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We report branching fractions and charge asymmetries for exclusive decays of charged and neutralB mesons
to two-body final states containing a charmonium meson,J/c or c(2S). This result is based on a 29.4 fb21

data sample collected at theY(4S) resonance with the Belle detector at the KEKB asymmetrice1e2 collider.
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I. INTRODUCTION

Investigation ofCP violation is one of the key issue
facing elementary particle physics. Recently, the BaBar@1#
and Belle @2# Collaborations have observed large tim
dependentCP asymmetries in the neutralB-meson system
@3#. Decay modes of neutralB mesons to final states contain
ing charmonia were used for these measurements due to
clean experimental signatures and straightforward theore
interpretation. It is expected for the same reasons that ex
sive charmonium modes will continue to play a major role
CP studies, with rarer modes contributing as the body
data grows in magnitude and different aspects of theCP
question move to the forefront. For example, the Kobaya
Maskawa model@4# predicts small directCP violation for
B→J/cK6 and B→J/cp6 @5#. Large directCP violation
would indicate new physics@6#. In addition, the dominan
mechanism for charmonium production inB-meson decay is
color suppressed, so precise measurements of rates t
exclusive modes can provide important information towa
the understanding of color suppression.

In this paper we report measurements of branching fr
tions and charge asymmetries for the exclusive decaysB
mesons to the two-body final statesch, wherec is J/c or
c(2S) andh is one of the light mesonsK6, KS

0 , p6, or p0.
We used a 29.4 fb21 data set which contains 31.9 millio
BB̄ events collected with the Belle detector@8# at KEKB @9#.

II. THE BELLE DETECTOR

KEKB is an asymmetric electron-positron storage ri
that collides 8.0 GeV electrons with 3.5 GeV positrons at
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Y(4S) resonance~10.58 GeV center-of-mass energy!. The
Y(4S) resonance is boosted bybg50.425. There is a 22
mrad crossing angle between the electron and posi
beams at the interaction point.

The Belle detector surrounds the beam crossing point.
a large solid angle spectrometer with a 1.5 T supercond
ing solenoid magnet. Charged particles are detected b
three layer double-sided silicon vertex detector~SVD! and a
50 layer cylindrical drift chamber~CDC! filled with a
helium-ethane gas mixture. The tracking acceptance co
the laboratory polar angle betweenu517° and 150° (z is
along the beam direction!, corresponding approximately t
92% of the full solid angle in the center-of-mass~c.m.!
frame. The resolutions in impact parameter and momen
are measured to be 55mm for a 1 GeV/c charged particle
and spt

/pt5(0.30/b % 0.19pt)%, wherept is the transverse

momentum in GeV/c. A CsI~Tl! electromagnetic calorimete
~ECL! is located inside the solenoid coil and covers the sa
solid angle as the charged particle tracking system. It det
electromagnetic showers with a resolution ofsE /E5(1.3
% 0.07/E% 0.8/E1/4)%, whereE is in GeV.

Charged hadron identification is accomplished by co
bining the response from an array of 1188 silica aerogel Cˇ er-
enkov counters~ACC!, an array of 128 time-of-flight
counters and specific ionization (dE/dx) measurement in the
CDC. An iron flux-return yoke outside the solenoid is com
prised of 14 layers of 4.7-cm-thick iron plates interleav
with a system of resistive plate counters@Klong and muon
detector~KLM !# that are used for muon identification. Th
Belle detector is described in detail elsewhere@8#.
3-2
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TABLE I. Analyzed decay chains.

Primary mode Secondary mode~s!

B2→J/cp2 J/c→ l 1l 2

B0̄→J/cp0 J/c→ l 1l 2, p0→gg

B2→J/cK2 J/c→ l 1l 2

B0̄→J/cKS
0 J/c→ l 1l 2, KS

0→p1p2

B2→c(2S)K2 c(2S)→ l 1l 2, c(2S)→J/cp1p2$J/c→ l 1l 2%

B0̄→c(2S)KS
0 c(2S)→ l 1l 2, c(2S)→J/cp1p2$J/c→ l 1l 2%, KS

0→p1p2
.m

w
l

an
th
ri

9%

m
re

io
d

f
th

d

m

din
k
h

th
c-

d

-
h

n

ec
rt
ry

or
.

n in
nts,

hat

be

f

rror
e-
ck-

d to

-
-

ble
s
l

ar-
the
III. EVENT SELECTION

Hadronic events are selected by requiring~1! at least three
reconstructed charged tracks,~2! a total reconstructed ECL
energy in the c.m. in the range 0.1 to 0.8 times the total c
energy,~3! at least one large-angle cluster in the ECL,~4! a
total visable energy~sum of charged tracks and neutral sho
ers not matched to tracks! greater than 0.2 times the tota
c.m. energy,~5! absolute value of thez component of the
c.m. momentum less than 50% of the total c.m. energy,
~6! a reconstructed primary vertex that is consistent with
known location of the interaction point. These selection c
teria are determined by Monte Carlo simulation to be 9
efficient for signal events. To suppress two-jet non-Y(4S)
background relative toBB̄ events we require thatR2,0.5,
whereR2 is the ratio of the second to zeroth Fox-Wolfra
moments@10#. To remove charged particle tracks that a
badly measured or do not come from the interaction reg
we requiredz,5 cm for all tracks other than those identifie
as decay daughters ofKS

0 , wheredz is the absolute value o
the coordinate along the beam direction at the point on
track nearest the origin.

The decay modes considered are listed in Table I.~Here-
after the inclusion of the charge conjugate states is implie!

A. JÕc†c„2S…‡ candidates

In this analysis,J/c candidates are reconstructed fro
oppositely charged lepton pairs,m1m2 or e1e2. Lepton
candidates are selected with tight or loose criteria depen
on the background level for each mode. For muon trac
tight identification is based on track penetration depth and
scatter in the KLM system@11#, while loose identification
requires that the track have an energy deposit in the ECL
is consistent with that of a minimum ionizing particle. Ele
tron tracks are tightly identified by a combination ofdE/dx
from the CDC,E/p (E is the energy deposit in the ECL an
p is momentum measured by the SVD and the CDC!, and
shower shape in the ECL@12#. For weak electron identifica
tion, eitherdE/dx or E/p is required to be consistent wit
the electron hypothesis.

For the identification ofJ/c dilepton decays in theB
→J/cK modes we require one tightly and one loosely ide
tified lepton. For thec(2S)K andJ/cp modes, both lepton
candidates are required to be tightly identified. We corr
for final state radiation or bremsstrahlung in the inner pa
of the detector by including the four-momentum of eve
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photon detected within 0.05 rad of the original electron
positron direction in thee1e2 invariant mass calculation
Figure 1 shows the dilepton mass distribution near theJ/c
mass. The mass resolutions are 9.3 MeV/c2 and 10.6 MeV/
c2 in the peak region form1m2 and e1e2, respectively.
Since there are still small radiative tails, as can be see
Fig. 1, we use asymmetric invariant mass requireme
(260,mm1m22mJ/c[c(2S)],36) MeV/c2 and (2150
,me1e22mJ/c[c(2S)],36) MeV/c2, for the m1m2 and
e1e2 pairs respectively.

To identify c(2S)→J/cp1p2 candidates, we combine
J/c candidates with pairs of oppositely charged tracks t
have ap1p2 invariant mass greater than 400 MeV/c2. The
c(2S) andJ/c candidates’ mass difference is required to
consistent with the known difference, (0.58,ml 1 l 2p1p2

2ml 1 l 2,0.60) GeV/c2. This range corresponds to63s in
detector resolution. Figure 2 shows~a! the invariant mass
distribution of c(2S)→ l l , and ~b! the mass difference o
mll pp2mll .

B. Light meson candidates

In the analysis forB2→J/c@c(2S)#K2, all charged
tracks~other than those used forc reconstruction! are used
as kaon candidates in order to eliminate the systematic e
from particle identification. This does not introduce any s
rious additional background, because the principal ba
ground is expected to be fromB2→J/c@c(2S)#p2 decays,
which occur at a much lower rate thanJ/c@c(2S)#K2. The
prompt charged pion candidates are conversely require
be strongly identified as pions@P(p/K).0.9#, where the
likelihood ratio for a particle to be a charged pion,P(p/K)
5Prob(p)/@Prob(p)1Prob(K)#, is calculated usingdE/dx
measured in the CDC and the response of the ACC.

For the analysis of neutralB meson decays, the recon
struction ofKS

0→p1p2 is made by selecting pairs of oppo
sitely charged tracks withp1p2 invariant mass between
482 and 514 MeV/c2. This criterion retains 99.7% ofKS

0

→p1p2 decays with detected tracks, based on a dou
Gaussian fit to the mass peak of the data~the average mas
resolution is 4.4 MeV/c2). In order to reduce combinatoria
background further, we require the following:

If both pions have associated SVD hits, the points of ne
est approach of the two tracks in the projection onto
plane perpendicular to the beam line (r -f) are separated in
the beam direction~z! by less than 1 cm.
3-3
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FIG. 1. The invariant mass distributions for~a! m1m2 and ~b! e1e2. In these figures, both leptons are tightly identified.
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If only one of the two pions has associated SVD hits,
distance of nearest approach to the interaction point in
r -f projection be greater than 250mm for both tracks.

If neither of the two pions have associated SVD hits,
f coordinate of thep1p2 vertex point and thef direction
of the p1p2 candidate’s three-momentum agree within 0
rad.

The KS
0 identification efficiency after track selection

95%.
In the selection ofB0→J/cp0, the high momentump0’s

are reconstructed from pairs of detected photons. The inv
ant mass is required to be 118 MeV/c2,mgg
,150 MeV/c2 ~mass resolution is 5.3 MeV/c2). The p0

candidate is also to have a good mass constrained fit.

C. B meson reconstruction

B mesons are reconstructed by combining a charmon
meson candidate with a kaon or pion candidate, as descr
above. The energy difference,DE[Ecand2Ebeam, and the
beam-energy constrained mass,Mbc[AEbeam

2 2Pcand
2 , are

used to separate signal from background@Ebeamis the beam
energy,Ecand and Pcand are theB candidate energy and mo
mentum, all calculated in theY(4S) center of mass frame#.
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In this calculation, kinematic fits are performed with~1!
mass and vertex constraints for theJ/c or c(2S) di-lepton
decays andKS

0 decays, and~2! a mass constraint for the
c(2S)→J/cp1p2 and p0→gg decays. Figure 3 show
the distribution forB→J/cK6 candidates in theMbc–DE
plane as well as inDE after projecting out candidates wit
Mbc between 5.27 and 5.29 GeV/c2. In the first plot an ex-
cess of candidates is clearly apparent in the signal reg
indicated by the rectangle.

In order to determine yields, we fit theMbc distributions
after applying the following requirements onDE: for all
modes exceptJ/cp, (240,DE,40) MeV; for theJ/cp0

decay mode, (2100,DE,50) MeV, as theDE distribu-
tion has a long tail at negative values due to material in
detector and energy leakage; for theJ/cp2 mode, (210
,DE,40) MeV, to suppress a background fromB
→J/cK2 due to misidentification ofK2 asp2.

The fit of theMbc distribution is performed with the sum
of a Gaussian for signal and the ARGUS function@13# for
background~Fig. 4!. The resolution inMbc is dominated by
the energy spread of KEKB. We test the resolution agr
ment between Monte Carlo~MC! simulated data and rea
data using the modeB2→J/cK2 ~which has the highes
FIG. 2. ~a! The invariant mass distribution ofc(2S)→ l 1l 2 candidates;~b! the mass difference ofml 1 l 2p1p22ml 1 l 2.
3-4
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FIG. 3. The distribution of~a! DE versusMbc and~b! DE for B→J/cK6. The background fromB→J/cK* is seen at lowerDE, while
that fromB→J/cp6 is at higherDE.
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statistics!. The agreement is very good and we use the M
predicted widths for each mode to fit theMbc histograms.
The signal yield and the normalization of the background
allowed to vary in the fit. The results are shown in Table

For theJ/cp2 mode, as shown in Fig. 5, the backgrou
from B2→J/cK2 peaks in the signal region ofMbc but
accumulates nearDE;270 MeV due to kinematic differ-
ences from the signal mode. To ensure that it does not
trude into the signal in theMbc fit, a fit is performed on the
DE distribution with two separated Gaussians and a fi
order Chebyshev polynomial function~Fig. 5!. The signal
03200
e
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yield obtained from theDE distribution fit is consistent with
the Mbc fit. The background yield fromJ/cK2 is also con-
sistent with the expectation from the mis-identification pro
ability.

IV. RESULTS

A. Branching fractions

The reconstruction efficiencies are determined by Mo
Carlo simulations based onGEANT @7# and are listed in Table
II. The number ofBB̄ events is measured to be~31.96 0.3!
FIG. 4. The distribution ofMbc for ~a! B2→J/cK2, ~b! B0̄→J/cKS
0 , ~c! B2→c(2S)K2$c(2S)→ l 1l 2%, ~d! B0̄→c(2S)KS

0$c(2S)

→ l 1l 2%, ~e! B2→c(2S)K2$c(2S)→J/cp1p2%, ~f! B0̄→c(2S)KS
0$c(2S)→J/cp1p2%, ~g! B2→J/cp2, and~h! B0̄→J/cp0.
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TABLE II. Signal yields and branching fractions~BF! for each mode. Signal yields are determined
fitting. The errors are statistical~first error! and systematic~second!, except for the combinedc(2S) modes
where the total error is listed. Efficiencies for modes withK0 mesons are for reconstructingB→cKS

0 .

Decay mode Yield Efficiency~%! BF (31024)

B2→J/cp2 43.966.8 33.360.6 0.3860.0660.03

B0̄→J/cp0 24.065.0 27.260.5 0.2360.0560.02

B2→J/cK2 2102646 55.360.7 10.160.260.7

B0̄→J/cK0 453621 30.560.6 7.960.460.9

B2→c(2S)K2 6.960.6
c(2S)→ l 1l 2 173613 51.660.7 7.360.660.7

c(2S)→J/cp1p2 170613 23.260.5 6.460.560.8

B0̄→c(2S)K0 6.761.1

c(2S)→ l 1l 2 38.566.2 27.560.5 6.161.060.8
c(2S)→J/cp1p2 51.267.2 12.060.4 7.461.061.3
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3106. In the calculation of the branching fraction, the pr
duction rates ofB1B2 and B0B̄0 pairs are assumed to b
equal. We use the secondary branching fractions listed
Table III @14#. The resulting branching fractions for eac
reconstructed decay chain are summarized in Table II, wh
the first errors are statistical and the second are system
The measurement values for the twoc(2S) modes ofB
→c(2S)K are consistent within their errors and the co
bined results are also listed in the table~taking into account
correlated and uncorrelated errors!.

The sources of systematic error are shown in Table
The dominant uncertainty arise from the uncertainty in
tracking efficiency.

The tracking efficiency uncertainty is determined to
2% per track from a comparison of the yields forh

FIG. 5. TheDE distribution forB6→J/cp6. The signal peak
is seen around zero. The peak at20.07 GeV/c2 is from B6

→J/cK6. In this figure, we require 5.27,Mbc,5.29 GeV/c2.
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→p1p2p0 and h→gg with MC expectations. The pion
tracks fromKS

0 decay are from a displaced vertex and th
may have a larger systematic error. We include a 3.5%
track uncertainty for these tracks~see below!.

The uncertainty in theKS
0 selection efficiency is checke

by comparing yields for a sample of high momentumKS
0

→p1p2 decays before and after applying theKS
0 selection

criteria to a sample ofKS
0’s in hadronic events. The efficienc

difference between data and the Monte Carlo simulation
less than 1.0%.

As one cross-check ofKS
0 reconstruction, we also estimat

the difference between data and non-Y(4S) MC simulated
data directly, using the yield ratio betweenD0→KS

0p1p2

and D0→K2p1 with D0’s from D* →D0p decay. In this
case,D0’s with momentum higher than 3.0 GeV/c are se-
lected. The difference of the ratio between the data and
program is also smaller than 1%, where a large system
error arises from the uncertainties of the world averages
the branching fractions.

The high momentump0 efficiency is checked by taking
the ratio betweenD0→K1p2p0 andD0→K1p2 with high
momentumD0’s. D0’s generated fromD* decay with a slow
pion are selected. We assign a 7% uncertainty to thep0

efficiency.
The efficiency of lepton identification is checked by com

paring theJ/c yield with one lepton tightly identified agains
the yield where both leptons are tightly identified. We fin
that the efficiencies for tightly identified electrons and muo

TABLE III. Branching fractions used for secondary charm
nium decays@14#.

Decay mode Branching fraction

J/c→e1e2 0.059360.0010
J/c→m1m2 0.058860.0010
c(2S)→e1e2 0.007360.0004
c(2S)→m1m2 0.007060.0009
c(2S)→J/cp1p2 0.30560.016
3-6
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TABLE IV. The dominant sources of systematic errors~in %!.

Decay mode Tracking Lepton Hadron KS
0(p0) Charmonium Monte Total

efficiency identification identification efficiency branching Carlo
efficiency efficiency fractions statistics

B2→J/cp2 6.0 4.0 2.0 1.2 1.7 7.8

B0̄→J/cp0 4.0 4.0 7.0 1.2 1.9 9.3

B2→J/cK2 6.0 2.0 1.2 1.4 6.6

B0̄→J/cK0 11.0 2.0 1.0 1.2 1.8 11.4

B2→c(2S)K2

c(2S)→ l 1l 2 6.0 4.0 5.0 1.4 8.9
c(2S)→J/cp1p2 10.0 4.0 4.0 5.3 2.1 12.8

B0̄→c(2S)K0

c(2S)→ l 1l 2 11.0 4.0 1.0 5.0 1.9 12.9
c(2S)→J/cp1p2 15.0 4.0 4.0 1.0 5.3 2.9 17.1
ro
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. The
are 96% and 94%, respectively. The systematic errors f
lepton identification are determined to be 2% per tigh
identified lepton. The error for loosely identified leptons
negligable.

For theB2→J/cp2 mode, the identification of high mo
mentum charged pions is studied by comparingD* 1

→D0p1, whereD0→K2p1, between data and MC simu
lation. In this decay mode, theD0 mass peak is reconstructe
with small background without any particle identification r
quirements. The systematic uncertainty is determined by
amining the difference in yield before and after applyi
particle identification. We assign a systematic uncertainty
2% to the pion identification efficiency.
fo
T
le
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We also study the systematic error arising from the ba
ground in the fit of theMbc distribution. The ARGUS func-
tion represents theMbc distribution for theDE sidebands
well. However there may be background decay modes
peak in the signal region. We checked this with inclusiveJ/c
MC simulations and find no evidence for peaking bac
ground.

B. Charge asymmetries

The yields for positive and negativeB mesons decays ar
measured separately using the method described above
charge asymmetries, defined by
AK(p)5
Br„B2→charmonium1K2~p2!…2Br„B1→charmonium1K1~p1!…

Br„B2→charmonium1K2~p2!…1Br„B1→charmonium1K1~p1!…
~1!
~see@15#!, are calculated assuming the same efficiencies
both charged decays. The results are shown in Table V.
efficiency difference between positive and negative partic
is determined by using 3.963105 and 3.333105 events for
r
he
s

D6→K7p6p6 and D0→K2p1/D̄0→K1p2 decays, re-
spectively. We calculate the efficiency ratiosep2 /ep1

51.01160.015 andeK2 /eK151.00460.017 using the fol-
lowing formulas:
TABLE V. Charge asymmetry for each mode. Errors are statistical only.

Decay mode Yield(2) Yield~1! AK(p)

B6→J/cp6 2165 2265 20.02360.164
B6→J/cK6 1024632 1078633 20.02660.022
B6→c(2S)( l 1l 2)K6 7969 93610 20.08160.078
B6→c(2S)(J/cp1p2)K6 6868 102610 20.20060.075
Total „B6→J/c@c(2S)#K6

… 1171634 1273636 20.04260.020
3-7
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K. ABE et al. PHYSICAL REVIEW D 67, 032003 ~2003!
ep2

ep1

5
N~D2→K1p2p2!N~D0→K2p1!

N~D1→K2p1p1!N~D0→K1p2!
, ~2!

eK2

eK1

5
N~D2→K1p2p2!N~D0→K2p1!2

N~D1→K2p1p1!N~D0→K1p2!2
. ~3!

No significant efficiency differences are observed for
ther pion or kaon tracks. Thus, we do not correct the cen
values but we do include the error of the efficiency diffe
ences in the systematic errors.

Finally, we find the charge asymmetries20.02360.164
60.015 and 20.04260.02060.017 for the charmonium
1p mode and the charmonium1K mode, respectively. Ou
results are consistent with zero asymmetry and previ
measurements@15,16#.

V. CONCLUSION

We have reported measurement ofB meson branching
fractions to two-body final states that include aJ/c or c(2S)
meson and aKS

0 , K6, p0 or p6. A total of 31.9 millionBB̄
events accumulated at theY(4S) resonance are used for th
,

.

03200
-
al

s

analysis. Our results are in good agreement with previ
measurements@17,18#. Charge asymmetries are also me
sured and found to be consistent with zero.
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