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S. Pruvot,36 S. Rodier,36 P. Roudeau,36 M. H. Schune,36 J. Serrano,36 V. Sordini,36 A. Stocchi,36 W. F. Wang,36

G. Wormser,36 D. J. Lange,37 D. M. Wright,37 C. A. Chavez,38 I. J. Forster,38 J. R. Fry,38 E. Gabathuler,38 R. Gamet,38

D. E. Hutchcroft,38 D. J. Payne,38 K. C. Schofield,38 C. Touramanis,38 A. J. Bevan,39 K. A. George,39 F. Di Lodovico,39

W. Menges,39 R. Sacco,39 G. Cowan,40 H. U. Flaecher,40 D. A. Hopkins,40 P. S. Jackson,40 T. R. McMahon,40

F. Salvatore,40 A. C. Wren,40 D. N. Brown,41 C. L. Davis,41 J. Allison,42 N. R. Barlow,42 R. J. Barlow,42 Y. M. Chia,42

C. L. Edgar,42 G. D. Lafferty,42 T. J. West,42 J. I. Yi,42 J. Anderson,43 C. Chen,43 A. Jawahery,43 D. A. Roberts,43 G. Simi,43

J. M. Tuggle,43 G. Blaylock,44 C. Dallapiccola,44 S. S. Hertzbach,44 X. Li,44 T. B. Moore,44 E. Salvati,44 S. Saremi,44

R. Cowan,45 P. H. Fisher,45 G. Sciolla,45 S. J. Sekula,45 M. Spitznagel,45 F. Taylor,45 R. K. Yamamoto,45 S. E. Mclachlin,46

P. M. Patel,46 S. H. Robertson,46 A. Lazzaro,47 F. Palombo,47 J. M. Bauer,48 L. Cremaldi,48 V. Eschenburg,48 R. Godang,48

R. Kroeger,48 D. A. Sanders,48 D. J. Summers,48 H. W. Zhao,48 S. Brunet,49 D. Côté,49 M. Simard,49 P. Taras,49
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3Università di Bari, Dipartimento di Fisica and INFN, I-70126 Bari, Italy
4University of Bergen, Institute of Physics, N-5007 Bergen, Norway

5Lawrence Berkeley National Laboratory and University of California, Berkeley, California 94720, USA
6University of Birmingham, Birmingham, B15 2TT, United Kingdom

7Ruhr Universität Bochum, Institut für Experimentalphysik 1, D-44780 Bochum, Germany
8University of Bristol, Bristol BS8 1TL, United Kingdom

9University of British Columbia, Vancouver, British Columbia, Canada V6T 1Z1
10Brunel University, Uxbridge, Middlesex UB8 3PH, United Kingdom

11Budker Institute of Nuclear Physics, Novosibirsk 630090, Russia
12University of California at Irvine, Irvine, California 92697, USA

13University of California at Los Angeles, Los Angeles, California 90024, USA
14University of California at Riverside, Riverside, California 92521, USA
15University of California at San Diego, La Jolla, California 92093, USA

16University of California at Santa Barbara, Santa Barbara, California 93106, USA
17University of California at Santa Cruz, Institute for Particle Physics, Santa Cruz, California 95064, USA

18California Institute of Technology, Pasadena, California 91125, USA
19University of Cincinnati, Cincinnati, Ohio 45221, USA
20University of Colorado, Boulder, Colorado 80309, USA

21Colorado State University, Fort Collins, Colorado 80523, USA
22Universität Dortmund, Institut für Physik, D-44221 Dortmund, Germany

23Technische Universität Dresden, Institut für Kern- und Teilchenphysik, D-01062 Dresden, Germany
24Laboratoire Leprince-Ringuet, CNRS/IN2P3, Ecole Polytechnique, F-91128 Palaiseau, France

25University of Edinburgh, Edinburgh EH9 3JZ, United Kingdom
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We study the decays B0 ! J= ���� and B� ! J= ���0, including intermediate resonances, using
a sample of 382� 106 B �B pairs recorded by the BABAR detector at the PEP-II e�e� B factory. We
measure the branching fractions B�B0 ! J= �0� � �2:7� 0:3� 0:2� � 10�5 and B�B� ! J= ��� �
�5:0� 0:7� 0:3� � 10�5. We also set the following upper limits at the 90% confidence level: B�B0 !
J= ���� nonresonant�< 1:2� 10�5, B�B0 ! J= f2�< 4:6� 10�6, and B�B� !
J= ���0 nonresonant�< 7:3� 10�6. We measure the charge asymmetry in charged B decays to
J= � to be �0:11� 0:12� 0:08.

DOI: 10.1103/PhysRevD.76.031101 PACS numbers: 13.25.Hw, 12.15.Hh

The decay B0 ! J= �0 [1] can in principle be used to
measure the CP violation parameter sin2�. However, the
measurement is not as straightforward as that of sin2� in
J= K0

S decays [2,3], because it involves the decay of a
pseudoscalar meson to two vector mesons, resulting in both
CP-odd and CP-even final states. Furthermore, the decay
can proceed through either a color-suppressed tree diagram
or a penguin diagram, both shown in Fig. 1, and interfer-
ence between them could result in direct CP violation [4].
Direct CP violation may also occur in B� ! J= ��

decays, where it would manifest itself as a nonzero charge
asymmetry:

 A CP �
N�B� ! J= ��� � N�B� ! J= ���
N�B� ! J= ��� � N�B� ! J= ���

: (1)

The large intrinsic width of the � meson necessitates an
analysis of a significant portion of the invariant mass
spectrum of the dipion system.

The branching fraction for B0 ! J= ���� has previ-
ously been measured at BABAR to be �4:6� 0:7� 0:6� �
10�5 [5], including a J= �0 component with a branching
fraction of �1:6� 0:6� 0:4� � 10�5. This measurement
used a data sample containing approximately 56� 106

B �B pairs, which is a subset of the sample used in this
analysis. The charged B decay to J= �� has not previ-
ously been observed; the CLEO Collaboration set an upper

limit B�B� ! J= ���< 7:7� 10�4 at the 90% confi-
dence level [6].

The data sample used here contains 382� 106 B �B pairs
collected with the BABAR detector at the PEP-II
asymmetric-energy e�e� storage ring, taken at a center-
of-mass (CM) energy equivalent to the mass of the ��4S�
resonance. An additional data sample, corresponding to an
integrated luminosity of 36:8 fb�1, taken at a CM energy
40 MeV below the ��4S� resonance, is used to study
backgrounds from continuum q �q production, where q �
u, d, s, c.

A detailed description of the BABAR detector can be
found elsewhere [7]. Charged-particle trajectories are mea-
sured by a five-layer silicon vertex tracker (SVT) and a 40-
layer drift chamber (DCH) operating in a 1.5 T solenoidal
magnetic field. A detector of internally reflected
Cherenkov light (DIRC) is used for charged hadron iden-
tification. Surrounding this is a CsI(Tl) electromagnetic
calorimeter (EMC), and finally the instrumented flux re-
turn (IFR) of the solenoid, which consists of layers of iron
interspersed with resistive plate chambers or limited
streamer tubes.

The J= meson is reconstructed in decays to l�l�,
where l� refers to a charged lepton, e� or ��. Electrons
are selected on the basis of the ratio of EMC shower energy
to track momentum, and the energy profile of the EMC
shower. For J= ! e�e� an attempt is made to recover
energy losses from bremsstrahlung, by looking for showers
in the EMC close to those from the electron candidates.
This procedure increases the selection efficiency for
J= ! e�e� candidates by approximately 30% [8]. The
muon selection algorithm uses a neural network, for which
the most important input is the number of interaction
lengths traversed in the IFR. The lepton pairs are fitted to
a common vertex and the invariant mass of the combina-
tion is required to be in the range 2.98 (3.06) to
3:14 GeV=c2 for the e�e� (����) channels. In order to
reduce the background from B0 ! J= K�0�K�0 !
K���� decays, charged pion candidates are required to
satisfy stringent particle identification criteria, based on
combined ionization energy loss (dE=dx) in the DCH and
SVT, and the Cherenkov angle measured in the DIRC.

All tracks are required to originate close to the interac-
tion point, and to lie in polar angle ranges where particle
identification efficiency is well measured. The allowed
ranges correspond to the geometric acceptances of the

FIG. 1. Tree and penguin diagrams for the process B0 !
J= �0.
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DIRC for pions, the EMC for electrons, and the IFR for
muons.

Neutral pion candidates are formed by combining pairs
of isolated showers in the EMC. These are required to
spread over a minimum of three crystals, and to have an
energy greater than 200 MeV.

To form a B candidate, the reconstructed J= is com-
bined with either a pair of oppositely charged pions, or a
charged pion and a �0, and a kinematic and geometric fit is
used to ensure that all final state particles are consistent
with coming from the same decay point. In this fit, we
constrain the invariant mass of the l�l� and the �� to have
the nominal mass of the J= and �0 respectively [9]. The
energy difference, �E, between the candidate energy and
the single beam energy, ECMbeam (both in the CM frame) is
expected to be close to zero for signal events, and is
therefore required to be in the interval �40 to 40 MeV
(� 60 to 80 MeV) for B0 (B�) candidates, corresponding
to approximately �3� of the �E resolution. Note that the
range is asymmetric for B� candidates because the �0 in
the final state gives rise to a tail on the low side of the
distribution, due to the EMC response to photons. For
events where more than one B candidate passes the selec-
tion criteria, the candidate with the smallest value of j�Ej
is chosen.

The branching fraction for each signal channel is ob-
tained from:

 B �
Nsig

NB �B � �sig �B�J= ! l�l��
; (2)

where Nsig and �sig are the observed yield and selection
efficiency, respectively, for a specific signal channel, and
NB �B is the number of B meson pairs. We assume that the
��4S� decays equally often into neutral and charged B
meson pairs. The J= ! l�l� branching fraction is taken
to be �11:87� 0:12�% [9].

We extract the signal yields for the J= �0, J= ����

nonresonant, and J= f2 channels by performing a fit on
the sample of reconstructed B0 candidates. We also per-
form a similar fit to the sample of charged B candidates in
order to obtain the signal yields for the decay channels
B� ! J= �� and B� ! J= ���0 nonresonant. The fits
are two-dimensional, extended, unbinned maximum like-
lihood fits to the distributions of mES and m��, where

mES �
��������������������������������������
�ECMbeam�

2 � �pCMB �
2

q
is the beam-energy substituted

Bmass, andm�� is the invariant mass of the dipion system.
Seven event categories are considered: (i) J= � signal,
(ii) J= �� nonresonant signal, (iii) J= f2 signal, (iv) J= 
K0
S events, (v) background events that do not contain a J= 

(non-J= background), (vi) background events containing
a J= (inclusive J= background), and (vii) selected back-
ground channels that have been studied in more detail
(exclusive J= backgrounds). In the fit to neutral B can-
didates, the decay channels that comprise category (vii) are

J= K�0, J= K��, J= K1�1270�, J= K�, J= �� [10],
and J= ��. For the fit to charged B candidates, the
exclusive J= background channels are J= K�0,
J= K��, J= K1�1270�, J= K�, J= K0

S, and J= K0
L. In

both cases, these decay channels are not included in cate-
gory (vi). Of course, categories (iii) and (iv) are only
present in the fit to neutral B candidates.

A probability density function (PDF) is constructed for
each category, and the sum of these PDFs is used to fit the
data. The likelihood function for the total sample is the
product of the PDF values for each candidate, multiplied
by a Poisson factor:

 L �
1

N!
e�N

0
�N0�N

YN
i�1

P i; (3)

where N and N0 are the numbers of observed and expected
events, respectively, and P i is the value of the total PDF for
event i. For all event categories except for the exclusive
J= background, Pi is a product of one-dimensional PDFs
in mES and m��.

Figure 2 shows the mES and m�� distributions for the
data, and the projections of the PDFs for each category.
The functional forms of these PDFs are as follows. For the
J= �0, J= ����, J= f2, and J= K0

S components, the
mES distributions are parametrized by Gaussian functions,
all with the same values for the mean and width, which are
allowed to float in the fit. In the fit to charged B candidates,
a Crystal Ball function [11] is used instead for the mES

distributions of the J= �� and J= ���0 signal compo-
nents, as the presence of a �0 in the final state gives rise to
a tail on the low mass side of the peak.

The J= � signal component is modeled by a relativistic
P-wave Breit-Wigner function [13] in m��:

 F��m��� �
m����m���P2Leff�1

�m2
� �m2

���
2 �m2

���m���
2 ; (4)

where ��m��� � �0�
q
q0
�3�

m�

m��
��

1�R2q2
0

1�R2q2�. The parameter

q�m��� is the pion momentum in the dipion rest frame,
with q0 � q�m��; P is the J= momentum in the B rest
frame; Leff is the orbital angular momentum between the
J= and the �, which can be 0, 1 or 2; R is the radius of the
Blatt-Weisskopf barrier factor [14,15], which is taken to be
�0:5� 0:5� fm; and m� is the � meson mass.

The m�� distribution for the J= �� nonresonant signal
is F�� � q�m���P3, the product of a three-body phase
space factor q�m���P and a factor P2 motivated by angular
momentum conservation.

For the J= f2 component, the m�� distribution is de-
scribed by a relativistic D-wave Breit-Wigner, similar to
Eq. (4), but with an extra factor �q=q0�

2 in the expression
for ��m���.

The decays to J= K0
S are not considered signal for this

analysis. Most of them are removed by the requirement that
all tracks are consistent with coming from the same vertex.

BRANCHING FRACTION AND CHARGE ASYMMETRY . . . PHYSICAL REVIEW D 76, 031101(R) (2007)

RAPID COMMUNICATIONS

031101-5



The m�� distribution of the remaining J= K0
S events is

modeled by a narrow Gaussian function.
Non-J= background events are modeled by an ARGUS

function [16] in mES. The m�� PDF is the sum of two
Weibull functions [18], and a Breit-Wigner to describe the
� component of the continuum background. The parame-
ters of this PDF are fixed to values obtained from fits to the
J= mass sidebands of the data.

The mES distribution of the inclusive J= background is
an ARGUS function plus a Gaussian at the B mass. The
width of this Gaussian is somewhat wider than that used for
signal components, as it represents B candidates that are
not correctly reconstructed. The m�� PDF is a 4th-order
polynomial. The PDF parameters for this component are
fixed to values obtained by fits to a large sample of B!
J= �! l�l��X Monte Carlo (MC) simulated events, with

signal events and exclusive J= background channels
removed.

Each of the exclusive J= background channels is mod-
eled by a two-dimensional PDF derived from the distribu-
tion of MC events for that decay channel. The
normalizations of these PDFs are determined by taking
into account the selection efficiency on MC simulation,
and the world average branching fractions [9].

For the branching fraction fit to neutral B candidates
there are 12 free parameters: the yields of the J= �,
J= ��, J= f2, J= K0

S, and inclusive J= background
components; the mean and width of the Gaussian used for
the signal distribution in mES; the parameters m�, �0, and
Leff in the � line shape; and the mean and width of them��
distribution for the J= K0

S component. All other parame-
ters are fixed, including those describing the line shape of
the f2�1270�, the normalizations and shapes of the exclu-
sive J= background PDFs, and the shapes of the inclusive
J= and non-J= background PDFs. We also fix the ratio
of non-J= to J= (inclusive plus exclusive) background
yields to a value obtained from fitting to data in the region
mES < 5:26 (i.e. lower in mass than the signal region), and
extrapolated to the fit region using distributions from MC
simulation.

The configuration for the charged B branching fraction
fit, shown in Fig. 3, is very similar. Here, there are eight
free parameters, since there are no J= K0

S or J= f2

components.
We find from MC simulation studies that correlations

between mES and m�� give rise to small biases in the
numbers of J= �� and J= ���0 nonresonant signal
candidates found in the charged B fit. The sizes of these
biases are evaluated by examining the distribution of re-
siduals (Nobs � Ninput) for a large number of MC experi-
ments, and are listed in Table I. The yields obtained from
the branching fraction fit are therefore corrected by sub-
tracting these quantities from the fitted yields.

The signal yields and statistical errors obtained from the
branching fraction fits are listed in Table I. We also list the
statistical significances of the observed signals,���������������������������������������
�2 ln�LNull=Lmax�

p
, where Lmax is the likelihood from

the fit, and LNull is the value of the likelihood function
when the fit is performed with the signal yield constrained
to zero events. For decay channels where no significant
signal is observed, we quote an upper limit at the 90%
confidence level, based on integrating the likelihood func-
tion over the physically allowed region.

We obtain signal efficiencies using samples of MC
signal events. Particle identification efficiency is corrected
using data control samples of electrons, muons, and pions.
The sizes of these corrections vary with momentum and
polar angle, and average corrections are about 1.5% for
electrons, 5.9% for muons, and 1.8% for pions. With these
corrections applied, about 85% (50%) of electron (muon)
pairs, and about 85% of pions, satisfy their respective
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FIG. 2 (color online). Distributions of (a) mES and (b) m�� for
B0 ! J= ���� candidates. The solid line represents the total
PDF, while the other lines represent (cumulatively, from the
bottom of the plot) non-J= background, inclusive J= back-
ground, exclusive J= background, J= ���� nonresonant
signal, and J= f2 signal. The points with error bars represent
the data and statistical errors. The sharp spike in (b) corresponds
to J= K0

S events, while the broader peak is due to J= �0 events.
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particle identification requirements. A small, energy-
dependent correction (typically about �2% relative) is
also applied to decay modes containing a �0, to account
for known differences in photon detection efficiency be-
tween data and MC simulation. The corrected signal effi-
ciencies are listed in Table I.

Systematic errors on the branching fraction measure-
ments arise from uncertainties on the signal efficiency,
on the fitted yield, on the number of B0 �B0 or B�B� events

in the sample, and on the J= ! l�l� branching fraction.
The number of B �B pairs is known to 1.1% accuracy, and an
additional 1.6% uncertainty is assigned corresponding to
the assumption that the ��4S� decays 50% of the time into
B0 �B0 and 50% of the time into B�B� [9]. The fractional
uncertainty on B�J= ! l�l�� is 1.0% [9].

The systematic uncertainties on the efficiency are
largely due to imperfect simulation of the detector per-
formance. These effects are studied using various data
control samples. The largest sources of uncertainty are
pion identification efficiency, which gives a 2.0% (3.4%)
relative error for charged (neutral) B decay channels, and
�0 efficiency (3% for charged B decays). Tracking effi-
ciency (1.5%) and lepton identification efficiency (1.0%)
also contribute to the uncertainty on the efficiency. The
polarization of the � in B! J= � decays is unknown. We
use an MC sample in which the � mesons are unpolarized
to obtain the central value of the signal efficiency. We also
evaluate the efficiency using MC data samples with differ-
ent � polarizations, and observe a relative variation of 2%,
which is assigned as a systematic uncertainty on the
branching fraction measurement.

We evaluate the impact of the fit procedure by observing
the changes in the yields when varying the PDF parameters
that were fixed in the fit within their uncertainties. The
resulting differences are added quadratically for sets of
parameters that are relatively uncorrelated, and added lin-
early for highly correlated sets of parameters. We also
repeat the fit using alternative functional forms for some
PDFs, namely, the shape of the inclusive J= background
in m��, and the � line shape, and include the resulting
differences in the yield in the systematic uncertainty. In
addition, for the J= �� and J= ���0 channels, system-
atic uncertainties equal to half of the bias corrections listed
in Table I are assigned. The total systematic uncertainties
on the yield vary from 1.8 events for the J= f2 channel, to
11.2 events for the J= �0 channel.

In order to assess the charge asymmetry A�, we per-
form a second fit to the charged B candidate sample. In this
fit, all the shape parameters for the signal and background
components are fixed to values obtained from the branch-
ing fraction fit. This reduces the number of free parameters
and improves the reliability of the fit. We include terms for
the asymmetries in signal and background components as
follows:

TABLE I. Signal yields, detection efficiencies, and branching fractions for the signal decay channels. The fit bias, product of
secondary branching fractions (B�J= ! l�l�� and B��0 ! ���), and significances of the signals (using statistical uncertainties
only) are also listed. The corrected yields are obtained by subtracting the fit bias from the fitted yields.

Mode Fit bias (events) Corrected yield (events) � (%)
Q

Bi (%) Signif. (�) B��10�5�

J= �0 0 251:1� 27:5� 11:2 20:6� 0:1� 0:8 11:87� 0:12 13.0 2:7� 0:3� 0:2
J= ���� 0 64:5� 35:5� 7:7 20:3� 0:1� 0:8 11:87� 0:12 2.0 <1:2 (90% C.L.)
J= f2 0 24:4� 13:8� 1:8 20:3� 0:1� 0:8 11:87� 0:12 2.0 <0:46 (90% C.L.)
J= �� �6:8� 1:1 218:5� 28:8� 9:5 9:7� 0:1� 0:4 11:73� 0:12 11.6 5:0� 0:7� 0:3
J= ���0 �8:2� 0:9 �12:7� 27:1� 4:7 11:9� 0:1� 0:5 11:73� 0:12 0 <0:73 (90% C.L.)
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FIG. 3 (color online). Distributions of (a) mES and (b) m�� for
B� ! J= ���0 candidates. The solid line represents the total
PDF, while the other lines represent the different background
components. The points with error bars represent the data.
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P i � N� �
1

2
�1�QiA

��P �
i

� NNR �
1

2
�1�QiA

NR�PNR
i

�
X
j

Nbkg
j �

1

2
�1�QiA

bkg
j �P

bkg
j;i ; (5)

where N�, NNR, and Nbkg
j are the yields for the J= ��

signal, the J= ���0 nonresonant signal, and the different
background components j, respectively;Qi is the charge of
the B candidate in event i; and A�, ANR, and Abkg

j are
the corresponding charge asymmetries. The asymmetry
parameters for the exclusive J= background channels
are fixed to world average values [9]. The asymmetries
for the non-J= background and inclusive J= back-
ground components are assumed to be the same (Abkg

inc �

Abkg
non 	Abkg). This fit therefore has six free parameters:

the yields of the J= �� signal, J= ���0 nonresonant
signal, and inclusive J= background components, and
the asymmetries A�, ANR, and Abkg.

From the charge asymmetry fit, we obtain A� �
�0:11� 0:12�stat:�. The signal and background yields
obtained from this fit are entirely consistent with those
from the branching fraction fit.

The other sources of systematic error on the asymmetry
are potential differences in the backgrounds for positive
and negative B candidates. The parameters describing the
charge asymmetries of the exclusive J= background
channels are varied within their uncertainties [9], assuming
a 10% uncertainty for the J= K1�1270� channel for which
no measurement is available. The normalizations of the
exclusive background channels, and the shape parameters
of the inclusive J= background and non-J= background
components are varied in turn, and the fit is repeated. The
resulting changes to the fitted value of A� are added in
quadrature, and the total systematic uncertainty is found to
be �0:08.

In summary, we measure the following branching frac-
tions, where the first error in each case is statistical and the
second is systematic: B�B0 ! J= �0� � �2:7� 0:3�
0:2� � 10�5, and B�B� ! J= ��� � �5:0� 0:7�
0:3� � 10�5. The signals for B0 ! J= f2, B0 !
J= ���� nonresonant, and B� ! J= ���0 nonreso-
nant are not statistically significant, thus we set the follow-
ing upper limits at the 90% confidence level:
B�B0 ! J= f2�< 4:6� 10�6, B�B0 ! J= �����<
1:2� 10�5, and B�B� ! J= ���0�< 7:3� 10�6. We
measure the charge asymmetry defined in Eq. (1) for the
decays B� ! J= ��, A� � �0:11� 0:12� 0:08.

The measurements presented here for neutral B decays
supersede those from the previous BABAR analysis [5], and
find a somewhat higher ratio of J= �0 to J= ���� non-
resonant decays. Differences with respect to the older
analysis are: a substantially larger data set, a two-
dimensional fit rather than a one-dimensional fit to m��,
the inclusion of the J= f2 component in the fit, and a more
complex treatment of the background. We also present the
first observation of the decay B� ! J= ��. As expected,
we measure the branching fraction for this decay to be
approximately twice as large as that for J= �0, as the
decay channel B0 ! J= ! is expected to occur with the
same partial width as B0 ! J= �0, and there is no equiva-
lent to this in charged B decays. Finally, we find no
significant charge asymmetry in B� ! J= �� decays.
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