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We report a measurement of the CP-violating parameters in B0 ! K0
SK

0
S decays based on a data sample

of 657� 106 B �B pairs collected at the ��4S� resonance with the Belle detector at the KEKB asymmetric-
energy e�e� collider. In this Letter, one neutral B meson is fully reconstructed in the B0 ! K0

SK
0
S decay

mode, and the flavor of the accompanying B meson is identified by its decay products. The CP-violating
parameters are measured from the asymmetry in the distributions of the proper-time interval between the
two B decays: SK0

SK
0
S
� �0:38�0:69

�0:77�stat� � 0:09�syst� and AK0
SK

0
S
� �0:38� 0:38�stat� � 0:05�syst�.

DOI: 10.1103/PhysRevLett.100.121601 PACS numbers: 11.30.Er, 12.15.Hh, 13.25.Hw

B0 meson decays proceeding via flavor-changing b!
d �qq or s �qq transitions are sensitive to new physics (NP)
contributions affecting the internal quark loop diagrams.
Such NP contributions can add new weak phases and
subsequently cause deviations from the standard model
(SM) expectations for CP-violating parameters [1].

The decay B0 ! K0
SK

0
S is dominated by b! d �ss tran-

sitions. The SM predicts that the CP-violating parameters
SK0

SK
0
S

and AK0
SK

0
S

are zero in the limit that the top quark
dominates and the contribution from internal up and charm
quark exchanges in the loop diagram is small [2]. On the
other hand, NP can enhance the SK0

SK
0
S

and AK0
SK

0
S

values
[3], so their measurements are sensitive probes of NP. The
parameter SK0

SK
0
S

arises from interference between a
mixing-induced amplitude and a nonmixed decay ampli-
tude while the parameter AK0

SK
0
S

arises from CP violation
in the decay amplitude itself. Experimentally, there are no
prompt charged tracks from the B vertex for a B0 ! K0

SK
0
S

decay, and hence the B decay vertex must be reconstructed
by using K0

S’s that decay inside the vertex detector and a
constraint on the beam interaction point (IP). Both
CP-violating parameters have previously been measured
by the BABAR collaboration; they obtained a large SK0

SK
0
S

value, albeit with a large statistical error [4]. In this Letter,
we report a measurement of SK0

SK
0
S

and AK0
SK

0
S

in B0 !

K0
SK

0
S decays using almost twice the statistics of the pre-

vious measurement. Our analysis is based on 657� 106

B �B pairs collected with the Belle detector [5] running at
the KEKB asymmetric-energy e�e� (3.5 on 8 GeV) col-
lider [6].

In the decay chain ��4S� ! B �B! �K0
SK

0
S�ftag, where

one of the B mesons decays at time tK0
SK

0
S

to K0
SK

0
S and the

other decays at time ttag to a flavor specific state ftag that

distinguishes between B0 and �B0, the decay rate has a time
dependence [7] given by

 P K0
SK

0
S
��t� �

e�j�tj=�B0

4�B0

�1� qfSK0
SK

0
S

sin��md�t�

�AK0
SK

0
S

cos��md�t�g	; (1)

where �t � tK0
SK

0
S
� ttag, �B0 is the B0 lifetime, �md is the

mass difference between the two B mass eigenstates, and
q � �1 (�1) for ftag � B0� �B0�.

At the KEKB, the ��4S� resonance is produced with a
Lorentz boost of �� � 0:425 nearly along the �z axis,
which is defined as the direction antiparallel to the e�

beamline. Since the B0 and �B0 mesons are approximately
at rest in the ��4S� center-of-mass system (CMS), �t
can be determined from the displacement in z between
the K0

SK
0
S and ftag decay vertices: �t ’ �zK0

SK
0
S
�

ztag�=���c� 
 �z=���c�.
The Belle detector is a large-solid-angle magnetic spec-

trometer that consists of a silicon vertex detector (SVD), a
50-layer central drift chamber, an array of aerogel thresh-
old Cherenkov counters, a barrel-like arrangement of time-
of-flight scintillation counters, and an electromagnetic
calorimeter, which are 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. Two inner detec-
tor configurations were used. A 2.0 cm-radius beam pipe
and a 3-layer SVD (SVD1) was used for the first data
sample of 152� 106 B �B pairs, while a 1.5 cm-radius
beam pipe, a 4-layer SVD (SVD2) [8], and a small-cell
inner drift chamber were used to record the remaining
505� 106 B �B pairs.
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We reconstruct a K0
S ! ���� candidate from a pair of

oppositely charged tracks having j�MK0
S
j<0:015 GeV=c2

corresponding to 3 standard deviations (�), where �MK0
S

is

the difference between their invariant mass and the nomi-
nal K0

S mass [9]. The impact parameters of both charged
tracks are required to be more than 100 �m. The angle in
the transverse plane between the K0

S momentum vector and
the direction defined by the K0

S vertex and the IP should be
less than 50 mrad. In order to suppress incorrect combina-
tions of the two charged tracks, the mismatch in the z
direction at the K0

S vertex point for the two charged tracks
is required to be less than 15 cm.

To identify B0 ! K0
SK

0
S decay candidates, we use two

kinematic variables: the energy difference �E 
 ECMS
B �

ECMS
beam and the beam-energy constrained mass Mbc 
����������������������������������������
�ECMS

beam�
2 � �pCMS

B �2
q

, where ECMS
beam is the beam energy in

the CMS and ECMS
B and pCMS

B are the CMS energy and
momentum, respectively, of reconstructed B candidates.
We select candidates satisfying j�Ej< 0:20 GeV and
5:20 GeV=c2 <Mbc < 5:30 GeV=c2. For the �t fit de-
scribed below, we use candidates in a signal region defined
as j�Ej< 0:10 GeV and 5:27 GeV=c2 <Mbc <
5:30 GeV=c2. We find that 0.2% of the selected events
have multiple B0 ! K0

SK
0
S candidates. In such events, we

choose the B0 ! K0
SK

0
S candidate having the smallest

���MK0
S
�2 value.

To suppress continuum e�e� ! q �q (q � u, d, s, c)
events, we form a likelihood Lsig (Lbkg) for signal (con-
tinuum) events by combining a Fisher discriminant based
on modified Fox-Wolfram moments [10] with the proba-
bility density function (PDF) for the cosine of the CMS B0

flight direction with respect to the �z axis. The former
makes use of the difference in event shapes: signal events
have a spherical topology while background events tend to
be jetlike. We impose a requirement on the likelihood ratio
R � Lsig=�Lsig �Lbkg�> 0:25 that retains 89% of the
signal and rejects 71% of the continuum.

The b flavor of the accompanying B meson is identified
from inclusive properties of particles that are not associ-

ated with the reconstructed B0 ! K0
SK

0
S candidate. The

tagging information is represented by two parameters: q,
as defined in Eq. (1), and r, which is an event-by-event
Monte Carlo–determined flavor-tagging dilution factor
that ranges from r � 0 for no flavor discrimination to r �
1 for unambiguous flavor assignment [11]. Candidate
events are selected to have r > 0:1, and are further divided
into six r intervals. The wrong tag fraction w for each r
interval and the differences �w between B0 and �B0 decays
are determined using semileptonic and hadronic b! c
decay data [11].

The dominant background is continuum. We find the B �B
decay background contribution to be negligibly small us-
ing a large sample of GEANT-based Monte Carlo (MC)
simulated events [12]. Thus, we take into account only
signal and continuum events in the nominal fit. The uncer-
tainty due to a possible contribution from B �B decay back-
ground is included in the systematic errors.

The signal yield is extracted using a three-dimensional
extended unbinned maximum likelihood (UML) fit to
�E-Mbc-R distributions for the selected candidate events.
For the signal component, we model the �E (Mbc) shape
using a sum of two Gaussians (a single Gaussian). A
binned histogram is employed for the R distribution.
The parameters of the Gaussians and R distribution are
obtained using MC simulation. For the background com-
ponent, the �E (Mbc) shape is modeled as a first-order
polynomial (an ARGUS [13]) function. The parameters of
these functions are floated in the fit. The R background
distribution is obtained from a data sample in the sideband
region (Mbc < 5:26 GeV=c2). We form the likelihood from
the product of �E,Mbc, and R PDFs. Possible correlations
among �E, Mbc, and R are found to be negligible for
signal events from the signal MC, and to be very small for
continuum events from the data sideband. We include the
effect of the small correlations in the latter in the system-
atic errors. The fit yields 58� 11 signal events among 476
B0 ! K0

SK
0
S candidate events in the signal region, where

the error is statistical only. Figure 1 shows the projections
of the �E, Mbc, and R distributions for the candidate
events. The signal component shown in Figs. 1(a) and
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FIG. 1 (color online). (a) �E, (b) Mbc, and (c) R projections for the B0 ! K0
SK

0
S candidate events (a) with R> 0:6 and

5:27 GeV=c2 <Mbc, (b) with R> 0:6 and j�Ej< 0:1 GeV, and (c) in the signal region. The solid histogram and curves show
the fit projections and the hatched areas show the background component. The points with error bars are the data.
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1(b) is 77% of the total signal due to the additional R
requirement.

We apply the B decay vertex reconstruction algorithm of
Ref. [14]. The vertex position for a B0 ! K0

SK
0
S decay is

obtained using the K0
S ! ���� momentum vector and a

constraint on the transverse components of the IP; the IP
profile (�x ’ 100 �m, �y ’ 5 �m) is smeared by the
finite B0 flight length in the plane perpendicular to the z
axis. To reconstruct the B0 ! K0

SK
0
S decay position, both

charged pions from at least one of the K0
S’s are required to

have a sufficient number of hits in the SVD: at least one
layer with hits on both the z and r-� sides and at least one
additional layer with a hit on the z side among the other
layers for SVD1, and at least two layers with hits on both
sides for SVD2. Both K0

S’s are used for the vertex recon-
struction if the four pions have a sufficient number of hits
in the SVD. The typical vertex reconstruction efficiency
with SVD1 (SVD2) is determined to be 44% (61%) from
the signal MC. The vertex position resolutions in the z
direction with SVD1 (SVD2) are 73 �m (105 �m) for the
case where bothK0

S’s are used for the vertex reconstruction,
and 141 �m (172 �m) for the case where a single K0

S is
used. The latter resolution is comparable to the ftag vertex
position resolution. The B decay vertex in the tagside is
determined from well-reconstructed tracks that are not
assigned to the B0 ! K0

SK
0
S decay. The typical vertex

reconstruction efficiency for ftag decays is determined to
be 93%.

We determine SK0
SK

0
S

and AK0
SK

0
S

by performing an UML

fit to the �t distribution. For signal events, we use the �t
distribution of Eq. (1), modified to include the effect of
incorrect flavor assignment. The distribution PK0

SK
0
S
��t� is

then convolved with the resolution function Rsig��t�,
which depends on the event-by-event vertex position errors
[15]; the dependence is calibrated using a B0 ! J= K0

S

data control sample, where the vertex positions are recon-
structed using only a K0

S and the IP profile [14]. We
determine the following likelihood value for each event i:

 

Pi � �1� fol�
Z
�fK0

SK
0
S
PK0

SK
0
S
��t0�Rsig��ti � �t0�

� �1� fK0
SK

0
S
�P q �q��t

0�Rq �q��ti � �t0�	d��t0�

� folP ol��ti�; (2)

where the PDF P ol��t� is a broad Gaussian that represents
an outlier component with a small fraction fol [15]. The
fraction fK0

SK
0
S

is the event-by-event signal fraction depend-
ing on �E, Mbc, and R. We also take into account the r
dependence of the signal fraction fK0

SK
0
S
; we determine the

dependence using the signal MC and the sideband events
for the signal and background components, respectively.
For background events, the �t distribution P q �q��t� is
convolved with a function Rq �q��t�, where the distribution
P q �q��t� is modeled as a sum of an exponential function
and a delta function, and the function Rq �q��t� is the sum of
two Gaussians. All parameters in P q �q��t� and Rq �q��t� are
determined from sideband events. We fix �B0 and �md to
their world-average values [9]. To improve the statistical
sensitivity to AK0

SK
0
S
, we also use candidate events having

no �t information, where bothK0
S’s decay outside the SVD

and we do not reconstruct B vertices; for these events, we
use the PDF of Eq. (2) integrated over �t. The only free
parameters in the fit are SK0

SK
0
S

and AK0
SK

0
S
, which are

determined by maximizing the likelihood function L �Q
Pi, where the product is over all events. The fit to 476

B0 ! K0
SK

0
S candidate events, in which 216 candidate

events have no �t information, yields

 S K0
SK

0
S
� �0:38�0:69

�0:77�stat� � 0:09�syst�; (3)

and

 A K0
SK

0
S
� �0:38� 0:38�stat� � 0:05�syst�; (4)

where the systematic errors are described below. Figure 2
shows the �t distribution and raw asymmetry ACP in
each �t interval, where ACP � �N� � N��=�N� � N��
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FIG. 2 (color online). (a) �t distribution and (b) raw asymmetry ACP for the B0 ! K0
SK

0
S candidate events in the signal region with

good tags (r > 0:5) and R> 0:6. In (a), the dashed and solid curves show the fit results with q � �1, respectively. The dotted curve
shows the background component. In (b), the solid curve shows the fit projection.
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and N���� is the number of candidate events with
q � �1 (�1). Note that the signal component shown in
Figs. 2(a) and 2(b) is 46% of the total signal with �t
information due to the additional requirements on r and R.

The systematic error is primarily due to uncertainties in
the parameters of Rsig��t� (�0:06 on SK0

SK
0
S

and <0:01 on
AK0

SK
0
S
) and uncertainties in the signal fraction fK0

SK
0
S

(�0:04 on SK0
SK

0
S

and �0:03 on AK0
SK

0
S
). We estimate a

systematic error (�0:04 on SK0
SK

0
S

and �0:02 on AK0
SK

0
S
)

for uncertainties in the parameters of P q �q��t� and Rq �q��t�
and the possible contribution of, and asymmetry in, the B �B
decay background. The other contributions to the system-
atic errors come from uncertainties in the wrong tag frac-
tion (�0:02 on SK0

SK
0
S
,�0:01 on AK0

SK
0
S
), fit biases (�0:02,

�0:01), physics parameters (�B0 and �md) (�0:01,
�0:01), the vertex reconstruction (�0:01, �0:02), and
the tagside interference effect [16] (<0:01, �0:03).
Adding all these contributions in quadrature, we obtain
systematic errors of �0:09 for SK0

SK
0
S

and �0:05 for
AK0

SK
0
S
.

Various validity checks for the measurement are per-
formed. We measure a branching fraction for B0 ! K0 �K0

of �1:1� 0:2�stat�	 � 10�6, which is consistent with our
previous measurement [17]. The B0 lifetime for the B0 !
K0
SK

0
S candidate events is measured to be 1:58� 0:44 ps,

consistent with the world-average value [9]. We also fit to
the sideband events of the B0 ! K0

SK
0
S data sample and

find no CP asymmetry. Using MC pseudoexperiments, we
find that the statistical errors obtained in our measurement
are consistent with expectations. We apply the same pro-
cedure to the B0 ! J= K0

S data sample without using the
J= daughter tracks for the vertex reconstruction. We
obtain SJ= K0

S
� 0:68� 0:06�stat�, which is in agreement

with the world average for sin2�1 [9]. We conclude that
the vertex resolution for B0 ! K0

SK
0
S decays is well under-

stood. We reconstruct 1993� 53 B� ! K0
S�
� [18] events

and, without using the charged pion of the B decay for
vertex reconstruction, apply the same fit procedure. We
obtain SK0

S�
� � �0:13� 0:13�stat� and AK0

S�
� � 0:01�

0:06�stat�, which are consistent with no CP asymmetry.
In summary, we measure time-dependent CP-violating

parameters in B0 ! K0
SK

0
S decays, which are dominated by

flavor-changing b! d �ss penguin transitions, based on a
data sample of 657� 106 B �B pairs recorded with the Belle
detector. We obtain SK0

SK
0
S
� �0:38�0:69

�0:77�stat� � 0:09�syst�

and AK0
SK

0
S
� �0:38� 0:38�stat� � 0:05�syst�. No sig-

nificant CP asymmetry is found for these decays. These
results are consistent with the SM prediction and also with
the other measurement [4].
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