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We report the first search for CP-violating decays of the ��4S� using a data sample that contains 535�
106 ��4S� mesons with the Belle detector at the KEKB asymmetric-energy e�e� collider. A partial
reconstruction technique is employed to enhance the signal sensitivity. No significant signals were
observed. We obtain an upper limit of 4� 10�7 at the 90% confidence level for the branching fractions
of the CP violating modes, ��4S� ! B0 �B0 ! J= K0

S � J= ��c�K
0
S. Extrapolating the result, we find that

an observation with 5� significance is expected with a 30 ab�1 data sample, which is within the reach of a
future super B factory.
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CP violation has been established in the neutral kaon
system [1] and the neutral B meson system [2]. In the
standard model (SM) Kobayashi-Maskawa theory, it arises
from an irreducible phase in the weak interaction quark-
mixing matrix [3]. This theory predicts that CP violation in
the ��4S� system should also exist.

In the decay ��4S� ! B0 �B0 ! f1f2, where f1 and f2

are CP eigenstates, the CP eigenvalue of the final state
f1f2 is � � ��1�2. Here the minus sign corresponds to
odd parity from the angular momentum between f1 and f2.
If f1 and f2 have the same CP eigenvalue, i.e., ��1; �2� �
��1;�1� or (� 1,�1), � is equal to�1. Such decays, for
example, �f1; f2� � �J= K

0
S; J= K

0
S�, violate CP conser-

vation since the ��4S� meson has JPC � 1�� and thus has
���4S� � �1. The branching fraction within the SM is
 

B���4S�!B0 �B0!f1f2��F 	B���4S�!B0 �B0�

�B�B0!f1�B� �B0!f2�; (1)

where F is a suppression factor due to CP violation. The
factor F can be calculated in terms of mixing and CP
violating parameters [4],

 F ’
x2

1� x2 �2 sin2�1�
2 � 0:68
 0:05; (2)

where x � �md=� � 0:776
 0:008 [5], �md is the B0

mixing parameter, and � is the average decay width of the
neutral B meson. The angle �1 is one of the three interior
angles of the unitarity triangle of the quark-mixing matrix,

and sin2�1 � 0:675
 0:026 [5]. The effect of direct CP
violation is neglected in this formula. The same expression
also holds for the case in which f1 and f2 are different final
states, both of which are governed by b! c �cs transitions;
examples include �cK0

S,  �2S�K0
S, and �c1K

0
S.

In this Letter, we present the first search forCP violating
decays of the ��4S�. The data sample used contains 535�
106 ��4S� mesons collected with the Belle detector at the
KEKB asymmetric-energy e�e� (3.5 on 8 GeV) collider
[6]. The Belle detector is a large-solid-angle magnetic
spectrometer that consists of a silicon vertex detector
(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 calorimeter comprised of
CsI(Tl) crystals (ECL) 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 elsewhere [7]. Two inner
detector configurations were used. A 2.0 cm radius beam
pipe and a 3-layer silicon vertex detector were used for the
first sample of 152� 106 B �B pairs, while a 1.5 cm radius
beam pipe, a 4-layer silicon detector, and a small-cell inner
drift chamber were used to record the remaining 383� 106

B �B pairs [8].
The identity of each charged track is determined by a

sequence of likelihood ratios that determine the hypothesis
that best matches the available information. Tracks are
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identified as pions or kaons based on their specific ioniza-
tion in the CDC as well as the TOF and ACC responses.
This classification is superseded if the track is identified as
a lepton: electrons are identified by the presence of a
matching ECL cluster with energy and transverse profile
consistent with an electromagnetic shower; muons are
identified by their range and transverse scattering in the
KLM.

We use 2:68� 105 Monte Carlo (MC) simulation
events for each signal category. For background MC
events, we use a sample of 3:9� 1010 generic B �B decays
in which one of the B mesons decays to a known
J= ����� or e�e��X final state. For the data set used
in the present analysis, the MC simulation predicts a small
signal yield, 0.04 events, when we choose the combination
�f1; f2� � �J= K

0
S; J= K

0
S� and fully reconstruct both

J= K0
S final states. Here we use the J= ! e�e�,

����, and K0
S ! ���� modes. In order to increase the

signal yield, we instead adopt a partial reconstruction
method. We fully reconstruct one B0 ! J= K0

S decay
(called fJ= K0

S
hereafter) and find another K0

S (called
tagK0

S hereafter) from the remaining particles. We then
reconstruct the recoil mass (Mrecoil) using J= K0

S and
tagK0

S. The recoil mass distribution should in principle
include peaks that correspond to the �c, J= , �c1, or
 �2S�. We choose two of the possible combinations,
�f1; f2� � �fJ= K0

S
; J= tagK0

S� and (fJ= K0
S
, �ctagK0

S). In

the following, these are referred to as inclusive-J= com-
binations and inclusive-�c combinations, respectively.
Based on a MC study, we expect that the signal yield
will increase by a factor of 40 compared to full reconstruc-
tion while maintaining a reasonable signal to background
ratio (S=B) of about 1=7 for these two combinations. We
do not use other combinations because the S=B ratio is less
than 1=100.

We use oppositely charged track pairs to reconstruct
J= ! e�e�, ���� decays, where at least one track is
positively identified as a lepton. Photons within 50 mrad of
the e� and e� tracks are included in the invariant mass
calculation [denoted as e�e����]. The invariant mass is
required to lie in the range �0:15 GeV=c2 <Mee��� �

mJ= < 0:036 GeV=c2 and �0:06 GeV=c2 <M�� �

mJ= < 0:036 GeV=c2, where mJ= denotes the nominal
mass of J= ; Mee��� and M�� are the reconstructed invari-
ant masses from e�e���� and ����, respectively.
Asymmetric intervals are used to include part of the radia-
tive tails. Candidate K0

S ! ���� decays are oppositely
charged track pairs that have an invariant mass within

0:016 GeV=c2 (’4�) of the nominal K0 mass. The
���� vertex is required to be displaced from the interac-
tion point in the direction of the pion pair momentum for
tagK0

S.
For the full reconstruction of a B decay, we use 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 center-of-mass

system (cms) of the ��4S� resonance, and Ecms
B and pcms

B
are the cms energy and momentum of the reconstructed B
candidate, respectively. The Mbc and �E distributions are
shown in Fig. 1. The signal is extracted from an unbinned
extended maximum-likelihood fit to the Mbc-�E distribu-
tion. The signal shape is modeled with a single (double)
Gaussian while the background shape is modeled with an
ARGUS function [9] (a first order polynomial) for the Mbc

(�E) distribution. We obtain 8283
 94 fJ= K0
S

events

when we do not require a tagK0
S.

We require 5:27 GeV=c2 � Mbc � 5:29 GeV=c2 and
j�Ej � 0:04 GeV for fJ= K0

S
. The recoil mass is calculated

by combining a fJ= K0
S

candidate and a tagK0
S candidate.

The expected number of signal events estimated from MC
calculations is 1.1 (0.6) with a reconstruction efficiency of
28.8 (26.8)% for the inclusive-J= (�c) combination
where branching fractions of subdecays are not included.
With the partial reconstruction technique, the number of
J= ! e�e�,���� decays in the (J= K0

S, J= K0
S) com-

bination is about twice as large as that for the (J= K0
S,

�cK
0
S) combination. A total of 1.7 signal events are then

expected in our data set.
The dominant source of background is generic B0 de-

cays. A partially reconstructed B candidate should be
flavor nonspecific if it is a signal event. On the other
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FIG. 1 (color online). Mbc (left) and
�E (right) distributions for B0 !

J= �‘�‘��K0
S��

���� decay (l � e,
�). The solid curves show the fits to
signal plus background distributions,
and the dashed curves show the back-
ground distributions.
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hand, about a half of the generic B0 decays that survive the
selection are flavor specific. In order to distinguish be-
tween the signal and the background, we therefore identify
the flavor of the partially reconstructed accompanying B
meson using leptons, charged pions, and kaons that are not
associated with the fully reconstructed B meson. The pro-
cedure for flavor tagging is described in Ref. [10]. We use
an event-by-event flavor-tagging dilution factor, r, which
ranges from r � 0 for no flavor discrimination to r � 1 for
perfect flavor assignment.

We determine the signal yield by performing an un-
binned extended maximum-likelihood fit to the candidate
events. The likelihood function is

 L �
1

N!
exp

�
�
X
k

nk

�YN
i�1

�X
k

nkfk�M
recoil
i ; ri�

�
; (3)

where N is the total number of candidate events, nk is the
number of events, and fk is the probability density function
(PDF) for each event category k, which is inclusive-J= ,
inclusive-�c, or background. The parameters Mrecoil

i and ri
are the recoil mass and r value for the ith event. The PDFs
are obtained from the MC simulation. The recoil mass
distributions are modeled with a triple Gaussian for each
signal mode and an exponential shape for background. We
do not find any peaking background in either the MC
samples or in the Mbc sideband data. The PDFs for the r
distributions are histograms with 10 bins obtained from
MC calculations. The ratio between the inclusive-J= and
�c signals is fixed from the MC calculations.

We check the method using charged B decay control
samples, ��4S�!B�B�!�fB� ;J= 

tagK� and�ctagK��,
where fB� stands for J= �e�e�; �����K� and
�D0�K���; K���������� decays [11]. Figure 2 shows

the recoil mass distribution for the charged B control
samples. The fit yields 206
 57 signal events, which is
in good agreement with the MC expectation (183 events).
If we float the ratio between the inclusive-J= and �c
modes, we obtain 96
 23 and 109
 25 events for the

inclusive-J= and �c modes, respectively. These results
are also consistent with the MC expectation, 90 (93) events
for inclusive-J= (�c) mode. We obtain correction factors,
the mean and width for the signal peaks, and the slope for
background, by fitting these samples.

We adopted a blind analysis method and estimated
systematic uncertainties before obtaining the final result.
The systematic uncertainties for the combined branching
fraction, B���4S� ! B0 �B0 ! J= K0

S; �J= ; �c�K
0
S�, are

summarized in Table I. The dominant source of system-
atics is due to the uncertainties in the correction factors for
the recoil mass distribution; we assign 20.5%, which is the
sum in quadrature of 19.7% from the signal shapes and
5.5% from the background shape.

Possible differences between data and the MC cal-
culations in the r distributions are also studied. We
use neutral B decay control samples, ��4S� ! B0 �B0 !

�fB0 ; �J= ;�c�
tagK0

S� decays, where fB0 represents B0 !

D����� and D�	� followed by the decays D� !
�D0��, �D0 ! K���, K����0, K�������, D� !
K�����, 	� ! ���0, and �0 ! ��. We obtain 35

16 signal events for these samples, which is consistent with
the MC prediction (64 events) within 2 standard deviations.
There is no discrepancy between data and fit results either
in recoil mass or in the r distributions, as shown in Fig. 2.
We repeat the fit using the background r PDF determined
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FIG. 2 (color online). Recoil mass distribution for the charged B decay control samples (left), recoil mass (middle), and r (right)
distribution for the neutral B decay control samples. The solid curve shows the fit to signal plus background distributions while the
dashed curve shows the background distribution.

TABLE I. Systematic uncertainties in the branching fraction
measurement.

Source (%)

Recoil mass distribution 20.5
r distribution 4.2
Reconstruction efficiency 5.7
Number of B �B pairs 1.3
Branching fractions of subdecays 10.9

Total 24.3
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from the data in the recoil mass sideband regions Mrecoil 2
(2.40, 2.85) and �3:20; 3:30� GeV=c2. The difference be-
tween the two fit results (2.6%) is included in the system-
atic error from the r distribution. We also repeat the fit
without using the r distribution, which yields a result that
differs by 3.3% from the nominal fit result. We assign a
4.2% systematic uncertainty for the r distribution, which is
the sum in quadrature of these two errors.

Systematic uncertainties from event reconstruction are
studied by varying the particle identification, K0

S selection,
and other requirements. The resulting changes in the signal
yield in data and MC calculations for B0 ! J= K0

S and
B� ! J= K� are used to estimate the systematic error. In
total, 5.7% of the systematic uncertainty that is obtained
from the sum in quadrature of differences between data and
MC calculations is assigned for event reconstruction. The
uncertainty in the total number of B �B pairs is 1.3%.
Uncertainties in the daughter branching fractions [5] are
dominated by those for the �c decays.

The results of the final fit are shown in Fig. 3. The
extracted signal yield, �1:5�3:6

�2:8 events, is consistent
with zero as well as with the SM prediction (1.7 events).
An upper limit is determined with a frequentist method
[12], where the PDFs are smeared to include system-
atic uncertainties. We obtain B���4S� ! B0 �B0 !
J= K0

S; �J= ; �c�K
0
S�< 4� 10�7 at the 90% confidence

level, where the SM prediction is 1:4� 10�7. This corre-
sponds to F < 2 at the 90% confidence level. We also
search for (J= K0

S, J= K0
S) combinations by fully recon-

structing both B mesons. No candidates are observed.
In summary, a search for CP violation in ��4S� decays

was performed. In a data sample of 535� 106 B �B pairs
obtained via decays of the ��4S� resonance, no significant
signals were observed. We obtain an upper limit of 4�
10�7 at the 90% confidence level for the branching fraction
of the CP violating modes, ��4S� ! B0 �B0 ! J= K0

S �
�J= ; �c�K

0
S. Assuming the SM, with an integrated lumi-

nosity of 30 ab�1 that is expected to be available in a future
B factory, these decays can be observed with 5�
significance.

We thank the KEKB group for excellent operation of the
accelerator, the KEK cryogenics group for efficient sole-
noid operations, and the KEK computer group and the NII
for valuable computing and Super-SINET network sup-
port. We acknowledge support from MEXT and JSPS
(Japan); ARC and DEST (Australia); NSFC and KIP of
CAS (China); DST (India); MOEHRD, KOSEF, and KRF
(Korea); KBN (Poland); MES and RFAAE (Russia);
ARRS (Slovenia); SNSF (Switzerland); NSC and MOE
(Taiwan); and DOE (USA).

[1] J. H. Christenson, J. W. Cronin, V. L. Fitch, and R. Turlay,
Phys. Rev. Lett. 13, 138 (1964).

[2] K. Abe et al. (Belle Collaboration), Phys. Rev. Lett. 87,
091802 (2001); B. Aubert et al. (BABAR Collaboration),
Phys. Rev. Lett. 87, 091801 (2001).

[3] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652
(1973).

[4] L. Wolfenstein, Nucl. Phys. B246, 45 (1984); M. B.
Gavela et al., Phys. Lett. 162B, 197 (1985); I. Bigi and
A. Sanda, Phys. Lett. B 194, 307 (1987); I. Bigi, V. Khoze,
N. Uraltsev, and A. Sanda, CP Violation, edited by
C. Jarlskog (World Scientific, Singapore, 1989), p. 175.

[5] W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1
(2006).

[6] S. Kurokawa and E. Kikutani, Nucl. Instrum. Methods
Phys. Res., Sect. A 499, 1 (2003), and other papers
included in this volume.

[7] A. Abashian et al. (Belle Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 479, 117 (2002).

[8] Z. Natkaniec et al. (Belle SVD2 Group), Nucl. Instrum.
Methods Phys. Res., Sect. A 560, 1 (2006).

[9] H. Albrecht et al. (ARGUS Collaboration), Phys. Lett. B
241, 278 (1990).

[10] H. Kakuno et al., Nucl. Instrum. Methods Phys. Res., Sect.
A 533, 516 (2004).

[11] Throughout this Letter, the inclusion of the charge con-
jugate mode decay is implied unless otherwise stated.

[12] G. J. Feldman and R. D. Cousins, Phys. Rev. D 57, 3873
(1998).

)2recoil mass (GeV/c
2.4 2.6 2.8 3 3.2

)2
E

ve
n

ts
 / 

(0
.0

2 
G

eV
/c

0

1

2

3

4

5

6

7

8

9

r
0 0.2 0.4 0.6 0.8 1

E
ve

n
ts

 / 
0.

1

0

5

10

15

20

FIG. 3 (color online). Recoil mass
(left) and r (right) distribution for
samples reconstructed as ��4S� !
�J= K0

S; �J= ; �c�K
0
S� decay. The solid

lines show the fits to signal plus back-
ground distributions while the dashed
lines show the background distributions.

PRL 99, 211601 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
23 NOVEMBER 2007

211601-5


