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30Harvard University, Cambridge, Massachusetts 02138, USA

31Physikalisches Institut, Universität Heidelberg, Philosophenweg 12, D-69120 Heidelberg, Germany
32Imperial College London, London SW7 2AZ, United Kingdom

33University of Iowa, Iowa City, Iowa 52242, USA
34Iowa State University, Ames, Iowa 50011-3160, USA
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75Universitad de Valencia, E-46100 Burjassot, Valencia, Spain

76Vanderbilt University, Nashville, Tennessee 37235, USA
77University of Victoria, Victoria, British Columbia, Canada V8W 3P6

78Department of Physics, University of Warwick, Coventry CV4 7AL, United Kingdom
79University of Wisconsin, Madison, Wisconsin 53706, USA

80Yale University, New Haven, Connecticut 06511, USA
(Received 22 December 2004; published 14 April 2005)
141801-3



PRL 94, 141801 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
15 APRIL 2005
We report measurements of branching fractions and charge asymmetries of exclusive decays of neutral
and charged Bmesons into two-body final states containing a charmonium state and a light strange meson.
The charmonium mesons considered are J= ,  �2S� and �c1, and the light meson is either K or K�. We
use a sample of about 124� 106 BB pairs collected with the BABAR detector at the PEP-II storage ring at
the Stanford Linear Accelerator Center.

DOI: 10.1103/PhysRevLett.94.141801 PACS numbers: 13.25.Hw, 11.30.Er, 12.15.Hh
TABLE I. Decay processes studied in this analysis. The �c �c�
resonance is either a J= ,  �2S�, or �c1. For all processes, when
relevant, we use the secondary-decay modes J= ;  �2S� !
‘�‘�, �c1 ! J= �, and K0

S ! ����; �0 ! ��.

Decay channel Secondary K� decay mode

B0 ! �c �c� K�0 K�0 ! K���; K0
S�

0

B� ! �c �c� K�� K�� ! K��0; K0
S�

�

B0 ! �c �c� K0
S

B� ! �c �c� K�
Nonleptonic decays of B mesons provide tests of
both strong- and weak-interaction dynamics. Decays B!

�cc�K��� are particularly illuminating as they involve three
kinds of mesons: one with a heavy quark and a light quark,
one with two heavy quarks, and one with two light quarks.
A better description of the long distance nonpertubative
aspects of QCD is indeed necessary to improve our under-
standing of heavy meson weak decays and more particu-
larly our knowledge of the quark mixing matrix [1].
Phenomenological models (see Refs. [2–12] of Ref. [2])
give estimates for branching fractions and for ratios of the
decays to K and K�. Some branching fractions and ratios
have been reported (early measurements can be found in
[3,4]) but others have not, so more stringent tests of the
models are possible. The standard model predicts small
differences between the branching fractions for positive
and negative B mesons, i.e., small direct CP violation [5].
Large charge asymmetries would be evidence for new
physics. Limits on direct CP violation would constrain
extensions of the standard model. Very few charge asym-
metry measurements have been reported in B! �c �c�K���

modes [6]. The decay processes studied in this Letter are
listed in Table I.

The data sample used in this analysis contains 124 �
106 BB events collected with the BABAR detector at the
PEP-II asymmetric e�e� storage ring. This represents a
total integrated luminosity of 112:4 fb�1 taken on the
	�4S� resonance. The BABAR detector is described in
detail elsewhere [7]. Surrounding the interaction point, a
five-layer double-sided silicon vertex tracker (SVT) pro-
vides precise reconstruction of track angles and B decay
vertices. A 40-layer drift chamber (DCH) provides mea-
surements of the transverse momenta of charged particles.
An internally reflecting ring-imaging Cherenkov detec-
tor (DIRC) is used for particle identification. A CsI(Tl)
crystal electromagnetic calorimeter (EMC) is used to de-
tect photons and electrons. The calorimeter is surrounded
by a 1.5-T magnetic field. The flux return is instrumented
with resistive plate chambers (RPC) used for muon and
neutral-hadron identification.

Multihadron events are selected by demanding a mini-
mum of three reconstructed charged tracks in the polar-
angle range 0:41< �< 2:54 rad, where � is defined in the
laboratory frame. Charged tracks must be reconstructed in
the DCH and are required to originate within 1.5 cm of the
beam in the plane transverse to it and within 10 cm of the
beam spot along the beam direction. Events are required to
14180
have a primary vertex within 0.5 cm of the average position
of the interaction point in the plane transverse to the beam
line, and within 6 cm longitudinally. Charged tracks are
required to include at least 12 DCH hits and to have a
transverse momentum pT > 100 MeV=c. Photons are re-
constructed from EMC clusters. The lateral energy profile
(LAT) [8] is used to discriminate electromagnetic from
hadronic clusters. Photons are required to have a minimum
energy of 30 MeV, to satisfy LAT< 0:8, and to be in the
fiducial volume 0:41< �< 2:41 rad. Electron candidates
are selected using information from the EMC (LAT and
Zernike moment A42 [9]), the ratio of the energy measured
in the EMC to the momentum measured by the tracking
system, the energy loss in the drift chamber, and the
Cherenkov angle measured in the DIRC. Electrons are
also required to be in the fiducial volume 0:41< �<
2:41 rad. Muon candidates are selected using information
from the EMC (energy deposition consistent with a mini-
mum ionizing particle) and the distribution of hits in the
RPC. Muons are required to be in the fiducial volume
0:3< �< 2:7 rad. We select charged kaon and pion can-
didates using information from the energy loss in the SVT
and DCH, and the Cherenkov angle measured in the DIRC.
Kaon candidates are required to be in the fiducial volume
0:45< �< 2:45 rad.

The selection has been optimized by maximizing the
ratio S=

�������������
S� B

p
, where S and B are the number of expected

signal and background events obtained from Monte Carlo
simulation. The J= candidates are required to have an
invariant mass 2:95<Me�e� < 3:14 GeV=c2 or 3:06<
M���� < 3:14 GeV=c2 for J= ! e�e� or J= !

���� decays, respectively. The  �2S� candidates are
required to have an invariant mass 3:44<Me�e� <
3:74 GeV=c2 or 3:64<M���� < 3:74 GeV=c2 for
 �2S� ! e�e� or  �2S� ! ���� decays, respectively.
1-4
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FIG. 1. mES distributions and fits within the �E signal region.
From left to right, the columns show the distributions for the
J= ,  �2S�, and �c1 channels. From top to bottom, the rows
show the distributions for the B! �c �c� K�0 (K0

S�
0), B! �c �c�

K�0 (K���), B! �c �c� K�� (K0
S�

�), B! �c �c� K�� (K��0),
B! �c �c� K0

S and B! �c �c� K� decay modes. The dashed and
dotted lines show the combinatorial and peaking backgrounds,
respectively.
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For J= ;  �2S� ! e�e� decays, electron candidates are
combined with photon candidates in order to recover some
of the energy lost through bremsstrahlung. In the �c1
reconstruction, J= candidates are selected as described
above. The associated � has to satisfy LAT< 0:8, A42 <
0:15 and has to have an energy greater than 0.15 GeV. The
�c1 candidates are required to satisfy 0:35<M‘�‘�� �

M‘�‘� < 0:45 GeV=c2, where ‘ represents an electron or
a muon. The �0 ! �� candidates are required to satisfy
0:113<M�� < 0:153 GeV=c2. Both photons have to sat-
isfy LAT< 0:8. The energy of the soft photon has to be
greater than 0.050 GeV and the energy of the hard photon
has to be greater than 0.150 GeV. The K0

S ! ���� can-
didates are required to satisfy 0:489<M���� <
0:507 GeV=c2. In addition, the K0

S flight distance defined
as the distance between the reconstructed B and K0

S verti-
ces must exceed 1 mm, and the angle between the K0

S
momentum and its flight direction in the plane transverse
to the beam axis must be less than 0.2 rad. TheK�0 andK��

candidates are required to satisfy 0:796<MK� <
0:996 GeV=c2 and 0:792<MK� < 0:992 GeV=c2, re-
spectively. In addition, for the sake of suppressing back-
ground from events with soft pions, for channels having a
�0 in the final state, the cosine of the angle between the K
momentum and the B momentum in the K� rest frame has
to be less than 0.8.

The B candidates are reconstructed by combining char-
monium and kaon candidates and are characterized by two
kinematic variables: the difference between the recon-
structed energy of the B candidate and the beam energy
in the center-of-mass frame �E 	 E�

B � E�
beam, and the

beam energy-substituted mass mES, defined as mES 
�������������������������
E�2

beam � p�2
B

q
, where the � refers to quantities in the center

of mass and pB is the B momentum. For a correctly
reconstructed B meson, �E is expected to peak at zero
and the energy-substituted mass mES at the B meson mass,
5:279 GeV=c2. Only one reconstructed Bmeson is allowed
per event. For events that have multiple candidates, the
candidate having the smallest j�Ej is chosen. The analysis
is performed in a region of the mES vs �E plane defined by
5:2<mES < 5:3 GeV=c2 and �0:12< �E< 0:12 GeV.
A �E channel-dependent signal region is subsequently
defined. The mES distributions within the �E signal region
for candidate events are shown on Fig. 1.

There are two components to the residual background in
the �E signal region: the combinatorial background and a
peaking component (component of the background that
peaks at the same values of �E and mES as the signal).
The number of signal events NS is determined from the
number of candidate events, Ncand, after subtracting the
peaking background. For this purpose, the mES distribution
within the �E signal region is fitted to the sum of an
ARGUS function [4], which models the combinatorial
background, and a Gaussian function. The value of Ncand
14180
is given by the integral of the Gaussian component. There
are two contributions to the peaking background. The first
is the cross-feed component that is due to B! �c �c� K�

events from the three channels other than the one under
consideration. The second contribution is from other B
decays with a J= or  �2S� in the final state. To determine
the extent of peaking background, the mES distribution for
simulated BB events is fitted within the �E signal region
by an ARGUS function and a Gaussian function. The
peaking background is taken as the integral of the
Gaussian portion.
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TABLE II. Measured branching fractions for exclusive decays
of B mesons to charmonium and kaon final states. The first error
is statistical and the second systematic.

Channel Branching fraction ( � 10�4)

B0 ! J= K�0 13:09� 0:26� 0:77
B� ! J= K�� 14:54� 0:47� 0:97
B� ! J= K� 10:61� 0:15� 0:48
B0 ! J= K0 8:69� 0:22� 0:30
B0 !  �2S� K�0 6:49� 0:59� 0:97
B� !  �2S� K�� 5:92� 0:85� 0:89
B� !  �2S� K� 6:17� 0:32� 0:44
B0 !  �2S� K0 6:46� 0:65� 0:51
B0 ! �c1 K

�0 3:27� 0:42� 0:64
B� ! �c1 K

�� 2:94� 0:95� 0:98
B� ! �c1 K

� 5:79� 0:26� 0:65
B0 ! �c1 K

0 4:53� 0:41� 0:51

TABLE III. Results for ratios of the branching fractions for
charmonium and a K� versus charmonium and a K. The first
error is statistical and the second systematic.

Ratio Result

B�B0 ! J= K�0�=B�B0 ! J= K0� 1:51� 0:05� 0:08
B�B� ! J= K���=B�B� ! J= K�� 1:37� 0:05� 0:08
B�B! J= K��=B�B! J= K� 1:44� 0:04� 0:06
B�B0 !  �2S�K�0�=B�B0 !  �2S�K0� 1:00� 0:14� 0:09
B�B� !  �2S�K���=B�B� !  �2S�K�� 0:96� 0:15� 0:09
B�B!  �2S�K��=B�B!  �2S�K� 0:98� 0:10� 0:07
B�B0 ! �c1K

�0�=B�B0 ! �c1K
0� 0:72� 0:11� 0:12

B�B� ! �c1K
���=B�B� ! �c1K

�� 0:51� 0:17� 0:16
B�B! �c1K

��=B�B! �c1K� 0:65� 0:09� 0:10
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The branching fractions are obtained as

BF 

NS

NBB � �� f
; (1)

where NBB is the number of BB events, � is the selection
efficiency, and f is the total secondary branching fraction.
For channels with a K� in the final state, the cross-feed
contribution depends on the branching fractions that are
being measured. It was estimated by an iterative procedure
and found to be small.

The systematic errors arise from the uncertainty on the
number of BB events (1.1%), the secondary branching
fractions (taken from Ref. [10]), the estimate of the selec-
tion efficiency, and the knowledge of the background. For
the tracking efficiency, an error of 1.3% per track has been
used. For the particle identification efficiency, the system-
atic error varies between 0.2% and 3.7%. The uncertainty
on the detection and energy measurement of photons is
2.5%, common to all channels, plus a small channel-
dependent correction. The uncertainty on the �0 recon-
struction is 5.0% for all channels, plus a channel-dependent
correction. The overall selection efficiency depends on the
angular distribution. The efficiency can be written as � 	
a� jA0j

2b, where a and b are obtained from the K�

helicity angle by a 	 3=4
R
�1 � cos2�K� ����K� ��

sin��K� �d�K� and b 	 3=4
R
�3 cos2�K� � 1����K� ��

sin��K� �d�K� , and jA0j
2 is the fraction of the longitudinal

K� polarization [11]. The values of a and b are obtained
from simulation. Using an error for jA0j

2 varying between
7% and 15% [11] depending on the final state, we obtain a
systematic uncertainty on the efficiency and consequently
on the branching fractions varying from 3.4% to 8.6%. In
the default fit, the shape parameter of the ARGUS function
is not constrained. To determine a systematic error due to
the combinatorial background, a second fit with the shape
parameter of the ARGUS function fixed to the value ob-
tained from fitting the data in the �E sideband region was
performed. The systematic uncertainty on the combinato-
rial background has been taken as 50% of the difference
between the number of events obtained from the default fit
and from the second fit. For the cross-feed component to
the peaking background, the uncertainty of the correspond-
ing branching fractions, taken from Ref. [10], has been
assigned as the systematic error. For the contribution com-
ing from other B decays with a J= or a  �2S� in the final
state, a 50% error has been assigned, accounting for the
poor knowledge of the branching fractions of the contrib-
uting decay modes. Overall, the dominant contribution to
the systematic error is from the secondary-decay branching
fractions in the case of  �2S�K��� and �c1 K, the efficiency
determination in the case of J= K���, and the background
subtraction in the case of �c1 K�.

Assuming isospin invariance in the B! charmonium K
(K�) decays, we compute R�=0, the ratio "�	�4S� !
B�B��="�	�4S� ! B0B0�. Using the ratio of the charged
14180
to neutral B meson lifetimes #B�=#B0 	 1:086� 0:017
[10], we obtain

R�=0 

"�	�4S� ! B�B��

"�	�4S� ! B0B0�
	 1:06� 0:02� 0:03; (2)

where the first error is statistical and the second systematic.
The branching fractions have been determined using
R�=0 	 1; they are summarized in Table II. The ratios of
the branching fractions for B! �c �c�K� and B! �c �c�K for
the three �c �c� states are presented in Table III. For each of
the charmonium states, the average of the charged and
neutral measurements is also shown.

Finally, we have measured the charge asymmetries

A 

B�B� ! �c �c�K������B�B� ! �c �c�K�����

B�B� ! �c �c�K������B�B� ! �c �c�K�����
; (3)

using efficiencies determined separately for the two
charges. The results are presented in Table IV. No statisti-
cally significant asymmetry is observed.

In summary, branching fraction measurements of exclu-
sive B decays to charmonium [J= ,  �2S�, and �c1] and K
1-6



TABLE IV. Results for charge asymmetries. The first error is
statistical and the second systematic.

Final state Asymmetry

J= K� �0:030� 0:014 � 0:010
J= K�� 0:048� 0:029� 0:016
 �2S� K� 0:052� 0:059� 0:020
 �2S� K�� �0:077� 0:207 � 0:051
�c1 K

� 0:003� 0:076� 0:017
�c1 K

�� �0:471� 0:378 � 0:268
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or K� have been presented. Our results for J= and  �2S�
are in good agreement with previous measurements [10]
and exhibit comparable or superior precision. Our �c1
results have much better precision than earlier measure-
ments. The B� ! �c1 K

�� mode was previously unmeas-
ured. Assuming isospin invariance, we find the ratio of
charged- to neutral-B meson production on the 	�4S�
resonance to be compatible with unity within 1.7 standard
deviations. No direct CP violation has been observed in the
charge asymmetries.
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