One recent global fit finds sin&-0.75-0.09 [17].

dition of unitarity, V'V=1, yields several relations, the most ;c(;we_verbftr:ﬁe&gg dOfC:h; ez%%céed asﬁl_mhm;téyﬂ?:pspgs on
important of which is a relation between the first and third sign produ B k. WhICh ar ratios

columns of the matrix, given by between the short distance contribution8t® andKK mix-
ing respectively and their values in the vacuum insertion
. . . approximation18].
VioVuat VepVed T VipVia=0. To measure this asymmetry, the flavor of tBemeson

(whether it is aB° or aB®) must be identifiedtagged at the
This relation, after division by?* V.4, is displayed graphi- time of production. The effectiveness of a tagging algorithm
cally in Fig. 1 as a triangle in the complex») plane, and depends or_1_both the efficiency for_ assigning a flavor tag and
is known as the unitarity trianglgL3]. CP violation in the  the probability that the flavor tag is correct. The true asym-
standard model manifests itself as a nonzero valug,aghe  metry is “diluted” by misidentifying aB® meson as &°
height of the triangle. meson orvice versa We define the tagging dilution &3
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=(Ng—Nw)/(Ng+Ny), whereNg(Ny,) is the number of right sorption lengths. Finally, the central extension muon cham-
(wrong) tags. The observed asymmetry, given B3  bers provide 67% coverage i for the region 0.6|7|
=DAcp, is reduced in magnitude by this dilution parameter.<1.0 behind a total of-6 absorption lengths.
As can be seen from the relation above, maximal sensitivity Muons, used to reconstruct tiéy meson and by the soft
to the asymmetry is achieved when the dilution factor islepton tagging algorithntSLT), are identified by combining
large. The statistical uncertainty on sif & inversely pro-  a muon track segment with a CTC track. SVX information is
portional to\/eD?, where the efficiency is the fraction of  used when available. Electrons, which are used by the SLT,
events that are tagged. This analysis combines three taggirge identified by combining a CTC track with information
algorithms in order to minimize the statistical uncertainty offrom the central calorimeters, the central strip chambers,
the measurement. dE/dx, and the CPR detectors.
Dimuon events are collected using a three-level trigger.
A. The CDF detector The first-level trigger system requires two charged track seg-

The collider detector at FermilablCDF) detector is de- Mments in the muon chambers. The second level trigger re-
scribed in detail elsewherid9,20. The CDF detector sys- quires a CTC track, wittP; greater than~2 GeVlc, to
tems that are relevant for this analysis éjea silicon vertex ~match a muon chamber track segment. The third level,
detector(SVX) [21], (ii) a time projection chambgiTX), implemented with online track reconstruction software, re-
(iii) a central tracking chamb&€TC), (iv) electromagnetic quires two oppositely charged CTC tracks to match muon
and hadronic calorimetergy) a preshower detectdiCPR, track segments and a dimuon invariant mass between 2.8 and
central preradiaty (vi) a shower maximum detect¢CES, 3.4 GeVk?. Approximately two thirds of all/y—u™ u™
central electron strip chambeand(vii) a muon system. The events recorded enter on a dedicaléd trigger, where the
CDF coordinate system has tizeaxis pointing along the two reconstructed muons are from thly. This fraction is
proton momentum, with the-axis located in the horizontal ¢onsistent with expectations. The majority of the remaining
plane of the Tevatron storage ring, pointing radially outwardeyents, referred to as “volunteers,” enter the sample through
so that they-axis points up. a single inclusive muon trigger caused by one of the two

¢ Ihe lSVXtcgnbsi?ts of fou(;.!a%ce;sgof s(i::i(;og axial—sérip ?e' uons from theld/4 decay, or, through a dimuon trigger
ectors focated between radii of == and /.9 m and extenQy, . e one of the two trigger muons was from they and

ing 1_f25 cm inz from the center (_)f the detector. Thegeo- the second “trigger muon” is a fake muon, primarily due to
metrical acceptance of the SVX is60% because thep  punch-through.

interactions are distributed with a Gaussian profile along the
beam axis with a standard deviation 30 cm, which is

large relative to the length of the detector. The SVX is sur-
rounded by the VTX, which is used to determine theoor- This analysis builds on the work of several previous
dinate of thepBinteraction(the primary vertex Momenta analyses using the varioBsenriched data sets recorded by

of charged particles are measured in three dimensions usiﬁge CDF detector. Th_eB__}J/ng decay mode is recon-
the CTC, an 84-layer drift chamber that covers the pseudc® ructe(_j in a manner similar to the_CDF measurements of the
rapidity interval| 7| <1.1, wherep=—In[tan(6/2)], and the bran_chlng ra‘F|o[22,23:| and theB_ lifetime [24]. Tohe three
angle # is measured from the-axis. The SVX, VTX, and t@gging algorithms are then applied to Be- J/ /K5 sample
CTC are immersed in a 1.4 T solenoidal magnetic field. Theand the observed asymmetry, givenAgfg=DAcp, is then
momentum transverse to the beamlire;( of a charged determined. In order to extract a value of spf#om the
particle is determined using the SVX and CTC detectorsobserved asymmetry, tagging dilution parameters are re-
The combined CTC/SVX P; resolution is 6P;/P;  quired for the three tagging algorithms. These dilution pa-
=[(0.001 c/GeV- P1)2+(0.0066%]Y2 The typical uncer- rameters are determined from an analysis of the calibration
tainty on theB meson decay distance is aboutu6. The  Samples. In particular, the same-side tagdiB§7) dilutions
CTC also provides measurements of the energy loss per urif€ determined from a combination of results from Re@]
distance dE/dx, of a charged particle. and measurements on a sample~af000 B*—J/¢K™ de-

The central and endwall calorimeters are arranged in proc@ys. The jet-charge tag algorith@ETQ and soft-lepton
jective towers and cover the central regjofl<1.05. In the 1&g algorithm(SLT) dilutions are determined from thi~
central electromagnetic calorimeter, proportional chambers>J/#¥K~ sample and~40000 inclusiveB—J/#X events.
(CES, are embedded near shower maximum for positionThe dilutions and efficiencies are then combined for each
measurements. The CPR is located on the inner face of tHvent and a maximum likelihood fitting procedure is used to
central calorimeter and consists of proportional chambersgxtract the result for sin@ The fit includes the possibility
The muon system consists of three different subsystems eadfat the tagging dilutions and efficiencies have inherent
containing four layers of drift chambers. The central muon@symmetries. In addition, the backgrounds, divided into
chambers, located behind5 absorption lengths of calorim- Prompt and long-lived categories, are also allowed to have
eter, cover 85% of the azimuthal angfein the range|;;| ~ @n asymmetry. In the end, these possible asymmetries are
<0.6. Gaps in¢ are filled in part by the central muon up- found not to be significant.
grade chambers with total coverage dnof 80% and| 7| Each flavor tagging method, SST, SLT, and JETQ, has
<0.6. These chambers are located behind a totat®fab-  been previously verified in 8°-B° mixing analysis. Our

B. Overview of the analysis
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previously published measurement of spi@sed theB°-B°
mixing analysis of Ref[25] to establish the viability of the
SST method 26]. Here we report work that uses the same
algorithm for events where the two muons are contained
within the SVX detector acceptance and uses a modified ver-
sion of the algorithm for events with less precise flight path
information, i.e. events not fully contained within the SVX 100
detector acceptance.

The two additional tagging algorithms used are based on

events

200

150

the B%-B® mixing analysis of Ref[27]. These mixing analy- or

ses use decays & mesons with higheP; (~ a factor of 2

highen than theB mesons in this analysis. This is due to the 0 : ' -

lower trigger threshold fod/— u* ™ than for the inclu- 20 10 0 ™ 10 M )/020

sive lepton triggers used to select the mixing analyses e M

samples. The SLT algorithm is similar to that in REZ7], FIG. 2. The normalized mass distribution of thi/K 2 candi-

except the leptorP threshold has been lowered to increasedates. The curve is a Gaussian signal plus linear background from a
the efficiency of tagging loweP; B mesons. The JETQ maximum likelihood fit.
algorithm is also similar to the algorithm used in the mixing
analysig[27] except the acceptance cone defining the jet ha&LXyMO/PT, where M, is the world averageB® mass of
been enlarged and impact parameter weighting of tracks has2792 GeVe? [8]. In about 15% of thng decays, SVX
been added to reduce the fraction of incorrectly taggegnformation is available for one or both tracks. When the
events. decay vertex location in the radial direction is found to lie
beyond the second layer of the SVX detector, the SVX in-
ll. SAMPLE SELECTION formation is not used. Thé/y andK 2 candidates are com-
bined into a four particle fit to the hypotheﬁs—d/z/xKg and
the u*u~ and #* 7~ are constrained to the appropriate
masses and separate decay vertices. N@]and B are con-
strained to point back to their points of origin. In order to
further improve the signal-to-background ratibcandidates
are accepted foP(B)>4.5 GeVk and fit quality criteria
are applied to thd/« and B candidates.

The data are divided into two samples, one called the
VX sample, the other the non-SVX sample. The SVX
sample requires both muon candidates to have at least three
The selection criteria are largely the same as in ] out of four possible_hi_ts that are well meas_ured by 'ghe silicon

o o X ' vertex detector. This is the sample Bfcandidates with pre-
The criteria for ,thezB_"]/wKS sample provide an optimal ise gecay length information and is similar to the sample
value of the ratioS/(S+Ny), whereS is the number of 5t \was used in the previously published CDF girebaly-
signal events anly,, is the number of background events gjs The non-SVX sample is the subset of events in which
within three standard deviations of tfemass. The square e or hoth muon candidates are not measured in the silicon
root of this ratio enters into the uncertainty on the measuregygtex detector. About 30% of the events in this sample have
ment of sin . The J/y is identified by selecting two 0ppo-  gne muon candidate track with high quality SVX informa-

sitely charged muon candidates, each Wi1>1.4 GeVE.  (ion. Events of this type lie mostly at the boundaries of the
Additional selection criteria are applied to ensure goodgy/x detector.

matching between the CTC track and the muon chamber \ye define a normalized madd = (m — M)/ o
ML T !

track segment. AJ/y candidate is defined as/a" .~ pair wherem, , .. is the four-track mass coming from the vertex
within +50- of the world average mass of 3.097 Ge¥/  and mass-constrained fit of tiBecandidate. The uncertainty,
[8], where o is the mass uncertainty calculated for eachgm, is from the fit, typically~10 MeV/c2. The normalized
event. o . _ _ mass distribution is shown in Fig. 2 and contains 4156 en-
The K candidates are found by matching pairs of oppo-tries; from which we observe 3851 signal events with a
sitely charged tracks, assumed to be pions. Kidecandi-  signal-to-noise ratio of 0.7. The SVX sample contains 202
dates are required to travel a significant distaricg  +18 events(signal-to-noise ratio of 0)%and the non-SVX
>50, and to haveP;>700 MeV/c in order to improve sample contains 19826 eventgsignal-to-noise ratio of 0)5
the signal-to-background ratio. The quantity,=X- P;is  asshown in Fig. 3. The event yields reported here come from
the two-dimensional2D) flight distance, wherX is the vec-  the full unbinned likelihood fit which will be described in
tor pointing from the production vertex to the decay vertex,detail later.
and o is the measurement uncertainty bp, . This flight The criteria used to select " — J/ /K= decays are the
distance is used to calculate the proper decay time same as described f@&— J/K2 decays except for thi™

Four event sample®—J/yK2, B*—J/yK™*, inclusive
B—J/4X decays, and an inclusive lepton samf®] are
used in the determination of sifB2The B mesons are recon-
structed using the decay modeHy—u*u~ and Kg
—a 7. The B—J/yK2 candidates form the signal
sample, theB*—J/K* sample is used to determine the
tagging dilutions, and the inclusiv# ¢ decays are used to
constrain ratios of efficiencies. The inclusive lepton sampleS
was used in Refd.10,25 in the determination of the SST
dilution.
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2100
® FIG. 3. Left: Normalized mass distribution of
the J/yK2 candidates where both muons have
good SVX information providing a high precision
decay length measurement. Right: Normalized
mass distribution of thé/yK2 candidates in the
non-SVX sample. Either one or both muons are
missing good SVX information, leading to a low

80
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20¢ resolution decay length. For both plots, the
curves are Gaussian signals plus linear back-
0 s s . 0 s s : ground.
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selection. Since the CDF detector has limited particle identitrack with the smallesP'' is chosen, wher@'® is the track

=1 : ; . T T
fication separation power at higy using thedE/dx sys-  momentum transverse to the momentum sum of the track and
tem, candidate kaons are defined as any track With

> al Jdods dally ' the B meson. A tagging track with negative charge indicates
>2 GeVic. The u* u K* mass distribution is shown in

. + . . aB° meson, while a positive track indicatesB4 meson.
Fig. 4 and th? number O{/"% cand|d§tes 's 99B51. The performance of the SST algorithm could depend on
The inclusiveJ/¢y—u™ u~ sample is a superset from

. 0 L " . the availability of precise vertex information. When using
which theB— J/yKg andB~—J/ 4K~ samples are derived. the SVX sample, the SST algorithm of REL0] and tagging

The inclusive sample is-80% promptJ/¢ from directcc  dilution parameteD =(16.6+2.2)% is used. This dilution
production. In order to enrich the sample B~J/¢X de-  result is obtained by extrapolating the value obtained in the
cays, both muons are required to have good SVX informamixing analysis in Ref.[25] to the lower Py of the B
tion and thg]/zﬂ ZD travel disj[ance must be 200 xm from _,J/(//Kg sample. When using the non-SVX sample, the SST
the beamline. This results in a sample of about 40800 4\gorithm is modified slightly by dropping the SVX informa-
—J/yX decays. tion for all candidate tagging tracks and adjusting the track
selection criteria in order to increase the geometrical accep-
IIl. TAGGING ALGORITHMS tance. A dilution scale factoffy, defined by D on.svx
=fpDgyx, is derived from theB*—J/¢K*= sample. This
Three tagging algorithms are used, two opposite-side tage|ates the SVX sample SST algorithm performance to that
algorithms and one same-side {&ST) algorithm. The idea  of the non-SVX sample SST algorithm. To measure this
behind the SST algorlthrﬁZG] eXpIOitS the local correlation quantity’ we compare the taggmg track using SVX informa-
between thé8 meson and the charge of a nearby track to tagtion to the track we obtain when all SVX information is
the flavor of theB meson. We employ the SST algorithm jgnored. This provides a measure of the effectiveness of the
described in detail in Ref$10,25. We consider all charged Svx information. We find a value of,=(1.05+0.17), ap-
tracks that pass through all stereo layers of the CTC andly it to the measured SST dilution for SVX tracks, and
within a cone of radiusAR= /A 7%+ A $?<0.7 centered obtainD = (17.4+3.6)%.
along theB meson direction. Candidate tracks must be con- Qpposite-side tagging refers to the identification of the
sistent with originating from the primary vertex and have aflavor of the “opposite” B in the event at the time of pro-
Pr>400 MeV/c. If more than one candidate is found, the duction. As mentioned earlier, two algorithms are employed:
soft-lepton tag(SLT) and jet-charge tagJETQ algorithms.

o The SLT algorithm is described in detail in RE27]. The

E SLT algorithm associates the charge of the lept@lrctron
200 . S

g or muor) with the flavor of the parenB-meson, which in

= turn is anticorrelated with the produced flavor of the

£150 B-meson that decays t /K. These leptons are considered
-

“soft” because their momenta are on average considerably
lower than the high momentum leptons frowi boson,Z
boson, and top quark decays. A soft muon tag is defined as a
charged track reconstructed in the CTCTC track with
P+>2 GeVk that has been matched to a track segment in a
muon system. A soft electron tag is defined as a CTC track
0 . . . with Pt>1 GeVck that has been successfully extrapolated
sAs 52 525 15(3 5-3é v/ 34 into the calorimeters, CPR and CES detectors and passed
MUK mass (GeVie) selection criteria. In particular, the CPR and CES position
FIG. 4. The mass distribution of thwat candidates both information is required to match with the CTC track and the
with and without SVX information. The curve is a Gaussian signalshower profiles must be consistent with an electron. In addi-
plus linear background from the likelihood fit. tion, the electron candidate CTC track must haveEddx

100

50
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TABLE I. Summary of tagging algorithms performance. All numbers listed are in percent. The efficien-
cies are obtained from thB—uJ/zﬂK% sample. The dilution information is derived from tB& — J/ K™=

sample.

Tag side Tag type Class Efficiency Dilution

Same-side SST M1, Mo i SVX 35.5+-3.7 16.6:2.2
SST M1 OF Ly NON-SVX 38.1+3.9 17.4-3.6

Opposite side SLT all events 5:4.8 62.5-14.6
JETQ all events 4023.9 23.5£6.9

deposition consistent with an electron. Photon conversions Tracks within a cone oAR<0.7 with respect to th&
are explicitly rejected. A dilution oD =(62.5-14.6)% is  —J/yK2 direction are excluded from clustering to avoid
obtained by applying the SLT algorithm to thB~  overlap with the SST candidate tracks. TBeneson decay
—J/yK= sample. products *, u~, =", and 7~) are also explicitly ex-

If a soft lepton is not found, we try to identify a jet pro- cjuded from the track-group. A jet can consist of a single
duced by the oppositB. We calculate a quantity called the ack with P;>1.75 GeVE. If multiple jets are found, we
jet chargeQje; of this jet: choose the one that is most likelyBajet, based on an algo-

rithm that uses the track impact parameter information first,
2 QP2 (Tp)i] if available, and then the j&. '_rhe momentum and_impact
i parameter weighted charg®je;, is calculated for the jet and
' normalized such that|Qj/=<1. Only tracks with Py
Z Pril2—(Tp)il >0.750 GeVt are used to weight the charge. The param-

eter Qje>0.2 selects they quark decays an@<—0.2

whereq; and Py, are the charge and transverse momentun€/€Cts théd quark decays. The vaquQ,-eJ sOO.Z_ is consid-
of theith track in the jet withP;>750 MeV/c. The quan- €'€d untagged. A dilution od=(23.5£6.9)% is found by

tity T, is the probability that track originated from thepp ap[\)/{}/lng the JETQI algfoggg]lt%ttmi]/_)\:éfﬁi sampt)leé]I

interaction point. The quantity (2T,) is constructed such € us€ a sample of 93 — Iy ecays to de-

that a displacedpromp) track has the valu&, ~0(1), and termine the tagging dilutions for the opposite-side algo-

the quantity (2-T,) is ~2(1). Tracks thatp arise fr’onB rithms. Using both real data and simulated data, we have
p .

decays are displaced from the primary vertex and give genﬂeq th_at D(B™) is consistent with D(BY) for the
probability distributionT, peaked near zero, lending larger ©PPOSIte-side flavor tagging algorithms. At the Tevatron, the
weight to the sum. For tracks that emanate from the primarytrong interaction createsb pairs at a production energy
vertex, T, is a flat distribution between 0 and 1, giving less sufficiently high that the fragmentation processes that create
weight to the jet charge quantity. Fbrquark jets, the sign of the B mesons are largely uncorrelated. For example,ithe
the jet charge is on average the same as the sign of tHguark could hadronize as&™ meson, while independently,
b-quark that produced the jet, so the sign of the jet chargé¢he b quark could hadronize as B*, B° or Bg meson.
may be used to identify the flavor at production of the These opposite side dilution numbers are valid for both the
hadron which decayed szKg. This algorithm is concep- SVX and non-SVX samples. The tagging dilutions and effi-
tually similar to that used in Ref27] except that jet cluster- ciencies are presented in Table I.
ing and weighting factors are optimized for this sample. This Each event has the opportunity to be tagged by two tag
optimization was performed by maximizirdd? on a sample ~ algorithms: one same-side and one opposite-side. We fol-
of B*—J/ K™ events generated by a Monte Carlo program.lowed the prescription outlined in R¢R27] in which the SLT
Jets are found with charged particles instead of the moréag is used if both the SLT and JETQ tags are available. This
commonly used calorimeter clusters. The algorithm is optiis done to avoid correlations between the two opposite side
mized using Monte Carlo generated data. All tracks in arfagging algorithms. The result of the SLT algorithm is used
event with Pr>1.75 GeVt are identified as seed tracks. because the dilution of the SLT algorithm is much larger
For pairs of seed tracks, the quantity;;=2E;E;(1 thanthatof the JETQ algorithm. Given the low efficiency for
—cos#;) is calculated, wher€&; ,E; are the energies argf; ~ lepton tags(6%) the potential overlap is small. As men-
is the angle between thi¢h andjth seed tracks. Seed tracks tioned earlier, tracks eligible for the SST algorithm are ex-
are combined in pairs as long &;, the JADE distance cluded from the JETQ track list, thus ensuring these two
measure, is less than 24 Ge\After mergings, each set of algorithms are orthogonal. There is however an overlap be-
seed tracks defines a jet. The remaining track; ( tween the SST and the SLT algorithms in which the lepton is
<1.75 GeVt) are combined with the jet that minimizes the used as the SST track. In order to use the dilution measured
distance measure provided th‘éﬁ <24 Ge\l. Any tracks in Ref. [10], we use the |dent|caISST algorithm on the SVX
unassociated with a track-group are discarded. This is §&mple, and therefore permit this overlap. We allow leptons
modified version of the JADE clustering algoritH8]. in the cone to account fdob production from the higher-

Qjet:
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TABLE II. Definition of tags. For the case of the SST algorithm, the tag depends upon the charge of a
track (t,t”) near theB; for the SLT algorithm, the tag depends upon the charge of a lepton in the event
(17,17); for the JETQ algorithm, the tag depends upon the average weighted charge of tracks Q;a)jet (

Tag Positive {+) tag Negative {) tag No tag
B%— J/ K3 BO—J/yK2

SST Single track ™ Single trackt™ No track

SLT Single lepton ~ Single leptonl * No lepton

JETQ Qjer<—0.20 Qjer>0.20 |Qjed <0.20

order gluon splitting process where the-1X decay is lo- in background tracks from beam pipe interactions. The for-
cated nearby the fully reconstruct&d— J/ ng. This over- malism for measuring and correcting for these possible tag-
lap occurs in three events in the signal region and the finaing asymmetries in this multitag analysis is provided below.
result changes negligibly if these events are removed from For B mesons decaying to@P eigenstate, the decay rate
the sample. as a function of proper timecan be written as

Based upon the tagging efficiency of each individual tag-
ging algorithm, we can calculate the expected fraction of )
events which will be tagged by two, one or zero algorithms. h..(t)= 27 [1= Acpsin(Amgt)],
We find the expected efficiency of each combination of tags
(e.g. events tagged by both SST and SLT, events tagged : ,
JETQ only, ch). is cpnsistgnt with es'gimates d+erived fr?m ak?{vie',r,e Etgg :z Ezg gzgg :Z:Z ::ggz B;ggﬂggg Zz ggg
study of tagglng_ e_ff|C|¢nC|es as applied T[O tBe_}‘]/O‘/’KT “—."and Acp= —sin 28 is the asymmetry due t6P vio-
samp!e. Tag efficiencies are higher, typically 510%, in . lation. Particle type " refers to aB—J/yK2 decay and
the trigger volunteer sample, except for the JETQ tagging . o — B
algorithm, in which the efficiency increases by about 17%pParticle type “—" refers to aB—J/yKs decay.
These higher efficiencies are due to the increased average 10 allow for an imperfect andpossibly asymmetric tag-
charged-track multiplicity of the trigger volunteer sample.9ing algorithm, the following definitions are used. For those
Thus trigger samples that do not include volunteers, a® mesons ofproduced type +, a fractioneg will be actu-
planned for run 1I, will have lower tagging efficiencies. It is ally tagged+, fraction ey Will be tagged as-, and fraction
found that~80% of the events in the entirB—J/yK2  €; will not be tagged, i.e. tag 0. Similarly, for thoSeme-
sample are tagged by at least one tagging algorithm. sons of(produceditype —, eg will be tagged—, fractioney,
will be tagged ast, and fractione, will be tagged as 0.
Because, by definitioney + e+ €5 =1 and eg + e+ €
) - o o =1, there are four independent numbers that characterize a
An event is tagged if it satisfies the criteria of any of thegeneral asymmetric tagging algorithm.

three tag algorithms. For all tag algorithms, the flavor tag- e define the efficiencies and dilutions for the general
refers to whether the candidae—J/ /K2 was produced as asymmetric tagging algorithm as, = (e +ey)/2, €_

a B or BY. The sign of all tag algorithms follow the con- = (ex + €l;)/2, €o= (e +€5)/2 and
vention established by the same-side tag algorithm discussed

—t/T

Tag sign definition

in Ref.[10]: The positive tag ¢ tag) is defined as the iden- €5 —ew €r— € € — €
tification of ab-quark and therefore B® meson. The nega- Di=Fr= D-=—=37 Do -
tive tag (— tag is defined as the identification oftaquark ROTW ROTW o0
00
and therefore &~ meson. A null tagor tag 0 means the The observed decay rate as a function of time for events

criteria of the tag algorithms were not satisfied, and the fla
vor of the B is not identified. A summary is provided in
Table II. e Ut

hy(t)=

tagged ast+, — or 0 is given by

€.[1+AcpD . sinAmgt)],
IV. DILUTIONS, EFFICIENCIES AND TAGGING

ASYMMETRIES 9
—urT

The dilutions and efficiencies described earlier need to be h_(t)= € [1—AcpD _sin(Amgyt)],
generalized in order to accommodate possible detector asym-
metries in the analysis. For example, the CTC has a small
(~1%) bias toward reconstructing more tracks of positiveand

charge at low transverse momentum. This small bias is due

to the tilted drift cell that is necessary to compensate for the ho(t) =

Lorentz angle of the drift electrons, and a known asymmetry T

T

—t/r

60[1+ACPDOsir(Amdt)].
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Note thate, + e_+ey=1 ande D, —e_D_+¢Dy=0, so V. THE LIKELIHOOD FUNCTION
here are four in nden rameters remaining. For ex- S : :
;rﬁpelea e four independent parameters remaining. For e An extended log-likelihood method is used to determine
’ the best value for sin@ a free parameter in the fit. It is
e D _—€e,D, helpful to refer to the parameters collectively as a ve&or
Do= l-€,—€_ with 65 components. The remaining 64 parameters describe

other features of the dat@ignal and backgroundwhich
need to be determined simultaneously, but have only techni-
cal importance.

Tagging information for each event is combined to reduce The main ingredient of the likelihood function is the prod-
the uncertainty on th€ P asymmetry. The tags are weighted uct I1;7, wherei runs over all the selected events aRdis
for each event by the dilution of the individual tag algo- the probability distribution in the measured quantities: the
rithms. This procedure must also combine the efficiencies ilormalized mass, the flight-time, and the tags,(1»,03).
a similar manner. The algorithm used to combine multiply-The tags, although discrete variables, are conceptually
tagged events is as follows. We define the tags for two tagmought of as analogous to continuous variables, such as the

ging algorithms ag|; andq, (each taking the values 1, 0, -
and 1), the individual dilutions a8, andD,, and the indi- measrL]Jred.mass. The paramfetprsontrol tr;e sEape of the |
vidual efficiencies aseq, and €q,r We then define the Py There is a separate set of parameters for the SVX sample
. . 1 and the non-SVX sample to control the shape of the compo-
?Atzjt:joilrtlj-t\;\(l)er:g?/:/idthI%i)liaquitEg ggrigifgéjcgilﬂiif)hnestgg dar;(fjﬁ_nents of P, . This is especially important for the parts of the
' function that specify the distribution of the measured flight-

Combining tags in an event

clencies as time and mass, but also the distribution of SST tags.
D+ D, The form forP; assumes that all events are of three types:
Dq,q,= 11D,D, Cut™ €q,€q,(1+D1D5), signal, prompt background, and long-lived background. Each

possibility is included inP;. Because the distributions in
where D, , is the combined dilution-weighted tag, and mass, flight-time, and tag are different for the thrge types,

. trl1 2 bined effici In thi ¢ ._contains separate componers, Pp, and P, , which are
€qyq, 1S e COMbINEd emciency. In this manner, 1ags Nye oyerall distributions for signal, prompt background, and
agreement as well as tags in conflict are handled properly: ifhng-lived background respectively. Additional
the cases where the charge of the two tags agree, the eff§garameters—a separate set of parameters for SVX and non-
tive dilution is increased; in the cases where the two tag$yx—specify the relative quantities of each event-type.
disagree, the effective dilution is decreased. Each of the componen®s, Pp, and?P, is expressed as the

To help understand the expression for combined dilutionyroduct of a time-function s, Tp, T.), a mass-function
D, we examine several limiting cases. In the case of a perfegty . M,,M|), and a  tagging-efficiency-function

first tagging algorithm|D,|=1, the combined tag always (Es.80,E).

equals the value of the perfect algorith@¢(,,=D;), inde- The time-functioriTs is the probability distribution for the
pendently of the second tagging algorithm. For the casebserved-time given the observed tags, and therefore has a
where the first tagging algorithm is randoi;|=0, the  dependence on the measured time and its uncertainty, the
combined tag always equals the value of second algorithrmeasured tags and dilutions, and sth Zhe BO lifetime 7
(Dg,q,= D). In the case where the result of first tagging and mixing parametetmy are constrained at the world av-

algorithm is equal and opposite to the result of the secon@rages: ~ 7=(1.54r0.04) ps ~ and  Amg=(0.464

tagging algorithm P;=—D,), the Dy o, =0. This is ex- i0.018ﬁps [8]. The Tp function is a simple Gaussian
pected when the two tagging algorithms have equal powefePresenting the prompty background, and depends on the
but give the opposite answer. measured time and uncertainty. There are two time-

To understand the combined efﬁcienq{qz, we consider uncertainty scale factors ip, one for SVX events and one

an example. There are nine possible efficiencies for the conf®r the nzn—_SVX events, to allow fg;fthe pOfSSIbI“E/ that the
bined tagging algorithmss,_q . The individual efficiencies measured time-uncertainties are different from the true un-

f fectly efficient i tagai lorithms h th certainties by a constant factor. The function has positive
or pertectly eflicient symmetric tagging algorithms have the, , negative exponentials in time to represent positive and
valuese, =€_=0.5 andey=0 (e, +te_+ey=1). In this

P fthe ni bined efficienci viall negative long-lived background. The positive long-lived
'c;ase,h ve of t efmne comf ined € I|C|enc||es .ar:e trivially Ze;]obackground arises primarily from re8 decays, while the
or the case of two perfect tagging algorithms giving t enegative long-lived background is used to describe non-

opposite resultP, = —D, and|D,|=1), then the combined Gaussian tails in the lifetime resolution.

efficiency must beeq,q,=0, independent of the magnitude o nass functioM s is a Gaussian representing the nor-
of €;, andeg,. This is expected because, by definition, per-malized mass, and also includes a mass-uncertainty scale pa-
fect tagging algorithms cannot disagree. There are only twoameter. The mass-functiodd, and M, are linear in mass
remaining nonzero cases to examine for the perfectly effiand normalized over the: 200 mass window.

cient tagging algorithm. For the case in which they agree, the The tagging-efficiency-functioifs gives the probability
combined efficiencies are,; ,,=0.5 ande_; _;=0.5. of obtaining the observed combination of tags for a signal
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TABLE llI. The dilutions determined from thB*— J/¢/K* sample and the efficiency ratios determined
from the inclusivel/ ¢ sample are showrD .. is the average dilution. The SST dilutions utilize additional
information as described in the text.

Tag € le D, (%) D_(%) Davd %)

SSTsvx 1.031+0.011 16.15.1 17.1+5.2 16.6:2.2
SSThon-svx 1.037£0.010 17.6:5.7 17.8:5.8 17.4-3.6
SLT 0.978+:0.047 76.919.6 46.4-21.8 62.5-14.6
JETQ 0.9770.015 20.7%9.3 26.5-8.3 23.5£6.9

event. In addition to the observed tags for the event, it alsthe lifetime resolution for non-SVX events is poor relative to
depends on the individual tagging efficiencies and dilutionsthe SVX events, the information is used in the likelihood
The prompt and long-lived background tagging-efficiency-function.

functions, & and £, give the probability of obtaining the The functionsPs, Pp, andP, are the probabilities for the
observed combination of tags for prompt and long-livedsignal, prompt background, and long-lived backgrounds.
background events; they depend on individual background'hey are given by the products of time, mass, and tagging-
tagging efficiencies, but no dilutions are involved becausesfficiency functions:

there is no right or wrong sign in the tagging background.

For each individual tagging algorithm, the efficiencies and Ps=TMsfs, Pp=TpMpp, PL=TME.

the dilutions(each a component qﬁ‘) float and are allowed

to be different for+ and — tags and the corresponding ef-
ficiencies and the dilutions for the tag-0 cases follow by nor- 1
malization. However, for the signal, there are constraints on Ts==g*h(t), o=Soy,
the individual tagging efficiencies and dilutions based on the 2

available measurements and their uncertainties.

The signal time function is specified by

e—t/T

h(t)= ——e€q.q[1+ AcpDy . SINAMI)],
A. The likelihood function definition T % 4192

The negative Iog-likelihoodi(ﬁ) is given by where g*h(t) represents the convolution df(t) with a
Gaussian of widtlr and depends implicitly on the values of
2 NSVX L \SVX . \jNON-SVX | \jnon-SVX_ . the flight-time-uncertaintyo and sin3. The S; above is
H(P)=Ns™+Ng ™+ Ns +Ns Z In(7) SSVX (the SVX lifetime error scalefor SVX events and
- 2 SoVX for non-SVX events. Ther, is the uncertainty on
+2 E(fj(p)_<fj>) the flight-timet of the B-candidate, determined indepen-
T2 o dently for each event. The prompt background allows the

determination ofS?¥* and S°"SVX using the global fit.
The four free parametersS¥X, , NPSVX ' and Knowledge of the individual tag dilutions is incorporated
NE°SVX refer to the number of signal and background eventdhrough the constraints.
in the SVX and non-SVX respectively. The summation over ' N€ signal mass function is
j represents a summation over all of the constraints we place

SVX
N B

on the parameters. The constraints in general connect some M o= 1 o~ 05Mg/Sy)?

function f;(p) of the parameters with the corresponding S \2ms, ’

value(f;) and uncertaintyr; determined by other measure-

ments. whereMg is the normalized mass of tigzcandidate an&,,

The summation overrabove runs over all data events that is the B-mass error scale.

satisfy our selection criterig®; is the probability for thath In an analogous fashion t®, the combined signal

event, and implicitly depends qn The functionP; is given  tagging-efficiency functionfs, calculated by combining

by three tags as in Sec. IV A, depends on the eight tagging
dilution componentgas in Table 1) of p and the eight in-

P.=NgPs+ Ng[(1—F_)Ppt F . P.]. dividual + and — tagging-efficiency components. The com-

bined efficiencys is the efficiency for obtaining the particu-
All events are classified as either type SVX or type non-@r combination of tags observed in the event.
SVX: theNs, Ng, andF, in the expression above are actu- 1€ Prompt background time and mass functions are
ally parameters3¥™, N3V*, andFV* (the long-lived frac-
tion of SVX backgrounyifor SVX-type events antiz*" sV, To= 1 o t2(20?)
NROSYX - and F°"SVX for non-SVX-type events. Although 2\2mo
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o= S[Ut , S[: StSVX or S[IOI"I-SVX’

Mp=(1+s"Mg)/(2W), W=20,
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SVX sample are constrained to the average dilutibn,{
=16.6-2.2%) obtained after extrapolating the mixing
analysis dilution to loweP+ [10,25. The available calibra-
tion information for each tagging method is represented in

where W represents the normalized-mass window- Slze|(p) by constraint terms. These terms cause the function
(+200), and sy, is the mass-slope of the prompt back- I(p) to increase as the dilution parameters wander from the

ground.

The combined prompt-background tagging-efficiency
function & is given by the product of the individual prompt

background tagging-efficiencie§p=HKE,E where k runs

over the tags. The individual prompt background tagging

efficiencies are parametrized as
e1-AY2, g=-1,

q“=0,

eS1+AYR2, gt=1,

k
1_Ep,

g

whereqgX is the tag-result of thé&th tagging algorithm, and

s and AS are components of (specifically e5> V%,
A§STSVX’ €§5Tnon-SVX' A§STnon-SVX’ G%CH’ AéCH, €§LT’ and

AST). The AS parameters are the asymmetries of ik

algorithm in tagging the prompt background. The §&T
and SST,n.svx are mutually exclusivek-always runs over
three tags.

The long-lived time functionT is given by

F_.—2¢e'"~, <0,
27_
TL:
(1-F_ ) e U+, t=0,
27,
whereF _ is one of FSY* and F™"SVX | 7. is one of r5'%
and 71°"SVX andr_ is one of 7°X and 7"°"SVX,

The Iong—Iived mass and tagging- eff|C|ency functions are

M =(1+s5Mg)/(2W), 5L=1'k[ &,
e(1-AN2, gf=-1,
gt: 1_65, q:O,
ef(1+AN 2, gf=1,

where the notation is exactly analogous to g and &
defined above.

To further illustrate the role of constraint terms in the

negative log-likelihood function we highlight the dilution
constraints. There are two dilution paramet&s, andD _,

per tagging method, the eight parameterst(iﬁ) represent-

values preferred by the calibration. When locating the mini-
mum of [ (p) we are then simultaneously determining s 2
and the eight dilution parameters, so that the uncertainty on
sin 28 from the fit includes contributions from all of the cali-

bration uncertainties.

There are similar constraint terms for the efficiency ratios
for each tagging methode( /e_). The efficiency ratios
e, le_ for each tag algorithm are constrained using the in-
clusive B—J/ X sample. We fit thel/ 4y mass distributions
for the number of+ and — tags. The ratio of the number of
+ tags to the number of- tags constraing, /e_. TheB
—J/yX sample is assumed to have negligible intrinGiP
asymmetry. In addition, thB° lifetime g0 and mixing pa-
rameterAmy are free parameters in the fit, and there are
terms to constrain each to its world averdg§é The param-
eter 7go is constrained to 1.560.04 ps and the parameter
Amy is constrained to 0.4640.018: ps ®. Although con-
strainingAmy to the world average is the most natural pro-
cedure, we also have the option of determinitgy and
sin 28 simultaneously from the]/d/Kg data by removing the
constraint onAmy.

The calibration measurements are summarized in Table
IIl. The efficiency ratios are consistent with expectations. For
SST, the ratios are greater than unity due to a higher effi-
ciency for reconstructing tracks with positive charge in the
CTC.

B. Fits to toy Monte Carlo data

As a check of the fitting procedure several sets-df000

toy Monte Carlo data samples were generated, each set gen-
erated with a different value of sir2 The number of events,
SVX/non-SVX ratio, signal-to-background ratios, tagging ef-
ficiencies and dilutions, mass uncertainty and its scale factor,
background lifetimes, time uncertainties and scale factors,
and other kinematic features of the generation procedure
were all tuned to be similar to the composition of the data
sample.

The left plot in Fig. 5 shows the distribution of the appro-
priate uncertainty(allowing for asymmetric error§29]) on
sin 28 returned from the Monte Carlo fits with generated
sin28=0.5. The typical value of the uncertainty on sj§ 2
returned from these fits is-0.44, though there is a long tail
extending out to~0.7. The width of the distribution is de-
termined by Poisson fluctuations in the number of Monte

|ng the tagg|ng dilutions that float in the fit that locates theCar|o events that are tagged The r|ght p|ot in F|g 5 shows

minimum ofI(p) The probability?; of theith J/I/JKO can-
didate depends on these parameters thrdugdnd&s. Each

tagging method also has its own calibration information de-

[sin 28(fit) — 0.5]/ o, whereo is the appropriater or — un-
certainty on sin B.
The results from this and other samples generated at dif-

rived from other decay modes. For example, the dilutions aréerent values of sin2 support that the fitting procedure pro-

constrained using results from thd/¢K* calibration
sample. In addition, th®, and D _ dilutions for the SST

vides an unbiased estimate of the value of $ro2 the par-
ent distribution. The distribution of the difference between
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E1s0} E100f
Y Y
£ £
& 280
“o;, ‘;;, FIG. 5. Left: Distribution ofog, 55 from fits
=100 = 0 to multiple Monte Carlo datasets generated with
sin 28=0.5. Right: Distribution of normalized
o sin28 deviations, i.e. (fit-sin 28—0.5)/oi, 55,
sok and a Gaussian fit to that distribution. The mean
of the Gaussian fit is 0.0380.033 and the width
20 is 1.01+0.03, consistent with expectation.
0905 04 05 06 07 08 % 2 1 0 1 2z 3
Csinzp Asin2f/o,,5p

the fit-sin 28 and the true sing of the parent distribution is wE)th Ag—Jd/yA and A—pm~ g\ng theA reconstruocted as
well approximated by a Gaussian and the fit-uncertainty oiKs— 7" 7 ; Bs— /¢, p—KgK{; andBs— I/ yKsg.

sin 23 provides a good estimate of theof that Gaussian. Many checks of the data and analysis have been per-
formed to increase our confidence in the result. In order to
C. Systematic uncertainties check the sensitivity of the result to the dilutions, we im-

) o . _posed alternative JETQ and SLT dilution parameters taken
Systematic uncertainties on the measurement of 8in2¢4m our various mixing analyses that use the inclusive lep-
due to flavor tagging, thB lifetime andAm, are included as {4 samplg27]. We observe the expected shift in the value
constraints in the fit. We evaluated the systematic uncertains¢ sin28 and small changes in the uncertainty. The signal
ties due to the uncertainty in tfB? mass, trigger bias arl’  sample selection criteria have been varied, and other than a
regeneration. sensitivity to the SST tag tradR; threshold, as discussed in

The systematic uncertainty arising from tBemass is  Ref. [10], we find no unexpected sensitivity in the result.
studied using 1000 simulated experiments. The data were

generated at the nominBImass and three full likelihood fits
were performed on each experiment. One fit was performed
using the normalized mass calculated with the nomi®al ~ The maximum likelihood function fitting procedure re-
mass and two additional fits were performed udthmasses turns a stable value for si32and the uncertainties are ap-
shifted by =1 MeV/c?. The shifts observed in sin@from  Proximately Gaussian. Even though asymmetric dilutions are
fits to the simulated experiments are consistent with a ranPermitted in the fit, no significant asymmetry is observed.
dom distribution centered on zero with an rms of 0.019. The-urthermore, the background asymmetries are consistent
change in the observed rms spread of $#i2<0.019 when  With zero.

combined in quadrature. We also fit the data withBhmass ~_ Using the entire data set and three tagging algorithms, we
shifted by 1 MeV¢? and found the value of sin®@changed find
by 0.013, which consistent with the simulation results. We
conclude the additional uncertainty on sj@ due to the un-
certainty on theB mass is<0.019 and is negligible.

The data are assumed to be a 50:50 mixB3fB°. A The asymmetry is shown in Fig. 6 for the SVX and non-
possible charge bias arising from the trigger is consideredSVX events separately. The asymmetry for the SVX events
Events that are triggered on the two muons from g IS displayed as a function of lifetime, while the asymmetry
decay do not contribute to the charge bias. The remainin§Pr the non-SVX events is shown in a single, time-integrated
30% contain some events in which the trigger was from one
of the J/¢» muons and the other lepton candidate was from TABLE IV. Systematic uncertainties in the measurement of
the opposite sid8. The magnitude of the charge bias in the sin 28. The items labeled “in fit” are parameters that are allowed to
trigger has been measured to td % at a threshold oP float in the fit but are constrained by their measured uncertainties.
=2 GeV/c and is consistent with zero fd?+>3 GeV/c, Thg uncertainty returned from the likelihood fit includes the contri-
rendering this uncertainty negligible. butions from these sources.

Possible contamination of our data frd¢} regeneration

D. Final result

sin28=0.79"3 7%

from the material in the inner detector has been considere('jaara‘mme'r osin2p In fit
Reconstruction of th&? as aK? causes the event to be Dilution and efficiency 0.16 Yes
entered with the incorrect sign in the asymmetry. This effectam, Negligible Yes
shifts sin 23 by less than 0.003, which is neglected. The re-rg Negligible Yes
sults of the systematic studies are shown in Table IV. Mg Negligible Yes
We have evaluated the contribution to the sample fromryigger bias Negligible No
BO— J/yK*, with K* - K27° and thew° not reconstructed K? regeneration Negligible No

and find it to be a negligible contribution. The same is true
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FIG. 6. The true asymmetry (sirB8inAmyt) as a function of
lifetime for B*)J/lﬂKg events. The data points are sideband- . i S e e
subtracted and have been combined according to the effective dilg"n 28 is scanned, and at each step, the function is minimized.
tion for single and double-tags. The non-SVX events are shown on
the right. obtained by simply integrating the Gaussian distribution

from 0.79 tow. The toy Monte Carlo calculation is in good

bin since the decay length information is of low resolution.agreement with the calculated probability.

Although plotted as a time-integrated point, lifetime infor- It is possible to remove the constraint that tesiy to the
mation for the non-SVX events is utilized in the maximum world average value and to fit for sifB2zand Amy simulta-
likelihood function. The positive asymmetry preferred by theneously. In this case the result is sj8=20.8 ,8;3}1 and

fit can be seen. The curves displayed in the plot are tham,=0.68+0.17 ps . The value ofAmy from the fit
results from the full maximum likelihood fit using all data. In agrees with the world value at the level of1.20. This
order to display the data, we have combined the effectivegreement increases our confidence in the main result. Figure
dilution for single and double-tag events after having sub-8 shows the # “error ellipse” contour in sin B-Amy pa-
tracted the background. The full maximum likelihood fit usesrameter space for the fit when both parameters float freely,
the SVX and non-SVX samples and treats properly the decasind for comparison the nominal sig2esult with the world

FIG. 7. A scan of the log-likelihood function. The value of

length, dilution and uncertainty for each event. averageAmy and uncertainty. From the roughly circular
The uncertainty can be divided into statistical and systemshape of the contour, thAmy and sin 3 parameters are
atic terms: largely uncorrelated in the fit.
A time-integrated measurement to check the final result
sin23=0.79+0.3q stah = 0.16(sys). was performed. This simplified analysis does not use the

time dependence of the asymmetry and ignores the small

The systematic term predominantly reflects the uncertainty imagging asymmetry corrections applied in the full maximum
the result due to the uncertainty in the dilution parameterslikelihood fit. Each event falls into one of 12 classifications
Although the dilution parameters are not precisely deterdepending upon the type of flavor tags available for that
mined, due to the limited statistics of tie"—J/¢/K™ cali-  event. Each event can be associated with only one class of
bration sample, this uncertainty term does not dominate theag combination. The effective tagging efficiency for the en-
overall uncertainty on sin@ Furthermore, the uncertainty tire sampleeD?, is (6.3+1.7)%. A value of sin B for each
on sin 8 will not be dominated by the uncertainty on the class is calculated and a weighted average from the 12
dilution parameters in future runs because the uncertaintglasses is determined. Ignoring correlations in the dilution,
scales inversely with increasing statistics of the calibrationsin 28=0.71+0.63. This value is consistent with the final
samples. result and demonstrates the improvement in the uncertainty

It is of interest to determine the quantitative statisticalof sin 28 provided by the full maximum likelihood proce-
significance of whether this result supports si¥0.0 and  dure. This improvement agrees well with improvements ob-
hence provides an indication @P symmetry violation in  served using the toy Monte Carlo calculation.
theb quark system. A scan through the likelihood function as  Table V summarizes fit results for various tag-dataset
sin 28 is varied is shown in Fig. 7 and demonstrates that thesombinations. The three tagging algorithms contribute
uncertainties follow Gaussian statistics. Using the Feldmanroughly equally to the precision of the sig2neasurement.
Cousins frequentist approaf80], we calculate a confidence Although the SVX and non-SVX sample sizes are approxi-
interval of 0.06<sin 28<1 at 93%. An alternative approach is mately equal, the SVX events contribute more significantly
the Bayesian method, where a flat prior distribution in $#n2 to the final result. The main reasons for this are that the
is assumed and a probability that sjgr20.0 of 95% is cal-  precision lifetime information from the SVX allows a better
culated. Finally, if the true value of sinRis zero, and the determination of where the decay takes place along the os-
measurement uncertainty is 0.4@aussian uncertaintythe  cillation curve and the better signal-to-background level
probability of obtaining sin 2>0.79 is 3.6%. This value is from eliminating the prompt background.
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The row in Table V labeled SVX SST is the result ob- 09
tained when this analysis restricts the data set to the SVX &
sample and uses only the SST algorithm. This procedure Eost
essentially repeats the published CDF gth&nalysis that
obtained sin B=1.8+ 1.1(stat)* 0.3(syst). The small differ- 0.71 .
ence is due to sample selection. Am floating
0.6¢
VI. MIXING IN THE B—J/¢K* SAMPLE AS A CHECK 05k
A control sample ofB%—J/yK*(892)° decays, where Amcon%strained
K*(892—K*#*, can be analyzed for the presence of an 0.4f
oscillation due to mixing Amy is well measureyin order to
verify the tag algorithms and likelihood fitting procedure. 03— s o7 3 138
The three flavor tagging algorithms are used to determine the ’ ’ ) sin2p

neutral B flavor at the time of production and the dilution
parameters are constrained using the same values as in theFIG. 8. The Ir (39%) sin 28-Amy contour from a fit withAmg
B_>J/¢Kg analysis. The charge of the kaon is used to dif-constrained only by thB— J/yK2 data. Also shown is the nominal

ferentiate theB® from BO at the time of decay. After correct- " With AMg=(0.464=0.018) ps t[8l
ing for tagging dilutions, the amplitude of the oscillation still
differs from unity due to the probability that thé™ 7~ is
reconstructed a7+, which occurs abouPy =5% of the  four-track fit for J/yK* is the same as the fit fal/ K,
time due to the widé&K* resonance. except the four tracks are required to meet at a common

The J/lJ,Kg_J/,T/,K*(ggz)O analogy is, however, not per- Ppoint and theK* mass is not constrained. If a candidate
fect. In order to achieve similar signal-to-background ratios €vent has two tracks that satisfy twd (892)° combinations
the selection criteria for thB— J/yK* (892)° are more se- (K@ /K™ a") then the combination with K7 mass clos-
vere, which changes the kinematic properties of one samplest to the meai(* (892)° mass is chosen. Finally, if multiple
with respect to the other. The largest backgrounds for botiK* candidates are found in an event, #&(892)° candi-
decay modes are at short decay distances and they decredléde chosen is the one that gives the best four-track fit. All
as the flight path increases. This works to our advantage ifPur charged tracksy, u,K,7) must originate from a com-
the CP analysis but reduces the sensitivity of the mixingmon vertex and &+(B)>4.5 GeVk is required. A total
analysis. In particular, due to the different oscillation phasesignal sample of 22624 events where both muon candi-
in the CP analysis versus this mixing analygisin(Amt) dates have precision lifetime information and 2348 events
—cos@Amyt)], the smallest signal-to-background ratio occurswhere <1 muon candidate has precision lifetime informa-
at the peak of the mixing amplitude f@—J/yK*(892)°  tion are found.
data set, where as a very favorable signal-to-background ra- The maximum likelihood fit to thel/yK* (892)° data is
tio occurs at the peak of th8— J/ K2 oscillation. In both imple(r)nented in the same way as previously described for
the J/ K2 and J/ yK* (892)° modes, 75-80 % of the back- J/#Ks except for the time-functiofls in which h(t) is re-
ground is prompt, i.e. consistent with having zero lifetime. placed by

The sample is constructed using similar criteria to that
used to reconstruct the— J/ /K decay modes in this paper.
The J/ ¢ selection for this decay mode is the same as the
J/z,ng analysis. Pion and kaon tracks are required to have
P:>500 MeV/c. The reconstructed* (892)° candidates
are required to have an invariant mass within 80 MeAf
the world average of 896.100.28 MeV/c? [8] K* (892)°

mass. TheK* candidate must havé®;>3 GeV/c. The

e—t/T
h(t) = —— €q,q,[ 1+ DDy q,CO8 AMgt) .

HereDy=0qxDk , whereqy is the charge of th&* from
the decay of the*(892)°, and D is the dilution arising
from the inability to correctly distinguish the charged kaon

TABLE V. Fit sin 28 results for the three tagging algorithms. The combigédor the SST, JETQ, and
SLT tagging algorithms is 4.63 for 2 degrees of freedom, giving a probability t9%.

Data Tads) sin 28 +error —error
All all 0.79 0.41 0.44
SST 2.03 0.84 0.77
JETQ -0.31 0.81 0.85
SLT 0.52 0.61 0.75
SVX All 0.54 0.52 0.57
SST 1.77 1.04 1.01
Non-SVX All 1.24 0.75 0.70
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“

fit rosult VII. CONCLUSION

.......... expectation

We have presented a measurement of gindsing
~400 B—J/yK2 events reconstructed with the CDF detec-
tor. We find

w
]

true asymmetry

~

sin23=0.79"3 4} stat+ sysh

1 1
&J;%Lulu&sﬁ)aw.lﬁa;u!-awu

with the uncertainty dominated by the statistical contribu-
""""" g - tion.
We have calculated the statistical significance of whether
2 . . . . this result supports sin@>0.0 and hence provides indication
0 005 01 015 02 (mo]-)” for CP symmetry violation in thé quark system. Using the
Feldman-Cousing30] method, a 93% confidence interval of
FIG. 9. The true asymmetnyD(xcosAmdt) as a function of life-  0.0<sin 28<<1.00 is found. Alternative methods yield simi-
time for B°— J/yK* (892)° events. The data points are sideband- lar limits. This measurement is the best direct indication that
subtracted and have been combined according to the effective dill€ P invariance is violated in the quark system and is con-
tion for single and double-tags. The time-integrated asymmetry fosistent with the standard model expectation of a large posi-
non-SVX events is shown on the right. The solid curve representgye value of sin B [14-17. The sign of our result supports
the mgximum Iikelihqod fit in whichAmy is fixed and the dashed the favored positive signs fdBg and By . With an antici-
curve is the expectation when we also B . pated luminosity of 2 fb* in run Il, we expect, based on a
simple extrapolation of this measurement, an uncertainty on

from the charged pion in thi* (892)° decay. The dilution sjn 23 of ~0.08. Detector upgrades in progress should fur-
Dy is the free parameter in this fit and is analogous to 8in 2 ther reduce this uncertainty.

in theleKgfit, the parameters in each case representing the
amplitude of an oscillation. The amplitude is expected to be
D=1-2P«= 0.9f8j§ whereDy is the dilution factor com-

ing from incorrectk -7 assignmenf25]. We thank the Fermilab staff and the technical staffs of the

When Amy is fixed to the world average, we measure participating institutions for their vital contributions. This

Dx=1.00+0.37, which is consistent with expectation. Whenwork was supported by the U.S. Department of Energy and
Amy is allowed to float, we measur®,=0.96-0.38 and National Science Foundation, the Italian Istituto Nazionale di
Amy=0.40+0.18 ps !, which is consistent with the Fisica Nucleare, the Ministry of Education, Science and Cul-
world averageAmy= (0.464+0.018); ps *[8]. The results ture of Japan, the Natural Sciences and Engineering Re-
of the fits are shown in Fig. 9. Although the statistics are notsearch Council of Canada, the National Science Council of
sufficient for a precise measurementfofn,, this check on the Republic of China, the Swiss National Science Founda-
an independent sample of events is entirely consistent wittion, the A. P. Sloan Foundation, and the Bundesministerium
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