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Improved measurement of mixing-inducedCP violation in the neutral B meson system
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We present an improved measurement of the standard modelCP violation parameter sin 2f1 ~also known as

sin 2b) based on a sample of 853106 BB̄ pairs collected at theY(4S) resonance with the Belle detector at the
KEKB asymmetric-energye1e2 collider. One neutralB meson is reconstructed in aJ/cKS

0, c(2S)KS
0, xc1KS

0,
hcKS

0, J/cK* 0, or J/cKL
0 CP-eigenstate decay channel and the flavor of the accompanyingB meson is

identified from its decay products. From the asymmetry in the distribution of the time interval between the two
B meson decay points, we obtain sin 2f150.71960.074(stat)60.035(syst).

DOI: 10.1103/PhysRevD.66.071102 PACS number~s!: 11.30.Er, 12.15.Hh, 13.25.Hw
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In the standard model~SM!, CP violation arises from an
irreducible complex phase in the weak interaction qua
mixing matrix @Cabibbo-Kobayashi-Maskawa~CKM! ma-
trix# @1#. In particular, the SM predicts aCP-violating asym-
metry in the time-dependent rates forB0 andB̄0 decays to a
commonCP eigenstatef CP , where the transition is domi
nated by theb→cc̄s process, with negligible correction
from strong interactions@2#:

A~ t ![
G~B̄0→ f CP!2G~B0→ f CP!

G~B̄0→ f CP!1G~B0→ f CP!

52j f sin 2f1 sin~Dmdt !, ~1!

where G(B0,B̄0→ f CP) is the rate forB0 or B̄0 to f CP at
a proper timet after production,j f is the CP eigenvalue
of f CP , Dmd is the mass difference between the twoB0

mass eigenstates, andf1 is one of the three interior angle
of the CKM unitarity triangle, defined asf1[p
2arg(Vtb*Vtd /Vcb* Vcd). Nonzero values for sin 2f1 have been
reported by the Belle and BaBar groups@3,4#.
07110
-
Belle’s published measurement of sin 2f1 is based on a

29.1 fb21 data sample containing 31.33106 BB̄ pairs pro-
duced at theY(4S) resonance. In this paper, we report

improved measurement that uses 853106 BB̄ pairs ~78
fb21!. Two important changes exist in the analysis with r
spect to the published result@3#; we apply a new track re-
construction algorithm that provides better performance
a new proper-time interval resolution function@5# that re-
duces systematic uncertainties in sin 2f1. The data were col-
lected with the Belle detector@6# at the KEKB asymmetric
collider @7#, which collides 8.0 GeVe2 on 3.5 GeVe1 at a
small ~611 mrad! crossing angle. We use events where o
of the B mesons decays tof CP at time tCP , and the other
decays to a self-tagging statef tag, which distinguishesB0

from B̄0, at timet tag. TheCP violation manifests itself as an
asymmetryA(Dt), whereDt is the proper time interval be
tween the two decays:Dt[tCP2t tag. At KEKB, the Y(4S)
resonance is produced with a boost ofbg50.425 nearly
along thez axis defined as antiparallel to the positron bea
direction, andDt can be determined asDt.Dz/(bg)c,
whereDz is the z distance between thef CP and f tag decay
2-2
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FIG. 1. The beam-energy constrained mass distribution for all decay modes other thanJ/cKL
0 ~left!. The pB

cms distribution for B0

→J/cKL
0 candidates with the results of the fit~right!.
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vertices, Dz[zCP2ztag. The average value ofDz is ap-
proximately 200mm.

The Belle detector@6# is a large-solid-angle spectromet
that includes a silicon vertex detector~SVD!, a central drift
chamber~CDC!, an array of aerogel threshold Cˇ erenkov
counters~ACC!, time-of-flight ~TOF! scintillation counters,
and an electromagnetic calorimeter comprised of CsI~Tl!
crystals~ECL! located inside a superconducting solenoid c
that provides a 1.5 T magnetic field. An iron flux-return l
cated outside of the coil is instrumented to detectKL

0 mesons
and to identify muons~KLM !.

We reconstructB0 decays to the followingCP eigenstates
@8#: J/cKS

0, c(2S)KS
0, xc1KS

0, hcKS
0 for j f521 andJ/cKL

0

for j f511. We also useB0→J/cK* 0 decays whereK* 0

→KS
0p0. Here the final state is a mixture of even and o

CP, depending on the relative orbital angular momentum
the J/c and K* 0. We find that the final state is primaril
j f511; the j f521 fraction is 0.1960.02(stat)
60.03(syst)@9#. J/c and c(2S) mesons are reconstructe
via their decays to,1,2 (,5m,e). The c(2S) is also re-
constructed viaJ/cp1p2, and thexc1 via J/cg. Thehc is
detected in theKS

0K2p1, K1K2p0, andpp̄ modes. For the
J/cKS

0 mode, we useKS
0→p1p2 and p0p0 decays; for

other modes we only useKS
0→p1p2. For reconstructedB

→ f CP candidates other thanJ/cKL
0, we identify B decays

using the energy differenceDE[EB
cms2Ebeam

cms and the beam-
energy constrained massMbc[A(Ebeam

cms )22(pB
cms)2, where

Ebeam
cms is the beam energy in the center-of-mass system~cms!

of the Y(4S) resonance, andEB
cms andpB

cms are the cms en-
ergy and momentum of the reconstructedB candidate, re-
spectively. Figure 1~left! shows theMbc distributions for all
B0 candidates except forB0→J/cKL

0 that haveDE values in
the signal region. Table I lists the numbers of observed c
didates,Nrec.
07110
l

f

n-

CandidateB0→J/cKL
0 decays are selected by requirin

ECL and/or KLM hit patterns that are consistent with t
presence of a shower induced by aKL

0 meson. The centroid
of the shower is required to be within a 45° cone centered
the KL

0 direction inferred from two-body decay kinematic
and the measured four-momentum of theJ/c. Figure 1
~right! shows thepB

cms distribution, calculated with theB0

→J/cKL
0 two-body decay hypothesis. The histograms a

the results of a fit to the signal and background distributio
There are 1330 entries in total in the 0.20<pB

cms

<0.45 GeV/c signal region; the fit indicates a signal puri
of 63%. The reconstruction and selection criteria for allf CP
channels used in the measurement are described in mor
tail elsewhere@3#.

Charged leptons, pions, kaons, andL baryons that are no
associated with a reconstructedCP eigenstate decay are use
to identify theb-flavor of the accompanyingB meson. Based
on the measured properties of these tracks, two parameteq
and r, are assigned to an event. The first,q, has the discrete
value11 ~21! when the tag-sideB meson is likely to be a
B0 (B̄0), and the parameterr is an event-by-event Monte
Carlo-determined flavor-tagging dilution factor that rang
from r 50 for no flavor discrimination tor 51 for an unam-
biguous flavor assignment. It is used only to sort data into
intervals of r, according to estimated flavor purity. Th
wrong-tag probabilities,wl ( l 51,6), that are used in the fi
nal fit are determined directly from data. Samples ofB0 de-
cays to exclusively reconstructed self-tagging channels
utilized to obtainwl using time-dependentB0-B̄0 mixing os-
cillation: (NOF2NSF)/(NOF1NSF)5(122wl)cos(Dmd Dt),
whereNOF and NSF are the numbers of opposite and sam
flavor events. The event fractions and wrong tag fractions
summarized in Table II. The total effective tagging efficien
is determined to beeeff[(l51

6 el(122wl)
250.28860.006,
2-3
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TABLE I. The numbers of reconstructedB→ f CP candidates before flavor tagging and vertex reconstr
tion, Nrec, the numbers of events used for the sin 2f1 determination,Nev, and the estimated signal purity i
the signal region for eachf CP mode.

Mode j f Nrec Nev Purity

J/c(,1,2)KS
0(p1p2) 21 1285 1116 0.97660.001

J/c(,1,2)KS
0(p0p0) 21 188 162 0.8260.02

c(2S)(,1,2)KS
0(p1p2) 21 91 76 0.9660.01

c(2S)(J/cp1p2)KS
0(p1p2) 21 112 96 0.9160.01

xc1(J/cg)KS
0(p1p2) 21 77 67 0.9660.01

hc(KS
0K2p1)KS

0(p1p2) 21 72 63 0.6560.04
hc(K

1K2p0)KS
0(p1p2) 21 49 44 0.7260.04

hc(pp̄)KS
0(p1p2) 21 21 15 0.9460.02

All with j f521 21 1895 1639 0.93660.003
J/c(,1,2)K* 0(KS

0p0) 21(19%)/11(81%) 101 89 0.9260.01
J/c(,1,2)KL

0 11 1330 1230 0.6360.04
All 3326 2958 0.8160.01
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wheree l is the event fraction for eachr interval. The error
includes both statistical and systematic uncertainties.
provements in the Monte Carlo simulation@10# and in the
track reconstruction yieldeeff that is higher by 6.7%~rela-
tive! than the value in Ref.@3#.

The vertex position for thef CP decay is reconstructe
using leptons fromJ/c decays or charged hadrons fromhc
decays, and that forf tag is obtained with well reconstructe
tracks that are not assigned tof CP . Tracks that are consisten
with coming from aKS

0→p1p2 decay are not used. Eac
vertex position is required to be consistent with the inter
tion region profile, determined run-by-run, smeared in
r -f plane to account for theB meson decay length. With
these requirements, we are able to determine a vertex
with a single track; the fraction of single-track vertices
about 10% forzCP and 22% forztag. The proper-time inter-
val resolution functionRsig(Dt) is formed by convolving
four components: the detector resolutions forzCP and ztag,
the shift in theztag vertex position due to secondary trac
originating from charmed particle decays, and the kinem
approximation that theB mesons are at rest in the cms@5#. A
small component of broad outliers in theDz distribution,
caused by mis-reconstruction, is represented by a Gaus

TABLE II. The event fractionse l , wrong tag fractionswl , and
effective tagging efficiencieseeff

l 5el(122wl)
2 for each r interval.

The errors include both statistical and systematic uncertainties.
event fractions are obtained from theJ/cKS

0 simulation.

l r interval e l wl eeff
l

1 0.000–0.250 0.398 0.45860.006 0.00360.001
2 0.250–0.500 0.146 0.33660.009 0.01660.002
3 0.500–0.625 0.104 0.22860.010 0.03160.002
4 0.625–0.750 0.122 0.16020.008

10.009 0.05660.003
5 0.750–0.875 0.094 0.11260.009 0.05660.003
6 0.875–1.000 0.136 0.02060.006 0.12620.004

10.003
07110
-
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function. We determine twelve resolution parameters fr
fits of data to the neutral and chargedB meson lifetimes@5#
and obtain an averageDt resolution of;1.43 ps~rms!. The
width of the outlier component is determined to be 4224

15 ps;
the fractions of the outlier components are (261)31024 for
events with both vertices reconstructed with more than
track, and (2.760.2)31022 for events with at least one
single-track vertex.

After flavor tagging and vertexing, we find 1465 even
with q511 flavor tags and 1493 events withq521. Table
I lists the numbers of candidates used for the sin 2f1 deter-
mination,Nev, and the estimated signal purity in the sign
region for eachf CP mode. Figure 2 shows the observedDt
distributions for theqj f511 ~solid points! and qj f521
~open points! event samples. The asymmetry between
two distributions demonstrates the violation ofCP symmetry.
We determine sin 2f1 from an unbinned maximum
likelihood fit to the observedDt distributions. The probabil-

he

FIG. 2. TheDt distributions for the events withqj f511 ~solid
points! and qj f521 ~open points!. The results of the global fit
with sin 2f150.719 are shown as solid and dashed curves, res
tively.
2-4
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ity density function~PDF! expected for the signal distribu
tion is given by

Psig~Dt,q,wl ,j f !5
e2uDtu/tB0

4tB0
@12qj f~122wl !

3sin 2f1 sin~DmdDt !#, ~2!

where we fix theB0 lifetime tB0 and mass difference at the
world average values@11#. Each PDF is convolved with the
appropriateRsig(Dt) to determine the likelihood value fo
each event as a function of sin 2f1:

Pi5~12 f ol!E @ f sigPsig~Dt8,q,wl ,j f !Rsig~Dt2Dt8!

1~12 f sig!Pbkg~Dt8!Rbkg~Dt2Dt8!#dDt81 f olPol~Dt !,

~3!

where f sig is the signal fraction calculated as a function
pB

cms for J/cKL
0 and of DE and Mbc for other modes.

Pbkg(Dt) is the PDF for combinatorial background even
which is modeled as a sum of exponential and prompt co
ponents. It is convolved with a sum of two Gaussians,Rbkg,
which is regarded as a resolution function for the ba
ground. To account for a small number of events that g
largeDt in both the signal and background, we introduce
PDF of the outlier component,Pol , and its fractionf ol . The
only free parameter in the final fit is sin 2f1, which is deter-
mined by maximizing the likelihood functionL5P i Pi ,
where the product is over all events. The result of the fit

sin 2f150.71960.074~stat!60.035~syst!.

The systematic error is dominated by uncertainties in
vertex reconstruction~0.022!. Other significant contributions
come from uncertainties inwl ~0.015!, the resolution func-
tion parameters~0.014!, a possible bias in the sin 2f1 fit
~0.011!, and theJ/cKL

0 background fraction~0.010!. The er-
rors introduced by uncertainties inDmd andtB0 are less than
0.010.

TABLE III. The numbers of candidate events,Nev, and values
of sin 2f1 for various subsamples~statistical errors only!.

Sample Nev sin 2f1

J/cKS
0(p1p2) 1116 0.7360.10

(cc̄)KS
0 exceptJ/cKS

0(p1p2) 523 0.6760.17
J/cKL

0 1230 0.7860.17
J/cK* 0(KS

0p0) 89 0.0460.63
f tag5B0 (q511) 1465 0.6560.12

f tag5B̄0 (q521) 1493 0.7760.09

0,r<0.5 1600 1.2760.36
0.5,r<0.75 658 0.6260.15
0.75,r<1 700 0.7260.09
data before 2002 1587 0.7860.10
data in 2002 1371 0.6560.11
All 2958 0.7260.07
07110
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Several checks on the measurement are performed. T
III lists the results obtained by applying the same analysis
various subsamples. All values are statistically consist
with each other. Figures 3~a!–3~c! show the raw asymmetrie
and the fit results for all modes combined, (cc̄)KS

0, and
J/cKL

0, respectively. A fit to the non-CP eigenstate modes
B0→D (* )2p1, D* 2r1, J/cK* 0(K1p2), and D* 2,1n,
where no asymmetry is expected, yields 0.0
60.015(stat). Figure 3~d! shows the raw asymmetry fo
these non-CP control samples.

The signal PDF for a neutralB meson decaying into aCP
eigenstate@Eq. ~2!# can be expressed in a more general fo
as

Psig~Dt,q,wl !5
e2uDtu/tB0

4tB0
H 11q~122wl !F 2 Iml

ulu211

3sin~DmdDt !1
ulu221

ulu211
cos~DmdDt !G J ,

~4!

wherel is a complex parameter that depends on bothB0-B̄0

mixing and on the amplitudes forB0 and B̄0 decay to aCP

FIG. 3. ~a! The raw asymmetry for all modes combined. Th
asymmetry forJ/cKL

0 and J/cK* 0 is inverted to account for the
oppositeCP eigenvalue. The corresponding plots for~b! (cc̄)KS

0,
~c! J/cKL

0, and ~d! non-CP control samples are also shown. Th
curves are the results of the unbinned maximum likelihood fit
plied separately to the individual data samples.
2-5
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eigenstate. The presence of the cosine term (uluÞ1) would
indicate directCP violation; the value for sin 2f1 reported
above is determined with the assumptionulu51, as ulu is
expected to be very close to 1 in the SM. In order to test
assumption, we also performed a fit using the above exp
sion with aCP52j f Im l/ulu and ulu as free parameters
keeping everything else the same. We obtain

ulu50.95060.049~stat!60.025~syst!

and aCP50.72060.074(stat) for allCP modes combined
where the sources of the systematic error forulu are the same
as those for sin 2f1. This result is consistent with the as
sumption used in our analysis.
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