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R. Kulasiri,4 Y.-J. Kwon,51 J. S. Lange,5,34 G. Leder,11 S. H. Lee,37 S.-W. Lin,25 D. Liventsev,12 J. MacNaughton,11 F. Mandl,11

D. Marlow,33 T. Matsuishi,22 S. Matsumoto,3 T. Matsumoto,45 S. Michizono,8 W. Mitaroff,11 K. Miyabayashi,23

Y. Miyabayashi,22 H. Miyake,30 H. Miyata,28 J. Mueller8,† T. Nagamine,42 Y. Nagasaka,9 T. Nakadaira,43 T. T. Nakamura,8

E. Nakano,29 M. Nakao,8 H. Nakazawa,8 J. W. Nam,38 Z. Natkaniec,26 S. Nishida,16 O. Nitoh,46 S. Noguchi,23

T. Nozaki,8 S. Ogawa,40 Y. Ogawa,8 Y. Ohnishi,8 T. Ohshima,22 N. Ohuchi,8 T. Okabe,22 S. Okuno14 S. L. Olsen,7

W. Ostrowicz,26 H. Ozaki,8 H. Palka,26 C. W. Park,15 H. Park,17 J.-P. Perroud,18 L. E. Piilonen,49 M. Rozanska,26 K. Rybicki,26

H. Sagawa,8 S. Saitoh,8 Y. Sakai,8 A. Satpathy,8,4 O. Schneider,18 S. Schrenk,4 J. Schu¨mann,25 S. Semenov,12 K. Senyo,22

R. Seuster,7 M. E. Sevior,21 H. Shibuya,40 T. Shidara,8 B. Shwartz,1 V. Sidorov,1 J. B. Singh,31 N. Soni,31
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We present a measurement ofCP-violation parameters in theb→sq̄q penguin transitions (q5s,u,d) based
on a 78 fb21 data sample collected at theY(4S) resonance with the Belle detector at the KEKB energy-
asymmetrice1e2 collider. One neutralB meson is reconstructed in thefKS

0 , K1K2KS
0 , or h8KS

0 decay
channel, and the flavor of the accompanyingB meson is identified from its decay products.CP violation
parameters for each of the three modes are obtained from the asymmetries in the distributions of the proper-
time intervals between the twoB decays.

DOI: 10.1103/PhysRevD.67.031102 PACS number~s!: 11.30.Er, 12.15.Hh, 13.25.Hw
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In the standard model~SM!, CP violation arises in weak
interactions from an irreducible complex phase in t
Kobayashi-Maskawa~KM ! quark-mixing matrix@1#. In par-
ticular, the SM predictsCP-violating asymmetries in the

time-dependent rates forB0 andB̄0 decays to a commonCP
eigenstatef CP @2#. Recent measurements of theCP-violating
parameter sin 2f1 by the Belle@3,4# and BaBar@5# Collabo-
rations establishedCP violation in neutralB meson decays

mediated by theb→cc̄s tree transition@6# at a level consis-
tent with KM expectations.

Despite this success, many tests remain before one
conclude that the KM model provides a complete desc
tion. For example, the charmless decaysB0→fKS

0 , B0

→K1K2KS
0 , and B0→h8KS

0 , which are mediated by the

b→ss̄s transition (B0→h8KS
0 also receivesb→sd̄d and b

→sūu penguin contributions! are potentially sensitive to
new CP-violating phases from physics beyond the SM@7#.

SM contributions from theb→uūs tree diagram are ex
pected to be highly suppressed@8,9#. Thus, the SM predicts
that CP violation measurements in these charmless mo
should yield sin 2f1 to a good approximation. Consequent
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a significant deviation in the time-dependentCP asymmetry
in these modes from what is observed inb→cc̄s decays
would be evidence of aCP-violating phase not expected i
the KM model.

In the decay chainY(4S)→B0B̄0→ f CPf tag, where one
of the B mesons decays at timetCP to a final statef CP and
the other decays at timet tag to a final statef tag that distin-
guishes betweenB0 andB̄0, the decay rate has a time depe
dence given by@10#

P~Dt !5
e2uDtu/tB0

4tB0
$11q•@S sin~DmdDt !

1A cos~DmdDt !#%, ~1!

where tB0 is the B0 lifetime, Dmd is the mass difference
between the twoB0 mass eigenstates,Dt5tCP2t tag, and the
b-flavor chargeq511 (21) when the taggingB meson is a
B0 (B̄0). TheCP-violating parametersS andA are given by

S[
2 Im~l!

ulu211
, A[

ulu221

ulu211
, ~2!

wherel is a complex parameter that depends on both
B0-B̄0 mixing and the amplitudes forB0 and B̄0 decay to
f CP . To a good approximation in the SM,ulu is equal to the
absolute value of the ratio of theB̄0→ f CP to B0→ f CP decay

,
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amplitudes. The SM predictsS52j fsin 2f1, where j f5
11 (21) corresponds toCP-even ~-odd! final states; and
A50 ~or equivalently ulu51) for both b→cc̄s and b

→ss̄s transitions.
In this paper, we report the first measurement ofCP

asymmetries inB0→fKS
0 andK1K2KS

0 decays, and an im
proved measurement forB0→h8KS

0 decay@11# based on a

78 fb21 data sample, which contains 853106 BB̄ pairs. Data
are collected with the Belle detector at the KEKB energ
asymmetrice1e2 ~3.5 on 8 GeV! collider @12# operating at
theY(4S) resonance. At KEKB, theY(4S) is produced with
a Lorentz boost ofbg50.425 nearly along the electro
beamline (z). Since theB0 and B̄0 mesons are approxi
mately at rest in theY(4S) center-of-mass system~cms!, Dt
can be determined from the displacement inz between the
f CP and f tag decay vertices: Dt.(zCP2ztag)/bgc
[Dz/bgc.

The Belle detector@13# is a large-solid-angle spectromet
that includes a three-layer silicon vertex detector~SVD!, a
50-layer central drift chamber, an array of aerogel thresh
Cherenkov counters, time-of-flight scintillation counters, a
an electromagnetic calorimeter comprised of CsI~Tl! crystals
located inside a superconducting solenoid coil that provi
a 1.5 T magnetic field. An iron flux-return located outside
the coil is instrumented to detectKL

0 mesons and to identify
muons.

We reconstructB0 decays tofKS
0 and h8KS

0 final states
for j f521, andB0→K1K2KS

0 decays that are a mixture o
j f511 and21. K1K2 pairs that are consistent with th
f→K1K2 decay are excluded from theB0→K1K2KS

0

sample. We find that theK1K2KS
0 state is primarilyj f5

11; the j f511 fraction is 1.0460.19 (stat)60.06(syst)
@9#. In the following determination ofS andA, we fix j f5
11. The intermediate meson states are reconstructed
the following decay chains:h8→r0(→p1p2)g or h8
→p1p2h(→gg), KS

0→p1p2, andf→K1K2.
CandidateKS

0→p1p2 decays are oppositely charge
track pairs that have an invariant mass within
(12) MeV/c2 of the nominalKS

0 mass for theB0→fKS
0

(B0→K1K2KS
0) mode. The displacement of thep1p2 ver-

tex from the nominal interaction point~IP! in the plane trans-
verse to the positron beam axis (r -f plane! is required to be
greater than 0.1 cm and less than 20 cm. The direction of
combined pion-pair momentum in ther -f plane is required
to be within 0.2 rad of the direction defined by the IP and
displaced vertex. We select candidatef→K1K2 decays re-
quiring that theK1K2 invariant mass is within 10 MeV/c2

of the nominalf meson mass, thef meson momentum in
the cms exceeds 2.0 GeV/c, and theK1K2 vertex is consis-
tent with the IP. Since thef meson selection is effective i
reducing background events, we impose only minimal ka
identification requirements. For selection of non-reson
K1K2KS

0 candidates, more stringent kaon-identification
quirements, which retain 86% ofK6 at a 7% fake rate for
p6, are used. In this case, charged tracks that are positi
identified as electrons or protons are excluded. In additio
the rejection of f meson candidates, we reje
03110
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K1K2 pairs that are consistent withD0→K1K2 or xc0

→K1K2 decay.
For reconstructedB→ f CP candidates, we identifyB me-

son 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 cms, andEB
cms andpB

cms are the cms energy and mome
tum of the reconstructedB candidate, respectively. TheB
meson signal region is defined as 5.27 GeV/c2,Mbc

,5.29 GeV/c2 and uDEu,0.051 GeV for B0→fKS
0 or

uDEu,0.040 GeV forB0→K1K2KS
0 . In order to suppress

the background from thee1e2→qq̄ (q5u,d,s) andcc̄ con-
tinuum, we form signal and background likelihood function
LS and LBG, from a set of variables that characterize t
event topology@9,11#. We determineLS from Monte Carlo
~MC! simulation andLBG from data, and impose mode
dependent thresholds on the likelihood ratioLS/(LS
1LBG). The numbers of reconstructed candidates are 59
230 for B0→fKS

0 andB0→K1K2KS
0 , respectively.

For B0→h8KS
0 decay, we use the same selection crite

as those used in our previously published analysis@11# if
both of the charged pions in theh8→p1p2h or the h8
→r0g decay have associated SVD hits. We also reconst
events where only one of the charged pions has assoc
SVD hits. In this case, the requirement on the impact para
eter is relaxed for the track without SVD hits, while a high
threshold is imposed on the likelihood ratio. The number
reconstructedB0→h8KS

0 candidates is 311.
Charged leptons, kaons, pions, andL baryons that are no

associated with the reconstructedf CP decay are used to iden
tify the b flavor of the accompanyingB meson, which decays
into f tag. Based on the measured properties of these tra
two parameters,q andr, are assigned to each event. The fir
q, has the discrete value11 (21) when the tag-sideB me-
son is more likely to be aB0 (B̄0). The parameterr is an
event-by-event MC-determined flavor-tagging dilution fac
that ranges fromr 50 for no flavor discrimination tor 51
for an unambiguous flavor assignment. It is used only to s
data into six intervals ofr, according to the estimated flavo
purity. The wrong-tag probabilities for each of these int
vals, wl ( l 51,6), which are used in the final fit, are dete
mined directly from the data. Samples ofB0 decays to ex-
clusively reconstructed self-tagging channels are utilized
obtain wl using time-dependentB0-B̄0 mixing: (NOF
2NSF)/(NOF1NSF)5(122wl)cos(DmdDt), whereNOF and
NSF are the numbers of opposite (B0B̄0→B0B̄0) and same
(B0B̄0→B0B0,B̄0B̄0) flavor events. The event fractions an
wrong tag fractions for eachr interval are described else
where@4#.

The decay vertices ofB0 mesons are reconstructed usin
tracks that have enough SVD hits: i.e. bothz andr -f hits in
at least one SVD layer and at least one additional layer w
a z hit, where ther -f plane is perpendicular to thez axis.
Each vertex position is required to be consistent with the
profile, which is determined run-by-run and smeared in
r -f plane by 21mm to account for theB meson decay
length. With these requirements, we are able to determin
2-3
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vertex even with a single track. The vertex position for t
f CP decay is reconstructed using charged kaons forB0

→fKS
0 and B0→K1K2KS

0 decays and charged pions fro
r0 or h8 decays forB0→h8KS

0 . The algorithm for thef tag

vertex reconstruction is chosen to minimize the effect
long-lived particles, secondary vertices from charmed h
rons, and a small fraction of poorly reconstructed tracks@14#.
From all the charged tracks with associated SVD hits exc
those used forf CP , we select tracks with a position error i
the z direction of less than 500mm, and with an impact
parameter with respect to thef CP vertex of less than
500 mm. Track pairs with opposite charges are removed
they form a KS

0 candidate with an invariant mass with
615 MeV/c2 of the nominalKS

0 mass. If the reducedx2

associated with thef tag vertex exceeds 20, the track makin
the largestx2 contribution is removed and the vertex is r
fitted. This procedure is repeated until an acceptable redu
x2 is obtained.

After flavor tagging and vertex reconstruction, we obta
the numbers ofB0→ f CP candidates,Nev, listed in Table I.

Figure 1 shows theMbc distributions for the reconstructe
B candidates that haveDE values within the signal region.

To assign an event-by-event signal probability for use
the maximum-likelihood fit of theCP-violating parameters
we determine event distribution functions in theDE-Mbc
plane for both signal and background. The signal distribut
is modeled with a single two-dimensional Gaussian, wh
the widths are allowed to float in the fit to data. For t
continuum background, we use a linear function forDE and
the ARGUS parameterization@15# for Mbc. We use events
outside the signal region as well as a large MC sample
study the background components. The dominant ba

TABLE I. The numbers of reconstructedB0→ f CP candidates
used for S and A determination,Nev, and the estimated signa
purity in theDE-Mbc signal region for eachf CP mode.

Mode j f Nev Purity

fKS
0 21 53 0.6720.05

10.07

K1K2KS
0 11 (100%) 191 0.5020.03

10.04

h8KS
0 21 299 0.4960.05
03110
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ground comes from continuum events. In addition, accord
to MC simulation, there is a non-negligible (;8%) contami-
nation from BB̄ background events inB0→h8KS

0 (h8

→r0g). The contributions fromBB̄ events are smaller fo
other decay modes. The contamination ofK1K2KS

0 events in
the fKS

0 sample~and vice versa! is also small and is treate
as a source of systematic uncertainty. Finally, backgrou
from B0→ f 0(980)KS

0 decay, which has the oppositeCP ei-
genvalue tofKS

0 , are found to be negligible.
We determineS andA for each mode by performing a

unbinned maximum-likelihood fit to the observedDt distri-
bution. The probability density function~PDF! expected for
the signal distribution is given by Eq.~1! with q replaced by
q(122wl) to account for the effect of incorrect flavor a
signment. The distribution is convolved with the proper-tim
interval resolution functionRsig(Dt), which takes into ac-
count the finite vertex resolution. It is formed by convolvin
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 kinema
approximation that theB mesons are at rest in the cms@14#.
A small component of broad outliers in theDz distribution,
caused by mis-reconstruction, is represented by a Gaus
function Pol(Dt). We determine 12 resolution paramete
and the neutral- and charged-B lifetimes simultaneously
from a fit to theDt distributions of hadronicB decays and
obtain an averageDt resolution of;1.43 ps~rms!. We de-
termine the following likelihood value for each event:

Pi~Dt i ;S,A!5~12 f ol!E
2`

`

@ f sigPsig~Dt8,q,wl !Rsig~Dt i

2Dt8!1~12 f sig!Pbkg~Dt8!Rbkg~Dt i

2Dt8!#d~Dt8!1 f olPol~Dt i !, ~3!

where f ol is the outlier fraction andf sig is the signal prob-
ability calculated as a function ofDE andMbc. Pbkg(Dt) is
a PDF for background events, which dilutes the significan
of CP violation in Eq.~1!. It is modeled as a sum of expo
nential and prompt components, and is convolved with a s
of two Gaussians,Rbkg, which represents a resolution func
tion for the background. All parameters inPbkg(Dt) andRbkg
ributions.

FIG. 1. The beam-energy constrained mass distributions forB0→fKS

0 ~left!, B0→K1K2KS
0 ~center!, andB0→h8KS

0 ~right! within the
DE signal region. Solid curves show the fit to signal plus background distributions, and dotted curves show the background cont

The background forB0→h8KS
0 decay includes an MC-estimatedBB̄ background component.
2-4
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are determined by the fit to theDt distribution of a
background-enhanced control sample@16#; i.e. events away
from theDE-Mbc signal region. We fixtB0 andDmd at their
world-average values@17#. The only free parameters in th
final fit areS andA, which are determined by maximizin
the likelihood function

L5)
i

Pi~Dt i ;S,A!, ~4!

where the product is over all events. Table II summarizes
results of the fit. The table shows the values ofA and of
2j fS, which, in the SM, is equal to sin 2f1. The first errors
are statistical and the second errors are systematic. The
error for theK1K2KS

0 mode arises from the uncertainty
the fraction of theCP-odd component@9#.

Figure 2 shows the observedDt distribution for qj f5
21 ~upper figure! andqj f511 ~lower figure! event samples
for eachf CP mode. We test the goodness-of-fit using Fig
from a x2 comparison of the results of the unbinned fit a
the Dt projections forB0→fKS

0 , B0→K1K2KS
0 , and B0

→h8KS
0 candidates@18#; we obtain 22.1, 15.8, and 16.5

respectively, where the number of bins for each decay m
is 16.

Figure 3 shows the raw asymmetry in eachDt bin without
background subtraction, which is defined by

A[
Nqj f5212Nqj f511

Nqj f5211Nqj f511
, ~5!

TABLE II. Results of the fits to theDt distributions. The first
errors are statistical and the second errors are systematic. The
error for the K1K2KS

0 mode arises from the uncertainty in th
fraction of theCP-odd component.

Mode 2j fS(5sin 2f1 in the SM) A(50 in the SM)

fKS
0 20.7360.6460.22 20.5660.4160.16

K1K2KS
0 10.4960.4360.1120.00

10.33 20.4060.3360.1020.26
10.00

h8KS
0 10.7160.3720.06

10.05 10.2660.2260.03
03110
e
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e

where Nqj f511(21) is the number of observed candidat

with qj f511 (21). The curves are obtained from a
unbinned-maximum likelihood fit to theDt distributions.
These are the first measurements of theCP violation param-
eters forB0→fKS

0 andB0→K1K2KS
0 decays. The result for

h8KS
0 supersedes the previous result@11#. We obtain values

consistent with the present world average of sin 2f15
10.73460.054 @19# in B0→K1K2KS

0 and h8KS
0 decays,

while a 2.1s deviation is observed inB0→fKS
0 decay.

Fits to the same samples with the directCP violation
parameterA fixed at zero yield2j fS520.8360.72 ~stat!
for B0→fKS

0 , 2j fS510.5960.47 ~stat! for B0

→K1K2KS
0 , and 2j fS510.7760.38 ~stat! for B0

→h8KS
0 . As a consistency check for theS term, we select

the chargedB meson decaysB1→fK1 and B1→h8K1

and apply the same fit procedure. We obtainS510.05
60.32 ~stat!, A510.2960.24 ~stat! for B1→fK1 decay
and S520.0360.20 ~stat!, A510.0560.13 ~stat! for B1

→h8K1 decay. Both results on theS term are consisten
with no CP asymmetry, as expected.

The largest source of systematic error for theB0→fKS
0

mode is the uncertainty in the signal fraction and the ba
groundDt shape (60.17 for S and 60.14 for A in total!
determined from the events in the sideband regions in
DE-Mbc plane. Other significant contributions come fro
uncertainties in the vertex reconstruction, the resolut
function parameters, wrong tag fractions,tB0, andDmd . We
add each contribution in quadrature to obtain the total s
tematic uncertainty. Systematic uncertainties from th
sources are also examined for the other modes. We find
the largest uncertainties arise from the vertex reconstruc
(60.09 for S and 60.08 for A) for the B0→K1K2KS

0

mode, and from the resolution function parameters (20.04
10.03 for

S) and the signal fraction (60.02 for A) for the B0

→h8KS
0 mode.

In summary, we have performed the first measuremen
CP violation parameters in theB0→fKS

0 andK1K2KS
0 de-

cays. We also provide an improved measurement forh8KS
0

decay. These modes are dominated by theb→ss̄s transition
and are sensitive to possible newCP-violating phases. Our
results for B0→h8KS

0 and K1K2KS
0 are consistent with

ird
re
how the
FIG. 2. TheDt distributions forB0→fKS
0 ~left!, B0→K1K2KS

0 ~center!, andB0→h8KS
0 ~right! decays. The upper and lower plots a

for qj f521 and qj f511 candidates, respectively. The solid curves show the results of the global fits, and dashed curves s
background distributions.
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FIG. 3. TheDt asymmetry,A, in each bin forB0→fKS
0 ~left!, B0→K1K2KS

0 ~center!, andB0→h8KS
0 ~right!, respectively. The curves

which originate from time-dependent asymmetries given by2j fS sin(DmdDt)2jfA cos(DmdDt), show the results of the unbinned-maximu
likelihood fit.
y
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e,
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hin

and
f
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3B
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e

those obtained forB0→J/cKS
0 and other decays governed b

the b→cc̄s transition. A 2.1s deviation is observed forB0

→fKS
0 .
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