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59Universitàdi Roma La Sapienza, Dipartimento di Fisica and INFN, I-00185 Roma, Italy

60Universität Rostock, D-18051 Rostock, Germany
61Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX11 0QX, United Kingdom
62DAPNIA, Commissarial a` l’Energie Atomique/Saclay, F-91191 Gif-sur-Yvette, France

63University of South Carolina, Columbia, South Carolina 29208
64Stanford Linear Accelerator Center, Stanford, California 94309

65Stanford University, Stanford, California 94305-4060
66TRIUMF, Vancouver, British Columbia, Canada V6T 2A3

67University of Tennessee, Knoxville, Tennessee 37996
68University of Texas at Dallas, Richardson, Texas 75083
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We have studied theB6→J/cp6 and B6→J/cK6 decays using a 20.7 fb21 data set collected with the
BABAR detector. We observe a signal of 51610 B6→J/cp6 events and determine the ratioB(B6

→J/cp6)/B(B6→J/cK6) to be@3.9160.78(stat)60.19(syst)#%. TheCP-violating charge asymmetries for
the B6→J/cp6 and B6→J/cK6 decays are determined to beAp50.0160.22(stat)60.01(syst) andAK

50.00360.030(stat)60.004(syst).

DOI: 10.1103/PhysRevD.65.091101 PACS number~s!: 13.25.Hw, 12.38.Qk

The decayB6→J/cp6 is both Cabibbo suppressed and
color suppressed. If the leading-order tree diagram is the
dominant contribution, its branching fraction is expected to
be about 5% of the Cabibbo-allowed modeB6→J/cK6. A
comparable prediction can be obtained with a simple model
based on the factorization hypothesis@1#. Previous studies of
this decay were performed by the CLEO@2# and Collider
Detector at Fermilab~CDF! @3# Collaborations. Significant
interference terms between the suppressed tree and penguin
amplitudes could produce a directCP-violating charge asym-
metry in theB6→J/cp6 decays at the few percent level
@4#. On the contrary, a negligible directCP violation is ex-
pected in theB6→J/cK6 decays because forb→cc̄s tran-
sitions the standard model predicts that the leading- and

higher-order diagrams are characterized by the same weak
phase.

In this paper we present a measurement of the ratio of
branching fractionsB(B6→J/cp6)/B(B6→J/cK6) along
with a search for directCP violation in these channels. The
data were recorded at theY(4S) resonance in 1999–2000
with the BABAR detector at the PEP-II asymmetric-energy
e1e2 collider at the Stanford Linear Accelerator Center. The
integrated luminosity is 20.7 fb21, corresponding to 22.7
million BB̄ pairs. We fully reconstructB6→J/ch6 decays,
whereh65p6, K6. Signal yields and charge asymmetries
are determined from an unbinned maximum likelihood fit
that exploits the kinematics of the decay to identify thep6,
K6, and background components in the sample. This kine-
matic separation is sufficiently good so that no explicit par-
ticle identification is required on the charged hadronh6,
thereby simplifying the analysis. At the same time, particle
identification can be used to perform a cross-check of the

*Also at Universita` di Perugia, Perugia, Italy.
†Also at Universita` della Basilicata, Potenza, Italy.
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measurement.
The BABAR detector is described in detail elsewhere@5#.

A five-layer silicon vertex tracker~SVT! and a 40-layer drift
chamber~DCH!, in a 1.5-T solenoidal magnetic field, pro-
vide detection of charged particles and measurement of their
momenta. The transverse momentum resolution isspi

/pt

5(0.1360.01)%•pt1(0.4560.03)%, wherept is measured
in GeV/c. Electrons are detected in a CsI electromagnetic
calorimeter~EMC!, while muons are identified in the mag-
netic flux return system~IFR!, which is instrumented with
multiple layers of resistive plate chambers. A ring-imaging
Cherenkov detector~DIRC! with a quartz bar radiator pro-
vides charged particle identification.

An electron candidate is selected according to the ratio of
the energy detected in the EMC to track momentum, the
cluster shape in the EMC, the energy loss in the DCH, and
the DIRC Cherenkov angle, if available. A muon candidate is
selected according to the difference between the expected
and measured thickness of absorber traversed, the match of
the hits in the IFR with the extrapolated track, the average
and spread in the number of hits per IFR layer, and the en-
ergy detected in the EMC.

J/c→m1m2 candidates are constructed from two identi-
fied muons with polar angle in the range@0.3, 2.7# radians
and with invariant mass 3.06,Mm1m2,3.14 GeV/c2. The
absolute value of the cosine of the helicity angle of theJ/c
decay is required to be less than 0.9J/c→e1e2 candi-
dates are constructed from two identified electrons with polar
angle in the range@0.41, 2.409# radians and with invariant
mass 2.95,Me1e2,3.14 GeV/c2. The absolute value of the
cosine of the helicity angle is required to be less than 0.8.

B6 candidates are formed from the combination of a re-
constructedJ/c, constrained to the world average mass@6#,
and a charged trackh6. A vertex constraint is applied to the
reconstructed tracks before computing two kinematic quan-
tities of theB6 candidate used to discriminate signal from
background. We define the beam energy-substituted mass
mES as

mES5A@~s/21pi•pB!2/Ei
2#2upBu2, ~1!

where As is the total energy of thee1e2 system in the
Y(4S) rest frame, and (Ei ,pi) and (EB ,pB) are the four-
momenta of thee1e2 system and the reconstructedB can-
didate, both in the laboratory frame. We define the kinematic
variable DEp (DEK) as the difference between the recon-
structed energy of theB6 candidate and the beam energy in
the Y(4S) rest frame assumingh65p6(K6). We require
uDEpu,120 MeV, uDEKu,120 MeV, and mES
.5.2 GeV/c2. Figure 1 shows the distribution for Monte
Carlo simulations ofB6→J/cp6 and B6→J/cK6 events
in the (DEp ,DEK) plane.

The selected sample contains 1074B6→J/c
(→m1m2)h6 and 1081B6→J/c(→e1e2)h6 candidates.
A fit to the DEK distribution with the sum of a Gaussian and
a polynomial function, modeling theB6→J/cK6 signal and
the background contribution is shown in Fig. 2.

The background contaminating the sample is character-
ized with events in the data that are sufficiently far from the

typical signal regions~sidebands of the data sample!. We
define mES sideband events by the requirement that 5.2
,mES,MB24s(mES)55.27 GeV/c2, where MB is the
world averageB6 mass@6# and s(mES) is the mES resolu-
tion; their distribution in the (DEp ,DEK) plane is shown in
Fig. 3. We defineDEK and DEp sideband events by the
requirement that 120.uDEKu.4s(DE)542 MeV and 120
.uDEpu.4s(DE)542 MeV, wheres(DE) is the width of
the fitted Gaussian in Fig. 2. The distribution inmES of the
sideband events is modeled by an ARGUS function@7#, with
an additional Gaussian peak in themES signal region for
events from otherB→J/cX decays. The number of back-
ground events in this peak has been estimated to be 1064
with detailed Monte Carlo simulation of inclusive charmo-
nium decays. Figure 4 shows themES distribution for the
data sample, along with the fit.

Our fit to the data sample is based on maximizing the
following extended likelihood function:

L5e2( iNi)
j 51

M

(
i

Pi~DEp
j ,pj ,mES

j !Ni , ~2!

FIG. 1. Distribution ofDEK vs DEp for B6→J/cK6 andB6

→J/cp6 events from Monte Carlo simulations.

FIG. 2. TheDEK distribution and fit for the events in the data
sample withmES.5.27 GeV/c2. The dashed curve represents the
background contribution.
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where j is the index of the event,i is the index of the hy-
pothesis (i 5p,K,bkd), Ni are the yields for theB6

→J/cp6, B6→J/cK6, and background events in the
sample, andM is the total number of events. The observables
DEp , the momentump of the final-state charged hadron
computed in the laboratory frame, andmES are used as argu-
ments of the probability density functions~PDF! Pi . The
PDFs are mainly determined from data with limited input
from simulation.

It is useful to define the new variablesD5DEK2DEp

5g(Ap21mK
2 2Ap21mp

2 ), where g is the Lorentz boost
from the laboratory frame to theY(4S) rest frame, andS
5DEK1DEp52DEp1D. These variables have the prop-
erty that (DEp ,D) in the pion hypothesis, (DEK ,D) in the
kaon hypothesis and~S,D! in the background hypothesis are
uncorrelated at the 1% level. Therefore, with appropriate
transformations of variables, eachPi(DEp ,p,mES) can be
written as a product of one-dimensional PDFs:

Pp~DEp ,p,mES!5 f p~DEp!gp~D !hp~mES!, ~3!

PK~DEp,p,mES!5 f K~DEK!gK~D !hK~mES!, ~4!

Pbkd~DEp ,p,mES!5 f bkd~S!gbkd~D !hbkd~mES!. ~5!

The f p(DEp), f K(DEK), hp(mES), andhK(mES) compo-
nents are theDE and mES resolution functions for the sig-
nals. The mean values and the Gaussian widths are allowed
to float as free parameters in the likelihood fit and are ex-
tracted together with the yields. This strategy reduces the
systematic error due to possible inaccuracies of theDE and
mES description in Monte Carlo simulations.

The f bkd component is represented by a phenomenologi-
cal function with eight fixed parameters, all estimated from
the distribution ofS for the events in themES sideband~Fig.
5!.

Thehbkd component is represented by the sum of an AR-
GUS and a Gaussian function, with parameters estimated
from the distribution ofmES for the events in theDEK and
DEp sidebands.

Theg components are each represented by a phenomeno-
logical function with seven fixed parameters. The parameters
are estimated with Monte Carlo simulations for thep andK
hypotheses, and with events in themES sideband for the
background case. A comparison of theD distributions in the
three hypotheses shows that this variable, introduced by our
procedure for factorizing PDFs, provides little discriminating
power.

From the maximum likelihood fit to the selected sample
we obtain Np552610, NK51284637, and Nbkd5819
631. The correlation coefficient betweenNp and NK is
20.04. The confidence level of the fit, defined as the prob-
ability to obtain a maximum value of the likelihood smaller
than the observed value, is 54%, estimated by Monte Carlo
techniques. The statistical significance of theB6→J/cp6

signal, evaluated from the change in the maximum value of
ln L when we constrainNp50, is 7.0s.

The distribution of ln(Pp /PK) for the sample, after sub-
traction of the background component in each bin, is shown
in Fig. 6. The background distribution is normalized to the
number of background events from the fit. The distribution
of ln(Pp /PK) for simulated signal samples, normalized to the
yields extracted from the likelihood fit, is also shown. The
distribution in DEp for the events in the data sample with
mES.5.27 GeV/c2 is shown in Fig. 7, along with the likeli-
hood fit result.

Possible biases in the fitting procedure were investigated
by performing the fit on simulated samples of known com-
position and of the same size as the data. The differences,Dp

andDK , between the extracted and the input values are con-

FIG. 3. Distribution ofDEK vs DEp for the events in themES

sideband of the data sample.

FIG. 4. ThemES distribution and fit for the events in the data
sample. The ARGUS~dashed curve! and peaking~dotted curve!
components of the background are also displayed.

FIG. 5. The S distribution and fit for the events in themES

sideband of the data sample.
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sistent with 0. However, we correct the yields for the ob-
served deviationsDp51.162.2 andDK5211.368.8. The
corrected yields are 51610 and 1296638 for J/cp6 and
J/cK6, respectively.

The use of particle identification for the charged hadron
h6 has been investigated by adding to the likelihood, as an
additional argument, the Cherenkov angleuC measured in
the DIRC for this track. The PDFs for the variableuC are
determined from data and parametrized as Gaussian func-
tions, with mean values and widths that depend on the mo-
mentum of the track. A fit with a modified likelihood func-
tion is performed with the subsample of events where the
particle identification information is available. The ratio of
branching fractions is determined separately for the
J/c(m1m2)h6 andJ/c(e1e2)h6 samples. A detailed com-
parison, reported in Table I shows that the addition of par-
ticle identification does not significantly change the statisti-
cal precision of the results, which are consistent to within
1.6s.

Based on the fitted event yields, we find the ratio of
branching fractions to be

B~B6→J/cp6!

B~B6→J/cK6!
5@3.9160.78~stat!60.19~syst!#%.

The dominant systematic error~0.17%! comes from the un-
certainty in the correction factors,Dp and DK , due to the
limited statistics of the simulated samples. The uncertainty in
the fixed parameters of the PDFs, determined by fits to simu-
lated or nonsignal data sets, affects several aspects of the
likelihood fit: the characterization of theS and D distribu-
tions, the characterization of themES distribution for the
background~including the fraction of peaking background
events!, and the fraction of signal events in the tails of the
DE distribution. This uncertainty contributes 0.07% to the
systematic error. Contributions due to any possible difference
in the reconstruction efficiencies forJ/cp6 and J/cK6

events are found to be negligible, as are uncertainties due to
inaccuracies in the description of the tails of theDE resolu-
tion function.

Our determination of the ratio of branching fractions is
consistent with the expectation reported in@1# and with pre-
vious measurements@2,3#, but has a substantially lower un-
certainty than the world average value of (5.161.4)% @6#.

To study directCP violation in these channels, we modify
the likelihood function in Eq.~2! as follows:

L85e2( iNi)
j 51

M

(
i

Pi8~DEp
j ,pj ,mES

j ,qj !Ni , ~6!

whereq is the charge ofh6. We factorize the PDFs as

Pi8~DEp ,p,mES,q!5Pi~DEp ,p,mES!ci~q!, ~7!

whereci(q) is the probability for the final state charged had-
ron, in a certain hypothesis, to have chargeq. Theci can be
written in terms of theCP-violating charge asymmetriesAi ,
as

ci~q!5 1
2 @~12Ai ! f 1~q!1~11Ai ! f 2~q!#, ~8!

where

Ai5
Ni

22Ni
1

Ni
21Ni

1 , ~9!

f 1~q!5H 1 if q511,

0 if q521,
~10!

FIG. 6. The ln(Pp /PK) distribution for events in the data sample
~after the subtraction of the background component in each bin! and
from Monte Carlo simulations ofB6→J/cp6(K6) events; the dis-
tributions are normalized to the yields extracted from the maximum
likelihood fit.

FIG. 7. The DEp distribution for events with mES

.5.27 GeV/c2 compared with the fit result~solid curve!. The dot-
ted curve represents the fitted contribution from the background
alone, while the dashed curve represents the fitted contributions
from the sum of background andJ/cK6 components. The PDFs of
the DEp variable in theJ/cK6 and background hypotheses have
been obtained with a numerical integration of thePi PDFs:
pK(DEp)5* f K(x)gK(x2DEp)dx, pbkd(DEp)5* f bkd(x
1DEp)gbkd(x2DEp)dx.

TABLE I. Measurements ofB(B6→J/cp6)/B(B6→J/cK6)
obtained with the original~fit 1! and a modified likelihood function
~fit 2! that includes particle identification forh6. The error on the
difference D between the two measurements is estimated assD

5Aus1
22s2

2u.

Sample Fit 1 Fit 2 D/sD

J/c(m1m2)h6 (4.261.0)% (4.761.1)% 1.1
J/c(e1e2)h6 (3.561.2)% (4.161.3)% 1.2
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f 2~q!5H 0 if q511,

1 if q521.
~11!

The asymmetry observablesAi are allowed to float as free
parameters in the likelihood fit and are extracted together
with the yields.

We impose additional requirements on the charged track
h6 in the events to be used in the fit, selecting only those
tracks for which the tracking efficiency has been accurately
measured from data. Tracks are required to have a polar
angle in the range@0.41, 2.54# radians, to include at least 12
DCH hits, to havept.100 MeV/c, and to point back to the
nominal interaction point within 1.5 cm in the vertical plane
and within 3 cm along the longitudinal direction. The se-
lected sample contains 982B2→J/ch2 and 970 B1

→J/ch1 candidates.
From the maximum likelihood fit to the data sample we

obtain Ap50.0160.22, AK520.00160.030, and Abkd
50.01860.039. The correlation coefficient betweenAp and
AK is 20.03.

The uncertainty in the fixed parameters of the PDFs, de-
termined by fits to simulated or nonsignal data sets, contrib-
utes 0.0056 and 0.0002 to the systematic error onAp and
AK , respectively. The difference in tracking efficiency be-
tween positively and negatively charged tracks—primarily
pions—has been studied in hadronic events by comparing
the independent SVT and DCH tracking systems. The cor-
rections to the asymmetriesAp andAK are negligible. The
uncertainty on the corrections contributes 0.0026 and 0.0020
to the systematic error onAp andAK , respectively. The fake
asymmetry due to the different probability of interaction of
K1 andK2 in the detector material before the DCH is esti-

mated to be20.0039. We correctAK for this quantity and
conservatively assume a contribution of 0.0039 to the sys-
tematic uncertainty. This represents the dominant systematic
error onAK . A more careful evaluation of the materials and
of K1/K2 cross-section differences will make it possible to
substantially reduce this contribution.

We determine theCP-violating charge asymmetries to be

Ap50.0160.22~stat!60.01~syst!,

AK50.00360.030~stat!60.004~syst!.

These results are consistent with standard model expecta-
tions and with the measurement reported in@8#.

As a cross-check,AK has been determined also with a
simple analysis based on the counting ofB6→J/cK6 signal
events in themES peak. The result is compatible with the
likelihood fit analysis: AK50.00560.030~stat!
60.004~syst!.

We observe no evidence forCP violation in B6

→J/cp6 or B6→J/cK6 decays. These results are statisti-
cally limited and can be expected to improve with additional
data.
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