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We present a study of threeB0 decay modes useful for time-dependentCP asymmetry measurements. From

a sample of 9.73106 BB̄ meson pairs collected with the CLEO detector, we have reconstructedB0

→J/cKS
0 , B0→xc1KS

0 , andB0→J/cp0 decays. The latter two decay modes have been observed for the first
time. We describe aKS

0→p0p0 detection technique and its application to the reconstruction of the decayB0

→J/cKS
0 . Combining the results obtained usingKS

0→p1p2 and KS
0→p0p0 decays, we determineB(B0

→J/cK0)5(9.560.860.6)31024, where the first uncertainty is statistical and the second one is systematic.
We also obtainB(B0→xc1K0)5(3.921.3

11.960.4)31024 andB(B0→J/cp0)5(2.520.9
11.160.2)31025.

PACS number~s!: 13.25.Hw
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CP violation arises naturally in the standard model w
three quark generations@1#; however, it still remains one o
the least experimentally constrained sectors of the stan
model. Measurements of time-dependent rate asymmetrie
the decays of neutralB mesons will provide an important tes
of the standard model mechanism forCP violation @2#.

In this Rapid Communication, we present a study ofB0

→J/cKS
0 , B0→xc1KS

0 , andB0→J/cp0 decays. The latter
two decay modes have been observed for the first time.
describe aKS

0→p0p0 detection technique and its applicatio
to the reconstruction of the decayB0→J/cKS

0 .

The measurement of theCP asymmetry in B0(B̄0)
→J/cKS

0 decays probes the relative weak phase between

B0-B̄0 mixing amplitude and theb→cc̄s decay amplitude
@3#. In the standard model this measurement determ
sin2b, whereb[arg(2VcdVcb* /VtdVtb* ). A measurement of

sin2b with B0(B̄0)→xc1KS
0 decays is as theoretically clea

as one withB0(B̄0)→J/cKS
0 .

For the purposes ofCP violation measurements, theB0

→J/cp0 decay is similar toB0→D1D2: both decays are
governed by theb→cc̄d quark transition, and both fina
states areCP eigenstates of the sameCP sign. A recent
search for theB0→D1D2 decay at CLEO established a
upper limit on B(B0→D1D2) @4#. If the penguin
(b→dcc̄) amplitude is negligible compared to the tre
(b→cc̄d) amplitude, then the measurement of theCP asym-
metry inB0(B̄0)→J/cp0 decays allows a theoretically clea
extraction of sin2b. The asymmetries measured withJ/cKS

0

andJ/cp0 final states should have exactly the same abso
values but opposite signs, thus providing a useful check
charge-correlated systematic bias inB-flavor tagging. If the
ratio of penguin to tree amplitudes is not too small@5#, then
comparison of the measured asymmetries inJ/cKS

0 and
J/cp0 modes may allow a resolution of one of the two d
crete ambiguities (b→b1p) remaining after a sin2b mea-
surement@6#.

The data were collected at the Cornell Electron Stor
Ring ~CESR! with two configurations of the CLEO detecto
called CLEO II @7# and CLEO II.V @8#. The components o
the CLEO detector most relevant to this analysis are
charged particle tracking system, the CsI electromagn

*Permanent address: University of Cincinnati, Cincinnati, O
45221.

†Permanent address: Massachusetts Institute of Technology, C
bridge, MA 02139.
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calorimeter, and the muon chambers. In CLEO II the m
menta of charged particles are measured in a tracking sys
consisting of a 6-layer straw tube chamber, a 10-layer pr
sion drift chamber, and a 51-layer main drift chamber,
operating inside a 1.5 T solenoidal magnet. The main d
chamber also provides a measurement of the specific ion
tion, dE/dx, used for particle identification. For CLEO II.V
the straw tube chamber was replaced with a 3-layer sili
vertex detector, and the gas in the main drift chamber w
changed from an argon-ethane to a helium-propane mixt
The muon chambers consist of proportional counters pla
at increasing depth in the steel absorber.

We use 9.2 fb21 of e1e2 data taken at theY(4S) reso-
nance and 4.6 fb21 taken 60 MeV below theY(4S) reso-
nance. Two thirds of the data were collected with the CLE
II.V detector. The simulated event samples used in t
analysis were generated with aGEANT-based@9# simulation
of the CLEO detector response and were processed in a s
lar manner as the data.

We reconstruct bothJ/c→e1e2 and J/c→m1m2 de-
cays and use identicalJ/c selection criteria for all measure
ments described in this Rapid Communication. Electron c
didates are identified based on the ratio of the tra
momentum to the associated shower energy in the CsI c
rimeter and on thedE/dx measurement. The internal brem
strahlung in theJ/c→e1e2 decay as well as the brems
strahlung in the detector material produces a long radia
tail in the e1e2 invariant mass distribution and impedes e
ficient J/c→e1e2 detection. We recover some of th
bremsstrahlung photons by selecting the photon shower
the smallest opening angle with respect to the direction
the e6 track evaluated at the interaction point, and then
quiring this opening angle to be smaller than 5°. We the
fore refer to thee1(g)e2(g) invariant mass when we de
scribe theJ/c→e1e2 reconstruction. For theJ/c→m1m2

reconstruction, one of the muon candidates is required
penetrate the steel absorber to a depth greater than 3 nu
interaction lengths. We relax the absorber penetration
quirement for the second muon candidate if it is not expec
to reach a muon chamber either because its energy is too
or because it does not point to a region of the detector c
ered by the muon chambers. For these muon candidate
require the ionization signature in the CsI calorimeter to
consistent with that of a muon.

Track fitting is performed using a Kalman filtering tec
nique, first applied to track fitting by Billoir@10#. The track
fit sequentially adds the measurements~hits! provided by the
tracking system to correctly take into account multiple sc
tering and energy loss of a particle in the detector mater
m-
1-2
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The fitter uses hit resolution parametrizations extracted fr
data and calculates covariance matrices for the track pa
eters determined in the fit. As in other recent measurem
@11#, we extensively use normalized variables, taking adv
tage of well-understood track and photon-shower fo
momentum covariance matrices to calculate the expe
resolution for each combination. The use of normalized v
ables allows uniform candidate selection criteria to be
plied to the data collected with the CLEO II and CLEO II.
detector configurations. For example, the normalizedJ/c
→m1m2 mass is defined as@M (m1m2)2MJ/c#/s(M ),
whereMJ/c is the world average value of theJ/c mass@12#,
ands(M ) is the calculated mass resolution for that partic
lar m1m2 combination. The averagel 1l 2 invariant mass
resolution is 12 MeV/c2. The normalized mass distribution
for the J/c→ l 1l 2 candidates are shown in Fig. 1. We r
quire the normalized mass to be from210 to 13 for the
J/c→e1e2 and from24 to 13 for theJ/c→m1m2 can-
didates. For eachJ/c candidate, we perform a fit constrain
ing its mass to the world average value.

Photon candidates forxc1→J/cg and p0→gg decays
are required to have an energy of at least 30 MeV in
barrel region (ucosugu,0.71) and at least 50 MeV in the end
cap region (0.71,ucosugu,0.95), whereug is the angle be-
tween the beam axis and the candidate photon. To selec
p0 candidates forB0→J/cp0 reconstruction, we require th
normalizedp0→gg mass to be between25 and14. The
averagegg invariant mass resolution for thesep0 candidates
is 7 MeV/c2. We perform a fit constraining the mass of ea
p0 candidate to the world average value@12#.

We reconstructxc1 in the xc1→J/cg decay mode. Most
of the photons inY(4S)→BB̄ events come fromp0 decays.
We therefore do not use a photon if it can be paired w
another photon to produce ap0 candidate with the normal
ized p0→gg mass between24 and13. The resolution in
the J/cg invariant mass is 8 MeV/c2. We select thexc1
candidates with the normalizedxc1→J/cg mass between
24 and13 and perform a fit constraining the mass of ea
xc1 candidate to the world average value@12#.

FIG. 1. Normalized invariant mass of the~a! J/c→e1e2 and
~b! J/c→m1m2 candidates in data. The momentum of theJ/c
candidates is required to be less than 2 GeV/c, which is slightly
above the maximalJ/c momentum in B→J/cp decays. The
shaded histogram represents the luminosity-scaled data take
MeV below theY(4S) showing the level of background from non

BB̄ events.
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The KS
0→p1p2 candidates are selected from pairs

tracks forming well-measured displaced vertices. We refit
daughter pion tracks taking into account the position of
displaced vertex and constrain them to originate from
measured vertex. The resolution in thep1p2 invariant mass
is 4 MeV/c2. We select theKS

0→p1p2 candidates with the
normalizedKS

0→p1p2 mass between24 and14 and per-
form a fit constraining the mass of eachKS

0 candidate to the
world average value@12#.

In order to increase ourB0→J/cKS
0 sample, we also re-

constructKS
0→p0p0 decays. The average flight distance f

the KS
0 from B0→J/cKS

0 decay is 9 cm. We find theKS
0

decay vertex using only the calorimeter information and
known position of thee1e2 interaction point. TheKS

0 flight
direction is calculated as the line passing through thee1e2

interaction point and the center of energy of the four pho
showers in the calorimeter. TheKS

0 decay vertex is found
using a maximum likelihood fit. TheKS

0 decay vertex is de-
fined as the point along theKS

0 flight direction for which the
product f @M (g1g2)#3 f @M (g3g4)# is maximal. In the
above expression,M (g1g2) and M (g3g4) are the diphoton
invariant masses recalculated assuming a particularKS

0 decay
point, andf (M ) is thep0 mass lineshape obtained from th
simulation where we use the knownKS

0 decay vertex. This
p0 lineshape is asymmetric, with its low-side tail arisin
from the energy leakage in the calorimeter. For simula
events, theKS

0 flight distance is found without bias with
resolution of 5 cm. The uncertainty in theKS

0 decay vertex
position arising from theKS

0 direction approximation is much
smaller than the resolution of the flight distance. We sel
the KS

0 candidates by requiring the reconstructedKS
0 decay

length to be in the range from210 to160 cm. After theKS
0

decay vertex is found, we select theKS
0→p0p0 candidates

by requiring 215,M (gg)2Mp0,10 MeV/c2 for both
photon pairs. Then we perform a kinematic fit simult
neously constrainingM (g1g2) and M (g3g4) to the world
average value of thep0 mass@12#. The resultingKS

0 mass
resolution is 12 MeV/c2. We select theKS

0→p0p0 candi-
dates with the normalizedKS

0→p0p0 mass between23 and
13 and perform a fit constraining the mass of eachKS

0 can-
didate to the world average value@12#. The KS

0→p0p0 de-
tection efficiency is determined from simulation. The sy
tematic uncertainty associated with this determination can
reliably estimated by comparing theKS

0→p0p0 and KS
0

→p1p2 yields for inclusiveKS
0 candidates in data and i

simulated events.
The B0 candidates are selected by means of two obse

ables. The first observable is the difference between the
ergy of theB0 candidate and the beam energy,DE[E(B0)
2Ebeam. The averageDE resolution for each decay mode
listed in Table I. We use the normalizedDE for candidate
selection and requireuDEu/s(DE),3 for B0→J/cKS

0 and
B0→xc1KS

0 candidates withKS
0→p1p2. To account for a

low-sideDE tail arising from the energy leakage in the cal
rimeter, we require25,DE/s(DE),3 for B0→J/cKS

0

with KS
0→p0p0 and 24,DE/s(DE),3 for B0→J/cp0

60
1-3
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TABLE I. Number of signal candidates, estimated background, averageDE resolution, product of sec-
ondary branching fractions (Bs), detection efficiency, and measured branching fraction. Row 1 contain
combined value ofB(B0→J/cK0), rows 2 and 3 contain the individual results for the twoKS

0 decay modes.

Decay Signal Total s(DE) Bs Efficiency Branching
mode candidates background~MeV! (%) (%) fraction (31024)

B0→J/cK0 9.560.860.6
KS

0→p1p2 142 0.360.2 11 4.0460.06 37.062.3 9.860.860.7
KS

0→p0p0 22 1.160.3 25a 1.8560.03 13.961.1b 8.421.9
12.160.7

B0→xc1K0 9 0.960.3 10 1.1060.07 19.261.3 3.921.3
11.960.4

B0→J/cp0 10 1.060.5 28a 11.860.2 31.462.2b 0.2520.09
10.1160.02

aThe DE distribution has a low-side tail due to the energy leakage in the calorimeter.
bIncludes the loss of efficiency due top0→e1e2g decays.
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candidates. The second observable is the beam-constrainB
mass,M (B)[AEbeam

2 2p2(B), wherep(B) is the magnitude
of the B0 candidate momentum. The resolution inM (B) is
dominated by the beam energy spread for all the de
modes under study and varies from 2.7 to 3.0 MeV/c2 de-
pending on the mode. We use the normalizedM (B) for can-
didate selection and requireuM (B)2MBu/s(M ),3, where
MB is the nominalB0 meson mass. TheDE vs M (B) distri-
butions together with the projections on theM (B) axis are
shown in Fig. 2. The number ofB0 candidates selected i
each decay mode is listed in Table I.

Backgrounds can be divided into two categories. The fi
category is the background from those exclusiveB decays
that tend to produce a peak in the signal region of theM (B)
distribution. We identify these exclusiveB decays and esti
mate their contributions to background using simula
events with the normalizations determined from the kno
branching fractions or from our data. The second categor
the combinatorial background fromBB̄ and continuum non-
BB̄ events. To estimate the combinatorial background, we
the M (B) distribution in the region from 5.1 to 5.3 GeV/c2.
As a consistency check, we also estimate the combinato
05110
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background using high-statistics samples of simula

Y(4S)→BB̄ and non-BB̄ continuum events together wit

the data collected below theBB̄ production threshold. The
total estimated backgrounds are listed in Table I. Below
describe the background estimation for each decay cha
under study.

Background for B0→J/cKS
0 with KS

0→p1p2. Only
combinatorial background contributes, with the total bac
ground estimated to be 0.360.2 events.

Background for B0→J/cKS
0 with KS

0→p0p0. The com-
binatorial background is estimated to be 0.560.2 events. The
other background source isB→J/cK* @13#, with K*
→Kp0 or K* →KS

0p with KS
0→p0p0. The background

from these decays is estimated to be 0.660.2 events.
Background for B0→xc1KS

0 . The combinatorial back-
ground is estimated to be 0.560.3 events. We estimate th
background fromB decays to theJ/cKS

0p final state from
the samples of simulated events, with the normalizations
tained from the fits to theM (Kp) distributions for B1

→J/cKS
0p1 and B0→J/cK2p1 candidates in data. The

background fromB→J/cKS
0p is estimated to be 0.41
i-

o-
at
FIG. 2. TheDE vs M (B) distribu-
tion for ~a! B0→J/cKS

0 with KS
0

→p1p2, ~b! B0→J/cKS
0 with KS

0

→p0p0, ~c! B0→xc1KS
0 , and ~d! B0

→J/cp0 candidates. The signal cand
dates, selected using normalizedDE
and M (B) variables, are shown by
filled circles. Below eachDE vs M (B)
plot, we show the projection on the
M (B) axis with the DE requirement
applied. The shaded parts of the hist
grams represent the candidates th
pass the uM (B)2MBu/s(M ),3 re-
quirement.
1-4
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60.07 events, and is dominated byB→J/cK* decays with
K* →KS

0p. We find no evidence forB→xc2K production
and estimate the background fromB0→xc2KS

0 to be 0.01
60.01 events.

Background for B0→J/cp0. The combinatorial back-
ground is estimated to be 0.420.3

10.5 events. TheDE resolution
is good enough to render negligible the background from
of the Cabibbo-allowedB→J/cKp0(X) decays, where a
least a kaon mass is missing from the energy sum. The b
ground from B0→J/cKS

0 decays withKS
0→p0p0 is esti-

mated to be 0.3860.05 events. We estimate the backgrou
from B decays to theJ/cpp0 final state from the samples o
simulated events, with the normalizations obtained from
fits to theM (pp) distributions forB1→J/cp1p0 andB0

→J/cp0p0 candidates in data. The background fromB
→J/cp0p is estimated to be 0.260.2 events, and is domi
nated byB1→J/cr1 decays.

We use the Feldman-Cousins approach@14# to assign the
68% C.L. intervals for the signal mean for the three lo
statistics decay modes (B0→xc1KS

0 , B0→J/cp0, and B0

→J/cKS
0 with KS

0→p0p0). We assumeB„Y(4S)→B0B̄0
…

5B„Y(4S)→B1B2
… for all branching fractions in this

Rapid Communication. We use the following branching fra
tions for the secondary decays:B(J/c→ l 1l 2)5(5.894
60.086)% @15#, B(xc1→J/cg)5(27.361.6)% @12#,
B(KS

0→p1p2)5(68.6160.28)% @12#, andB(KS
0→p0p0)

5(31.3960.28)% @12#. The reconstruction efficiencies ar
determined from simulation. The resulting branching fra
tions are listed in Table I. Combining the results for the tw
KS

0 modes used inB0→J/cKS
0 reconstruction and taking into

account correlated systematic uncertainties, we obtainB(B0

→J/cK0)5(9.560.860.6)31024. This measurement o
C

9-
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B(B0→J/cK0) is consistent with and improves upon th
previous CLEO measurement@16#; it is also consistent with
the world average value@12#. The measurements ofB(B0

→J/cK0), B(B0→xc1K0), andB(B0→J/cp0) reported in
this Rapid Communication supersede the previous CLEO
sults @16,17#.

The systematic uncertainties in the branching fract
measurements include contributions from the uncertainty
the number ofBB̄ pairs ~2%!, tracking efficiencies~1% per
charged track!, photon detection efficiency~2.5%!, lepton
detection efficiency~3% per lepton!, KS

0→p1p2 finding ef-
ficiency ~2%!, KS

0→p0p0 finding efficiency ~5%!, back-
ground subtraction (0.0125.5%, see Table I!, statistics of
the simulated event samples (0.621.0%), and the uncertain
ties on the branching fractions of secondary decays~see
Table I!.

In summary, we have studied threeB0 decay modes use
ful for the measurement of sin2b. We report the first obser
vation and measure branching fractions of theB0→xc1K0

andB0→J/cp0 decays. We describe aKS
0→p0p0 detection

technique and its application to the reconstruction of the
cay B0→J/cKS

0 . We measure the branching fraction fo
B0→J/cK0 decays withKS

0 mesons reconstructed in bot
p1p2 andp0p0 decay modes.
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