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We report measurements of CP violation parameters in B0 ! K0�0 decays based on a data sample of

657� 106B �B pairs collected with the Belle detector at the KEKB eþe� asymmetric-energy collider. We

use B0 ! K0
S�

0 decays for both mixing-induced and direct CP violating asymmetry measurements and

B0 ! K0
L�

0 decays for the direct CP violation measurement. The CP violation parameters obtained are

sin2�eff
1 ¼ þ0:67� 0:31ðstatÞ � 0:08ðsystÞ and AK0�0 ¼ þ0:14� 0:13ðstatÞ � 0:06ðsystÞ. The branch-

ing fraction of B0 ! K0�0 decay is measured to be BðB0 ! K0�0Þ ¼ ð8:7� 0:5ðstat:Þ � 0:6ðsyst:ÞÞ �
10�6. The observed AK0�0 value differs by 1.9 standard deviations from the value expected from an

isospin sum rule.

DOI: 10.1103/PhysRevD.81.011101 PACS numbers: 11.30.Er, 12.15.Hh, 13.25.Hw

Decays of B mesons mediated by b ! s penguin ampli-
tudes play an important role in both measuring the standard
model (SM) parameters and in probing new physics. In the
SM, CP violation arises from a single irreducible
Kobayashi-Maskawa (KM) phase [1], in the weak-
interaction quark-mixing matrix. In the decay sequences
�ð4SÞ ! B0 �B0 ! fCPftag, where one of the B mesons

decays at time tCP to a CP eigenstate fCP and the other
decays at time ttag to a final state ftag that distinguishes

between B0 and �B0, the decay rate has a time dependence
given by

P ð�tÞ ¼ e�j�tj=�
B0

4�B0

½1þ q � ½Sf sinð�md�tÞ

þAf cosð�md�tÞ��: (1)

Here, Sf and Af are parameters that describe mixing-

induced and direct CP violation, respectively, �B0 is the B0

lifetime, �md is the mass difference between the two B0

mass eigenstates, �t ¼ tCP � ttag, and the b-flavor charge,

q ¼ þ1ð�1Þ when the tagged B meson is a B0ð �B0Þ. The
SM predicts Sf ¼ ��f sin2�1 and Af ’ 0 to a good

approximation for most of the decays that proceed via b !
sq �qðq ¼ c; s; d; uÞ quark transitions [2], where �f ¼
þ1ð�1Þ corresponds to CP-even (-odd) final states and
�1 is an angle of the unitarity triangle. The final stateK

0
S�

0

is a CP eigenstate with CP eigenvalue �f ¼ �1 while

K0
L�

0 is a CP eigenstate with �f ¼ þ1.

However, even within the SM, in B0 ! K0�0 decay
modes, both SK0�0 and AK0�0 could be shifted due to
the contribution of a color-suppressed tree diagram that
has a Vub coupling [3]. The resulting effective parameter
sin2�eff

1 can be evaluated in the 1=mb expansion and/or
using SU(3) flavor symmetry [4], whereas the shift in
AK0�0 is predicted by applying an isospin sum rule to
the recent measurements of B meson decays into K� final
states [5]. The sum rule for the decay rates gives the
following relation to within a few percent precision deter-
mined by SU(2) flavor symmetry [6],

A Kþ��BðKþ��Þ þAK0�þBðK0�þÞ �B0

�Bþ

¼ 2AKþ�0BðKþ�0Þ �B0

�Bþ
þ 2AK0�0BðK0�0Þ: (2)

Here,B represents the branching fraction of a decay mode.
Since the branching fractions and CP asymmetries of other
B ! K� decay modes have been measured with good
precision [7,8], AK0�0 is constrained in this framework
with a small error. Therefore, a significant discrepancy
between the measured and expected values of AK0�0

would indicate a new physics contribution to the sum
rule. The expected uncertainty in AK0�0 can be reduced
by improved measurement of the B0 ! K0�0 branching
fraction. Furthermore, recent measurements that show an
unexpectedly large difference between AKþ�� and*Now at Okayama University, Okayama

M. FUJIKAWA et al. PHYSICAL REVIEW D 81, 011101(R) (2010)

RAPID COMMUNICATIONS

011101-2

http://dx.doi.org/10.1103/PhysRevD.81.011101


AKþ�0 [8,9] makes an improved measurement of AK0�0

particularly interesting. In this paper, in addition to the
B0 ! K0

S�
0 mode, we measure the CP asymmetry in

B0 ! K0
L�

0 decay for the first time, in order to maximize

sensitivity to the direct CP violation parameter, AK0�0 .
At the KEKB asymmetric-energy eþe� (3.5 GeV on

8 GeV) collider [10], the �ð4SÞ is produced with a
Lorentz boost of �� ¼ 0:425 nearly along the direction
opposite to the positron beam line (z-axis). Since B0 and �B0

mesons are approximately at rest in the �ð4SÞ center-of-
mass system (CM), �t can be determined from the dis-
placement in z between the fCP and ftag decay vertices:

�t ’ ðzCP � ztagÞ=ð��cÞ � �z=ð��cÞ. For K0
S�

0 decays,

the vertex position of the CP side is determined from the
K0

S decay products and theK
0
S mesons are required to decay

within the silicon vertex detector (SVD) for the time-
dependent CP violation measurement. Since we cannot
obtain vertex information from K0

L�
0 decays, only the

parameter AK0�0 is measured by comparing the decay
rates of B0 ! K0

L�
0 and �B0 ! K0

L�
0. The subset of B0 !

K0
S�

0 events for which we cannot obtain�t from the decay

vertex reconstruction are treated similarly.
Previous measurements of CP violation in B0 ! K0

S�
0

decay have been reported by Belle [11] and BABAR [12].
The previous result from Belle was based on 532� 106 B �B
pairs. In this report, all results are based on a data sample
that contains 657� 106 B �B pairs, collected with the Belle
detector at the KEKB operating at the �ð4SÞ resonance.

The Belle detector is a large-solid-angle magnetic spec-
trometer that consists of SVD, a 50-layer central drift
chamber (CDC), an array of aerogel threshold Cherenkov
counters (ACC), a barrel-like arrangement of time-of-flight
scintillation counters (TOF), and an electromagnetic calo-
rimeter (ECL) comprised of CsI(Tl) crystals located inside
a superconducting solenoid coil that provides a 1.5 T
magnetic field. An iron flux-return located outside of the
coil is instrumented to detect K0

L mesons and to identify

muons (KLM). The detector is described in detail else-
where [13]. Two configurations of the inner detectors were
used. A 2.0 cm -radius beampipe and a 3-layer silicon
vertex detector were used for the first sample of 152�
106B �B pairs, while a 1.5 cm -radius beampipe, a 4-layer
silicon detector and a small-cell inner drift chamber were
used to record the remaining 505� 106B �B pairs [14].

Charged particle tracks are reconstructed with the SVD
and CDC. Photons are identified as isolated ECL clusters
that are not matched to any charged particle track. We
reconstruct �0 candidates from pairs of photons that have
energies larger than the following thresholds: 50 MeV for
the barrel region and 100 MeV for the endcap regions,
where the barrel region covers the polar angle range 32� <
�< 130�, and the endcap regions cover the forward and
backward regions. The invariant mass of reconstructed
�0’s are required to be in the range between
0:115 GeV=c2 and 0:152 GeV=c2. We reconstruct K0

S can-

didates from pairs of oppositely charged tracks having
invariant mass between 0:480 GeV=c2 and
0:516 GeV=c2, which corresponds to 3 standard deviations
in a Gaussian fit to the signal Monte Carlo (MC) samples.
The flight direction of each K0

S candidate is required to be

consistent with the direction of its vertex displacement
with respect to the interaction point (IP). Candidate K0

L

mesons are selected from ECL and/or KLM hit patterns
that are not associated with any charged tracks and con-
sistent with the presence of a shower induced by a K0

L

meson [15].
For reconstructed B0 ! K0

S�
0 candidates, we identify B

meson decays using the beam-constrained mass Mbc �ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðECM

beamÞ2 � ðpCM
B Þ2

q
and the energy difference �E �

ECM
B � ECM

beam, where E
CM
beam is the beam energy in the CM,

andECM
B and pCM

B are the CM energy and momentum of the

reconstructed B candidate, respectively. The signal candi-
dates used for measurements of CP violation parameters
are selected by requiring 5:27 GeV=c2 <Mbc <
5:29 GeV=c2 and �0:15 GeV< �E< 0:1 GeV. For
B0 ! K0

L�
0 candidates, we can only measure the flight

direction of the K0
L, so Mbc is calculated by assuming the

parent B0 to be at rest in the CM. The signal is selected by
requiring Mbc > 5:255 GeV=c2. In the B0 ! K0

S�
0 analy-

sis, the multiplicity of the reconstructed B0 candidates is
1.007. If there are multiple candidates with different �0’s,
we select the candidate that has the smallest �2 for the �0

mass-constrained fit to the daughter photons. Otherwise, in
the case of multipleK0

S’s, the best B
0 candidate in the event

is selected randomly. In the B0 ! K0
L�

0 case, the candi-

date having the smallest cos�exp is chosen, where �exp is

the angle between the measuredK0
L flight direction and that

expected from the �0 momentum assuming the parent B0

to be at rest in the CM frame.
The dominant background for the signal is from contin-

uum eþe� ! u �u, d �d, s�s or c �c events. To distinguish the
spherical B �B signal events from these jetlike backgrounds,
we combine a set of variables that characterize the event
topology, i.e., modified-Fox-Wolfram moments [16–18],
into a signal (background) likelihood variable LsigðbkgÞ,
and impose requirements on the likelihood ratio Rs=b �
Lsig=ðLsig þLbkgÞ: Rs=b > 0:3 and Rs=b > 0:5 for B0 !
K0

S�
0 and B0 ! K0

L�
0 candidates, respectively.

The b-flavor of the accompanying B meson is deter-
mined from inclusive properties of particles that are not
associated with the reconstructed B0 ! K0�0 decays. To
represent the tagging information, we use two parameters,
the b-flavor charge, q and its quality factor, r [19]. The
parameter r is an event-by-event, MC determined flavor-
tagging dilution factor that ranges from r ¼ 0 for no flavor
discrimination to r ¼ 1 for unambiguous flavor assign-
ment. For events with r > 0:1, the wrong tag fractions for
six r intervals, wl (l ¼ 1–6), and their differences between
B0 and �B0 decays, �wl, are determined using a high-
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statistics control sample of semileptonic and hadronic b !
c decays [20,21]. If r < 0:1, we set the wrong tag fraction
to 0.5, in which case the accompanying B meson does not
provide tagging information and such events are not used
for the CP violation parameter measurement. The total
effective tagging efficiency is estimated to be 0:29�
0:01, where ‘‘effective’’ means a summation over the
products of tagging efficiency and r2 of all types of tags
used.

The vertex position for the B0 ! K0
S�

0 decay is recon-

structed using charged pions from the K0
S decay and an IP

constraint [22,23]. Each charged pion track is required to
have more than 1(2) hit(s) on SVD r��ðzÞ strips. The ftag
vertex is obtained with well-reconstructed tracks that are
not assigned to the B0 ! K0

S�
0 decay.

Figures 1 and 2 show the distribution of the selection
variables for B0 ! K0

S�
0 and B0 ! K0

L�
0 candidates. The

signal yields are obtained from multidimensional extended
unbinned maximum-likelihood fits to these distributions.
The Mbc, �E and Rs=b signal shapes for B0 ! K0

S�
0 are

modeled with three-dimensional histograms determined
from MC, while the continuum background shapes in
Mbc and �E are modeled with an ARGUS function [24]
and a linear function, respectively, whose shape and nor-
malization are floated in the fit. The data from a sideband
region (5:20 GeV=c2 <Mbc < 5:26 GeV=c2 and 0:05<

�E< 0:20 GeV) are used to determine the continuum
background shape in Rs=b. For B0 ! K0

L�
0, the signal

shape in Mbc is determined from MC samples and the
continuum background shape is modeled with an
ARGUS function. The signal shape in Rs=b is determined

from MC simulation. The continuum Rs=b shape is deter-

mined using �ð4SÞ off-resonance data. The shape of each
variable in the B �B background component is modeled
using MC events. The signal yield is extracted in each
r-bin for B0 ! K0

L�
0 candidates with r-dependent Rs=b

shapes. For B0 ! K0
L�

0, the ratio of B �B background to
signal is evaluated from MC simulated events and the B �B
background contribution is then fixed according to that of
the signal in the fit.
We perform a fit toB0 ! K0

S�
0 candidates using a signal

shape with correction factors (to account for small differ-
ences between data and MC) obtained from Bþ ! Kþ�0.
The signal yield is 634� 34, where the error is statistical
only. The average signal detection efficiency is calculated
from MC to be ð22:3� 0:1Þ%. We obtain a B0 ! K0�0

branching fraction of ð8:7� 0:5� 0:6Þ � 10�6 using only
B0 ! K0

S�
0 candidates, where the first error is statistical

and the second is systematic. The systematic uncertainty
for the B0 ! K0�0 branching fraction is estimated by
varying the correction factors obtained from Bþ !
Kþ�0 by �1	 (þ 3:6=� 2:4%) and varying histogram
probability density functions (PDF’s) bin-by-bin by �2	
(þ 1:5=� 1:6%). Uncertainties in the number of B �B pairs
(1.4%), MC statistics (0.2%), K0

S (4.9%) and �0 recon-

struction efficiencies (2.8%) are also included.
The signal yield of B0 ! K0

L�
0 is 285� 52, where the

error is statistical only. We evaluate the systematic uncer-
tainty for the B0 ! K0

L�
0 signal yield by smearing the

PDF shapes of Mbc, Rs=b and r used in the fit. The

dominant contribution is from the continuum background
shape and the total systematic error is 20%. Taking into
account both statistical and systematic errors, the signifi-
cance of B0 ! K0

L�
0 is 3:7	.
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FIG. 1 (color online). Mbc-�E-Rs=b fit projections of B0 !
K0

S�
0 candidates. The open histogram with the solid curve shows

the fit result, the filled histogram is the B �B background, and the
dashed histogram is the sum of continuum and B �B backgrounds.
Each plot requires signal enhanced conditions for the other
variables: 5:27 GeV=c2 <Mbc < 5:29 GeV=c2, �0:15 GeV<
�E< 0:1 GeV and Rs=b > 0:7.
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FIG. 2 (color online). B0 ! K0
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0 fit projections for events
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(right). The open solid histogram shows the fit result. The filled
histogram is the B �B background and the open dashed histogram
is the sum of continuum and B �B background.
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We determine sin2�eff
1 and AK0

S
�0 for B0 ! K0

S�
0 by

performing an unbinned maximum-likelihood fit to the
observed �t distribution. The PDF expected for the signal
distribution, P ð�t; sin2�eff

1 ;AK0
S
�0 ; q; wl;�wlÞ, is given

by Eq. (1) fixing �B0 and �md to their world averages
[25] and incorporating the effect of wrong flavor assign-
ment. The distribution is convolved with the proper-time
interval resolution function, Rsigð�tÞ, which takes into

account the finite vertex resolution. The resolution is de-
termined by a multiparameter fit to the �t distributions of
high-statistics control samples of B0 ! J=cK0

S decays

[20,21], where the K0
S is used for vertex reconstruction.

We determine the following likelihood for each event,

Pi ¼ ð1� folÞ
Z
½fsigP sigð�t0ÞRsigð�ti ��t0Þ

þ ð1� fsigÞP bkgð�t0ÞRbkgð�ti � �t0Þ�dð�t0Þ
þ folPolð�tiÞ: (3)

The signal probability, fsig, depends on r and is calculated

in each region on an event-by-event basis as a function of
Mbc, Rs=b and, where applicable, �E from the shapes

given in Figs. 1 and 2. P bkg is a PDF for continuum and

B �B backgrounds. The background PDF’s are determined
from Mbc and �E sideband data for continuum, and MC
and data for B �B. The term, Polð�tÞ, is a broad Gaussian
function that represents a small outlier component with a
fraction fol [20,21]. The free parameters in the final fits are
sin2�eff

1 andAK0
S
�0 , which are determined by maximizing

the likelihood function L ¼ �iPið�ti; sin2�eff
1 ;AK0

S
�0Þ

where the product is over all events.
The B0 ! K0

L�
0 and B0 ! K0

S�
0 candidates that do not

have vertex information are only used for the determina-
tion of AK0�0 . Since �t vanishes by integration, Eq. (3)
becomes simpler:

Pi ¼ fsigP sigðqÞ þ ð1� fsigÞP bkgðqÞ; (4)

where P bkgðq ¼ �1Þ ¼ 0:5 since we assign no tag infor-

mation for the continuum background meaning that the
number of events tagged as q ¼ þ1 and q ¼ �1 are equal.
Since no CP violation is expected in the background out-
lier component, we include the fol term in the P bkg PDF.

The signal PDF is obtained by integrating the time-
dependent decay rate Eq. (1) from �1 to þ1:

P sigðq;AK0
L�

0Þ ¼ 1

2

�
1þ qAK0�0

1þ �2
B0�m

2
d

�
: (5)

We obtain the fit results sin2�eff
1 ¼ þ0:67� 0:31 and

AK0�0 ¼ þ0:14� 0:13 for B0 ! K0�0. The correlation
between these parameters is �0:04. Fits to individual
modes yield sin2�eff

1 ¼ þ0:67� 0:31 and AK0
S
�0 ¼

þ0:15� 0:13 for B0 ! K0
S�

0, and AK0
L�

0 ¼ �0:01�

0:45 for B0 ! K0
L�

0, where the errors are statistical only.
Figure 3 shows the background subtracted �t distributions
for B0 and �B0 tags as well as the asymmetry for B0 !
K0

S�
0 candidates. The dominant sources of systematic

errors are summarized in Table I. The systematic uncer-
tainty from wrong tag fractions, physics parameters, reso-
lution function, background �t and background fractions
are studied by varying each parameter by its error. A
possible fit bias is examined by fitting a large number of
pseudoexperiments. The systematic uncertainty for the
vertex reconstruction is estimated by changing the charged
track selection criteria. The dominant effect for �AK0�0

comes frommisalignment between the SVD and CDC. The
tag side interference is evaluated from pseudoexperiments
in which the effect of possible CP violation in B0 ! ftag
decays is taken into account [26]. As a cross-check, we fit
the B0 lifetime using the same event sample that is used for
the B0 ! K0

S�
0 CP violation parameter measurement and

obtain �B0 ¼ 1:46� 0:18 ps, which is consistent with the
PDG world average [25].
In summary, we use B0 ! K0

S�
0 decays to measure the

branching fraction and CP violation parameters for B0 !
K0�0. We use B0 ! K0

L�
0 decays to measure the direct

CP violation parameter. Our results are

B ðB0 ! K0�0Þ ¼ ð8:7� 0:5� 0:6Þ � 10�6 (6)

A K0�0 ¼ þ0:14� 0:13� 0:06 (7)

sin2�eff
1 ¼ þ0:67� 0:31� 0:08; (8)

where the first and second errors listed are statistical and
systematic, respectively. The CP violation parameters ob-
tained from this analysis are shifted compared with our
previous measurement with a smaller data sample [11].
From multiple ensembles of simulated events, we con-
firmed that these shifts are consistent with statistical fluc-
tuations. The value for the branching fraction is the most
precise single measurement to-date. We predict AK0�0 ¼
�0:15� 0:04 from the sum rule (Eq. (2)) using our mea-
sured branching fraction and the most recent world average
values for the other parameters [27]. Comparing this with
Eq. (7), we find the isospin relationship to be only margin-
ally satisfied; the level of disagreement is 1:9	.
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