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The inclusive production of charmonium mesons inB meson decay has been studied in a 20.3 fb21 data set
collected by theBABARexperiment operating at theY(4S) resonance. Branching fractions have been mea-
sured for the inclusive production of the charmonium mesonsJ/c, c(2S), xc1 , and xc2 . The branching
fractions are also presented as a function of the center-of-mass momentum of the mesons and of the helicity of
the J/c.
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I. INTRODUCTION

Studies of the inclusive production of charmonium m
sons inB decays provide insight into the physics of the u
derlying production mechanisms. Nonrelativistic QC
~NRQCD! @1#, which may provide an explanation@2# for the
unexpectedly large production ofJ/c and c(2S) mesons
observed inpp̄ collisions @3#, is an example of such a
mechanism. NRQCD calculations use phenomenolog
matrix elements that should be applicable to a variety
production processes@4#, including such kinematically dif-
ferent regimes as hadron collisions at the Fermilab Teva
collider ande1e2 collisions at theY(4S).

This paper presents an analysis ofJ/c, xc1 , xc2 , and
c(2S) mesons produced inB decays at theY(4S) reso-
nance.J/c andc(2S) mesons are reconstructed in thee1e2

and m1m2 decay modes, and thexc1 and xc2 in the J/cg
final states. We also reconstructc(2S)→J/cp1p2.

The results include new measurements of previously
served decays@5,6# as well as momentum and helicity distr
butions not previously measured.

II. THE BABAR DETECTOR AND THE PEP-II COLLIDER

The BABARdetector is located at the PEP-IIe1e2 stor-
age rings operating at the Stanford Linear Accelerator C
ter. At PEP-II, 9.0 GeV electrons collide with 3.1 GeV po
itrons to produce a center-of-mass energy of 10.58 GeV,
mass of theY(4S) resonance.

The BABARdetector is described elsewhere@7#; here we
give only a brief overview. Surrounding the interaction po
is a 5-layer double-sided silicon vertex tracker~SVT!, which
provides precision spatial information for all charged p

*Also with Universitàdi Perugia, I-06100 Perugia, Italy.
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ticles, and also measures their energy loss (dE/dx). The
SVT is the primary detection device for low momentu
charged particles. Outside the SVT, a 40-layer drift cham
~DCH! provides measurements of the transverse momentpT
of charged particles with respect to the beam direction. T
resolution of thepT measurement for tracks with momen
above 1 GeV/c is parametrized as

s~pT!

pT
50.13•pT%10.45%, ~1!

where pT is measured in GeV/c. The drift chamber also
measuresdE/dx with a resolution of 7.5%. Beyond the oute
radius of the DCH is a detector of internally reflected Ch
enkov radiation~DIRC!, which is used primarily for charged
hadron identification. The detector consists of quartz bar
which Cherenkov light is produced as relativistic charg
particles traverse the material. The light is internally r
flected along the length of the bar into a water-filled stan
off box mounted on the rear of the detector. The Cheren
rings expand in the stand-off box and are measured with
array of photomultiplier tubes mounted on its outer surfa
A CsI~Tl! crystal electromagnetic calorimeter~EMC! is used
to detect photons and neutral hadrons, as well as to iden
electrons. The energy resolution of the calorimeter is para
etrized as

s~E!

E
5

2.3%

E1/4 % 1.9%, ~2!

where the energyE is measured in GeV. The EMC is su
rounded by a superconducting solenoid that produces a 1
magnetic field. The instrumented flux return~IFR! consists
of multiple layers of resistive plate chambers~RPC! inter-
leaved with the flux return iron. The IFR is used in the ide
tification of muons and neutral hadrons.
2-5
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Data acquisition is triggered with a two-level system. T
first level uses fast algorithms implemented in hardware
examine tracks in the DCH and energetic clusters in
EMC. The second level retains events in which the tra
candidates point back to the beam interaction region, o
which the EMC cluster candidates are correlated in time w
the rest of the event and exceed the energy of a minim
ionizing particle. Over 99.9% ofBB̄ events pass the secon
level trigger. A fraction of all events that pass the first lev
are passed through the second to allow monitoring of
performance.

III. COORDINATE SYSTEM AND REFERENCE FRAMES

We use a right-handed coordinate system with thez axis
along the electron beam direction and they axis upwards,
with origin at the nominal beam interaction point. The po
angleu is measured from thez axis and the azimuthal angl
f from thex axis. Unless otherwise stated, kinematic qua
tities are calculated in the rest frame of the detector. T
other reference frame we commonly use is the center of m
of the colliding electrons and positrons, which we call t
center-of-mass frame.

IV. EVENT SELECTION

The data used in these analyses were collected betw
October 1999 and October 2000 and correspond to an
grated luminosity of 20.3 fb21 taken on theY(4S) and 2.6
fb21 taken off-resonance at an energy 0.04 GeV lower th
the peak, which is below the threshold forBB̄ production
and therefore includes only continuum processes.

We use an equivalent luminosity of simulated data@8#,
including bothBB̄ and continuum, to study the efficiency o
the analysis.

We require events to satisfy criteria that are intended
have high efficiency forY(4S) events while rejecting a sig
nificant fraction of continuum events and strongly suppre
ing beam gas events. The event must satisfy either the D
components of both trigger levels or the EMC components
both, and have three or more high-quality tracks in the
gular region with full tracking acceptance, 0.41,u,2.54.
Reconstructed charged particles are considered high-qu
tracks if they have at least 12 hits in the DCH,pT
.100 MeV/c, and a point of closest approach to the be
spot of,3 cm in z and,1.5 cm inxy.

The ratio of the second to the zeroth Fox-Wolfram m
mentR2 @9# measures how uniformly the energy in the eve
is distributed, distinguishing the more sphericalBB̄ events
with small R2 from the more jet-like continuum events
largeR2 ~Fig. 1!. We requireR2,0.5.

The primary event vertex is obtained from all charg
particles with 0.41,u,2.54. Particles contributing a larg
x2 are removed from the vertex and the process is itera
until stable. To reject events due to a beam particle strik
the beam pipe or a residual gas molecule, we require
primary event vertex to be within 0.5 cm of the beam spo
xy and 6 cm inz.
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Finally, the event must include total visible energ
~charged particles plus unassociated EMC clusters abov
MeV! greater than 4.5 GeV.

The efficiency for simulatedY(4S)→BB̄ events is
95.4%. More relevant is the ratioCE of this efficiency to that
for events containing the charmonium decay of interest.CE
is calculated for each of the final states using simulated d
Inaccuracies in the simulation of the tracking systems p
duce an uncertainty of 1.1%, common to all modes.

Determination of number of Y„4S… mesons

The number ofY(4S) events satisfying the above sele
tion criteria (NY) is obtained from the total number of even
satisfying the criteria by subtracting the component due
the continuum.

NY5Non2k•Ro f f•Mon , ~3!

where

Non is the number of events satisfying the criteria in t
on-resonance data set;
Mon is the number of muon pairs in the on-resonance d
set;
Ro f f5No f f /Mo f f is the ratio of the number of events sati
fying the hadronic selection criteria to the number of mu
pairs in the off resonance data; and
k51.000060.0025 allows for differences in the ratios o
continuum and muon-pair cross sections and efficiencies
tween on-resonance and off-resonance data.

The two highest-momentum tracks in muon pair eve
must both deposit less than 1 GeV in the EMC and sat
ucosuu,0.7485 in the center-of-mass frame~to be within the
region of full tracking efficiency!. The tracks must be within
10° of being back-to-back, and must have a combined m
greater than 7.5 GeV/c2. Since the number of muon pairs i
the on and off resonance data sets appears only as a ra
Eq. ~3!, NY depends only weakly on the details of the sele
tion criteria. Varying these over reasonable ranges chan

FIG. 1. R2 distribution after all other selection criteria have be
applied. Points are on-resonance data; histogram is off-reson
data scaled to the same luminosity. The vertical line denotes
requirement imposed onR2 .
2-6
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STUDY OF INCLUSIVE PRODUCTION OF CHARMONIUM . . . PHYSICAL REVIEW D67, 032002 ~2003!
NY by 0.5%, which we take as a systematic error. The
resonance data contains 7.8 times as many muon pairs a
off-resonance data.

Changes to the trigger configuration causedRo f f to vary
from 4.89 to 4.94 during the period in which the data w
collected. For the purposes of this calculation, the data
grouped into periods of compatibleRo f f . Combining the
data in a single group changesNY by 0.3%, which is taken as
a systematic error. In principle,Ro f f could also vary due to
beam gas backgrounds. However, thez distribution of the
primary event vertex indicates that less than 0.1% of eve
are due to beam gas.

We find NY5(21.2660.17)3106. The 0.8% uncertainty
is systematic and includes the 0.5%, 0.3% and 0.1% co
butions from muon pairs,Ro f f , and beam gas describe
above. The largest component is from the 0.25% uncerta
on k, which corresponds to a 0.6% uncertainty onNY .

V. JÕc PRODUCTION

A. JÕc reconstruction

We reconstructJ/c candidates in selected events usi
thee1e2 andm1m2 final states. The leptons are required
satisfy the track quality criteria listed earlier. Electron can
dates are further required to have a distance of closest
proach to the beam line of less than 0.25 cm to reject e
trons produced by photon conversions.

Both leptons are required to fall in the angular ran
0.410,u,2.409 rad~the overlap of the SVT and EMC cov
erage!. Simulation indicates that (75.360.9)% of J/c de-
cays give both leptons in this region. As described in S
IX A, the J/c momentum distribution in the simulation@10#
is slightly different from the observed distribution. This di
ference, and a small variation of efficiency with momentu
produce the uncertainty in the efficiency.

We obtain the efficiency for the leptons to satisfy t
quality criteria by comparing the performance of the ind
pendent SVT and DCH tracking systems in hadronic eve
The corresponding uncertainty in the efficiency is 2.4%
J/c.

One particle in aJ/c→e1e2 candidate must satisfy th
‘‘very tight’’ electron identification criteria described below
The other must satisfy the ‘‘tight’’ criteria displayed i
square brackets.

~1! Difference between measured and expected ene
loss in the DCH between22s and 14s, where s is the
measurement error@23s and17s#;

~2! Ratio of energy measured in EMC to measured m
mentumE/p in range 0.89 to 1.2@0.75 to 1.3#;

~3! Associated EMC cluster must include at least fo
crystals@same#;

~4! Lateral energy distribution LAT@11# of EMC cluster
in range 0.1–0.6@0.0–0.6#;

~5! The A42 Zernike moment@12# of the EMC cluster
,0.42 @no requirement#; and

~6! DIRC Cherenkov angle within 3s of expected value
@no requirement#.

LAT is a measure of the radial energy profile of the clu
ter, and is used to suppress clusters from electronic n
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~very low LAT! or hadronic interactions~high LAT!. A42
measures the azimuthal asymmetry of the cluster abou
peak, distinguishing electromagnetic from hadronic show

We reduce the impact of bremsstrahlung by combin
photons radiated by electron candidates with the track m
sured in the tracking system~‘‘bremsstrahlung-recovery’’!.
Such photons must have EMC energy greater than 30 M
and a polar angle within 35 mrad of the electron directio
The azimuthal angle of the photon must be within 50 mrad
the electron direction at the beamspot or be between
direction and azimuthal location of the electron shower in
EMC.

For J/c→m1m2 candidates, one muon candidate mu
satisfy ‘‘tight’’ criteria, while the other satisfies ‘‘loose’’ cri-
teria ~shown in square brackets!:

~1! Energy in calorimeter between 0.05 and 0.40 G
@,0.50 GeV#;

~2! Number of IFR layersNIFR>2 @same#;
~3! Particle penetrates at least 2.2 interaction lengthsl of

detector material@2l#; ~4!
~4! Measured penetration within60.8l of the value ex-

pected for that momentum@61.0l#;
~5! An average of less than 8 hit strips per IFR lay

@same#;
~6! The RMS of the hits per IFR layer less than 4@same#;
~7! For candidates in the forward endcap, the number

hit IFR layers divided by the total number of layers betwe
the first and last hit layers must be.0.34 to reject beam
background in the outermost layer@.0.30#;

~8! x2 of the track fit in the IFR,33NIFR @same#; and
~9! x2 of match between track from SVT and DCH an

that found in the IFR,53NIFR @same#.

FIG. 2. Mass distribution ofJ/c candidates reconstructed in th
~a! e1e2 and~b! m1m2 final states. The vertical dashed line in~b!
marks the lower edge of the mass range used in them1m2 final
state.
2-7
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TABLE I. Meson yield in on-resonance~20.3 fb21! and off-resonance~2.6 fb21! data, and net yield after continuum subtraction.eC and
CE are the meson reconstruction efficiency and the relative event selection efficiency;SN andSe are the systematic errors on the meson yie
and reconstruction efficiency;Statis the statistical error. The systematic errors on the branching fraction products include components
to that final state. The total uncertainty values include those listed in the ‘‘Common’’ rows.Bc are the secondary branching fractions andSB

the uncertainty.Tot is the total systematic error~percentage! on theB branching fraction to that final state.

Meson YieldNc Efficiencies Uncertainties~%! B Product3106

Mode On Off Net eC CE SN Se Stat Value Stat Sys Bc SB % Tot %

J/c→,1,2

e1e2 160956242 23615 159146268 0.589 1.02 4.1 2.0 1.7 650 611 630 0.0593 1.7 4.9
m1m2 136836154 67618 131596210 0.500 0.99 0.7 1.4 1.6 615 610 610 0.0588 1.7 2.3
Common - - - - - - 3.1 - - - 3.1% - 0. 3.1

xc1→J/cg
J/c→e1e2 512662 2263 528667 0.191 1.04 6.4 3.1 12.7 68 69 65 0.0593 1.7 7.3
J/c→m1m2 614672 366 592686 0.201 1.00 5.4 2.0 14.5 69 610 64 0.0588 1.7 6.0
Common - - - - - - 4.5 - - - 4.5% 0.316 10.1 11.1

xc2→J/cg
J/c→e1e2 168648 2563 210654 0.197 1.04 3.9 9.6 25.7 26 67 63 0.0593 1.7 10.3
J/c→m1m2 208654 465 174666 0.207 1.00 10.4 12.1 38.0 20 68 63 0.0588 1.7 16.0
Common - - - - - - 5.3 - - - 5.3% 0.187 10.7 11.9

c(2S)→,1,2

e1e2 573652 2668 623681 0.594 1.05 4.3 1.9 12.9 25.863.3 61.2 0.0078 - -
m1m2 437644 5610 400692 0.535 1.01 3.1 1.6 23.0 17.864.1 60.5 0.0067 - -
Common - - - - - - 3.1 - - - 3.1% - - 3.1

c(2S)→J/cp1p2

J/c→e1e2 474643 062 476645 0.205 0.99 2.7 2.1 9.5 53.965.1 61.8 0.0593 1.7 3.8
J/c→m1m2 493642 063 496647 0.215 0.98 2.3 1.4 9.5 53.365.1 61.4 0.0588 1.7 3.2
Common - - - - - - 3.5 - - - 3.5% 0.305 5.2 6.3
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The particle identification efficiencies are obtained
comparing the yield ofJ/c mesons applying various criteri
to one or both tracks. The efficiency forJ/c→e1e2 satis-
fying the angular acceptance and track quality criteria
90.5% with a systematic error of 1.8%. ForJ/c→m1m2, it
is 71.7% with a systematic error of 1.4%. The systema
errors are somewhat conservative, in that they include a c
ponent due to theJ/c statistics. Misidentification of hadron
as muons is higher than misidentification as electrons, p
ducingJ/c background levels that are approximately a fa
tor of two higher.

Finally, the J/c candidate must have momentum in t
center of massp* ,2.0 GeV/c. This requirement is fully
efficient for aJ/c meson fromB decay but rejects approxi
mately 74% of those produced in the continuum@13#.

More than oneJ/c candidate may be found in an event.
second candidate is observed in 0.8% of events that inc
at least one.

B. Extraction of number of JÕc mesons

The mass of theJ/c candidate is obtained after constrai
ing the two leptons to a common vertex. In less than 1%
events, the vertex fit does not converge, and we instead
four-vector addition to obtain the candidate mass. The m
resolution is poorer by approximately 1% for these even
Figure 2 shows the mass distribution of the selected ca
dates in the two lepton modes.
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The number ofJ/c mesons in the mass window used
the fit ~2.6–3.3 GeV/c2 for thee1e2 mode, 2.8–3.3 GeV/c2

for m1m2) is determined by a binned likelihood fit to th
distribution. The background is represented by a third-or
Chebychev polynomial. The probability distribution functio
~pdf! for them1m2 signal is the distribution from simulation
convolved with a Gaussian distribution, with mean~allowing
for a systematic shift between simulation and data! and width
~allowing for poorer resolution! free to float in the fit. The
additional smearing is required because the simulation
derestimates the actual amount of material in the detec
The fit returns an offset of 3 MeV/c2 and an additional reso
lution of 7.8 MeV/c2. The total mass resolution in data
approximately 12 MeV/c2. The simulation includes fina
state radiation@14# and predicts that (2.760.1)% of recon-
structedJ/c→m1m2 candidates fall outside the mass ran
used in the fit.

To include the impact of bremsstrahlung, theJ/c
→e1e2 signal pdf includes four components, correspond
to mesons where neither electron has undergone bremss
lung or at least one, and mesons for which t
bremsstrahlung-recovery process has located a photon or
The shapes are derived from simulated data, but the rela
weights of three of the four components are allowed to fl
in the fit. The fraction of events that did not undergo brem
strahlung but had a photon assigned by the bremsstrahl
recovery process is nominally fixed to the value predicted
2-8
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STUDY OF INCLUSIVE PRODUCTION OF CHARMONIUM . . . PHYSICAL REVIEW D67, 032002 ~2003!
simulation, although it is varied to obtain a systematic er
An estimated (7.360.8)% of reconstructedJ/c→e1e2

candidates fall outside the mass range, which can be c
pared to the value of 6.1% if the relative pdf weights a
fixed to the values predicted by simulation.

We perform similar fits to the off-resonance data with
signal fit parameters fixed except for the number of meso
The result is scaled by the ratio of on- to off-peak luminos
and subtracted to obtain the number of mesons attributab
B decay, which appears in Table I as the net meson yiel

The fitting procedure is validated and systematic errors
its results are obtained by comparing the generated num
of events with the fit number of events for many simulat
mass distributions convolved with a Gaussian distributi
For the purposes of this test, we increase the statistics o
simulated data by relaxing the particle identification a
track-quality requirements. We also test second and fou
order Chebychev polynomials for the background pdf.
perform these tests for thexc1 , xc2 , andc(2S) mass distri-
butions as well.

We vary fit parameters that are fixed during the fit
obtain an additional systematic contribution. In the case
the J/c, we vary the bremsstrahlung-recovery error ra
from one-half to twice its nominal value. The systema
errors on the fit yields are 0.7% forJ/c→m1m2 and 4.1%
for J/c→e1e2.

C. Determination of the B\JÕcX branching fraction

We calculate values for theB→J/cX branching fraction
using thee1e2 andm1m2 final states separately, then com
bine the two. The equation for the branching fraction is
same for both cases~and for the other mesons studied!:

B5
Nc

2•NY•eC•Bc
•CE , ~4!

where

Nc is the net number of mesons in the mass fit range a
continuum subtraction;
eC is the efficiency for a meson to satisfy the selection c
teria, including the requirement that the mass fall in the m
fit range;

TABLE II. Summary ofB branching fractions~percent! to char-
monium mesons with statistical and systematic uncertainties.
direct branching fraction is also listed, where appropriate. The
column contains the world average values@15#.

Meson Value Stat Sys World Average

J/c 1.057 60.012 60.040 1.1560.06
J/c direct 0.740 60.023 60.043 0.8060.08
xc1 0.367 60.035 60.044 0.3660.05
xc1 direct 0.341 60.035 60.042 0.3360.05
xc2 0.210 60.045 60.031 0.0760.04
xc2 direct 0.190 60.045 60.029 -
c(2S) 0.297 60.020 60.020 0.3560.05
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Bc is world average@15# for the relevant secondary charmo
nium branching fraction. For theJ/c, this is for J/c
→e1e2 or J/c→m1m2;
CE corrects for the difference in event selection efficien
~Sec. IV! between genericBB̄ events and charmonium
events. It is equal to the efficiency for genericBB̄ events
divided by the efficiency for the relevant charmonium fin
state.

Table I summarizes the meson yields and efficiencies
also presents the branching fraction productB•Bc , an ex-
perimental quantity that does not depend on the secon
charmonium branching fractions. There is a 3.1% system
error common to both modes—and, in fact, to all final sta
we study—due to acceptance~1.2%!, track quality selection
~2.4%!, uncertainty onCE ~1.1%!, and number ofY(4S)
~0.8%!.

The separatee1e2 and m1m2 branching fraction mea-
surements are averaged to obtain the final result~Table II!.
Each measurement is weighted in the average by the inv
of the square of the statistical error plus the square of
systematic errors unique to that mode. The common syst
atic error is the largest component of theB(B→J/cX) un-
certainty.

VI. xc PRODUCTION

We reconstructxc1 and xc2 mesons in theJ/cg decay
mode. TheJ/c mesons must satisfy the criteria listed in Se
V A, with the additional requirement that theJ/c candidate
massm satisfy 3.05,m,3.12 GeV/c2 for e1e2 decays and
3.07,m,3.12 GeV/c2 for m1m2. An estimated (74.0

FIG. 3. xc1 andxc2 candidates reconstructed in theJ/cg final
state. Mass difference between theJ/cg andJ/c candidates when
theJ/c is reconstructed in the~a! e1e2 and~b! m1m2 final states.
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AUBERT et al. PHYSICAL REVIEW D 67, 032002 ~2003!
60.4)% of J/c→e1e2 and (91.460.3)% of J/c
→m1m2 mesons that satisfy all other criteria satisfy th
additional mass selection.

Photon candidates are EMC clusters in the angular ra
0.41,u,2.409 rad with energy between 0.12 GeV and 1
GeV. Hadronic showers are suppressed by requiring LAT
than 0.8 andA42,0.15, while clusters from nearby hadron
showers are suppressed by requiring that candidates b
least 9° from all charged tracks.

Most photons satisfying these requirements are produ
in p0 decay. We reject a candidate that, when combined w
any other photon, produces a mass between 0.117 Gec2

and 0.147 GeV/c2. The second photon must have ener
greater than 30 MeV and LAT,0.8, with no requirement on
A42 or distance from charged tracks.

A systematic error due to the photon selection criteria
obtained by comparing the branching ratiot1

→h1p0p0/t1→h1p0 in data to that in simulation, wher
h1 is any charged track. We also vary the minimum ene
requirement from 0.10 to 0.14 GeV and test alternativep0

veto regions. We obtain a systematic error of 3.1% for
xc1 and 4.4% for thexc2 common to both thee1e2 and
m1m2 final states. An additional component to the syste
atic error arises from changes in the shape of the ba
ground, shown in Fig. 3, affecting the fit results. It is spec
to each final state and mode, and amounts to 2.2% (e1e2)
and 1.3% (m1m2) for thexc1 , and 9.2% (e1e2) and 11.9%
(m1m2) for the xc2 .

The photon is constrained to originate at theJ/c vertex in
the calculation of thexc four-momentum. We requirep*
,1.7 GeV/c, a requirement that is satisfied byxc1 or xc2
mesons fromB decays.

We determine the number of mesons from a fit to the p

FIG. 4. Mass distribution ofc(2S) candidates reconstructed i
the ~a! e1e2 and ~b! m1m2 final states.
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of the mass difference between the candidate and the da
ter J/c masses~Fig. 3!. We use different signal pdfs for th
xc1 andxc2 . These are formed by convolving the pdf calc
lated by simulation with a Gaussian distribution, where t
offset and sigma are constrained to be the same for thexc1
andxc2 . The background is described by a third-order Ch
bychev polynomial. Systematic errors on the fit are obtain
as for theJ/c. The correlation coefficient between the num
ber of xc1 andxc2 mesons obtained from the fit is 0.19.

Equation~4! is used to determine inclusiveB→xc1X and
B→xc2X branching fractions separately forJ/c→e1e2 and
J/c→m1m2. In this case, Bc5B(xcJ→J/cg)•B(J/c
→,1,2), wherexcJ is xc1 or xc2 and, is e or m. Table I
summarizes the yields, efficiencies, uncertainties and bra
ing fraction productsB(B→xcJX)•B(xcJ→J/cg)•B(J/c
→,1,2). The 4.5% (xc1) and 5.3% (xc2) systematic errors
common to bothe1e2 and m1m2 include photon recon-
struction in addition to theJ/c reconstruction items.

As with the J/c, the inclusiveB branching fractions to
the xc1 and xc2 are calculated separately using theJ/c
→e1e2 andJ/c→m1m2 decays. The two values are the
combined, distinguishing uncertainties common to both fr
those unique to a single final state.

The branching fraction obtained for thexc2 is comparable
to that for thexc1 and is summarized in Table II. This resu
is consistent with a prediction from a color octet calculati
@16#, and is in contrast to the expectation of a null result in
factorization calculation@17#.

VII. c„2S… PRODUCTION

The reconstruction of thec(2S) in the,1,2 final state is
very similar to theJ/c reconstruction outlined in Sec. V A

FIG. 5. c(2S) candidates reconstructed in theJ/cp1p2 final
state. Mass difference between theJ/cp1p2 and J/c candidates
when theJ/c is reconstructed in the~a! e1e2 and~b! m1m2 final
states.
2-10
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STUDY OF INCLUSIVE PRODUCTION OF CHARMONIUM . . . PHYSICAL REVIEW D67, 032002 ~2003!
with thep* requirement tightened top* ,1.6 GeV/c. Figure
4 shows the resulting candidate mass distribution. A fit
extract the number of mesons in each plot is performed as
the J/c, but with the resolution and bremsstrahlung para
eters fixed to the values found in the higher-statisticsJ/c
channels. These parameters are varied according to thei
certainties as one contribution to the systematic error on
fit; the remaining contributions are determined as for
J/c.

These data are used to calculate the branching frac
product B„B→c(2S)X…•B„c(2S)→,1,2

…, and are later
used in the determination of thep* distribution of c(2S)
mesons produced inB decay. However, the extraction of th
B→c(2S)X branching fraction requires the use ofc(2S)
→e1e2 andc(2S)→m1m2 branching fractions. Since thi
same data set has previously been used to measure
branching fractions@18#, we do not usec(2S)→,1,2

FIG. 6. B→J/cX branching fraction as a function ofp* .

FIG. 7. Branching fraction as a function ofp* for ~a! B
→xc1X and ~b! B→xc2X. The distribution includes a small feed
down component from thec(2S) ~solid curve!.
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events to findB„B→c(2S)X….
Instead, we usec(2S)→J/cp1p2 for this purpose. The

reconstruction of ac(2S) candidate in this final state star
with a J/c candidate satisfying the tighter mass constrai
used inxcJ reconstruction. All charged particles, includin
those failing the ‘‘good-track’’ criteria, are assumed to
pion candidates. The pion pair is required to be opposit
charged and to have a mass, calculated by four-vector a
tion, in the range 0.45 to 0.60 GeV/c2. The mass distribution
from simulation is compared to the measured@19# distribu-
tion to obtain a systematic error of 0.5% on reconstruct
efficiency. Finally, thep* of thec(2S) candidate is required
to be less than 1.6 GeV/c.

Figure 5 displays the mass difference between thec(2S)
and theJ/c candidates separately forJ/c→e1e2 and J/c
→m1m2. As for the other final states, the distributions a
fit to obtain the number of mesons. The resolution smear
parameters are not required to be the same for the
plots, but are consistent: 1.560.8 MeV/c2 (e1e2) and
1.860.5 MeV/c2 (m1m2). The secondary branchin
fractions in Eq. ~4! are in this caseBc5B„c(2S)
→J/cp1p2

…•B(J/c→,1,2).

VIII. DIRECT BRANCHING FRACTIONS

To obtain the branching fraction forJ/c mesons produced
directly in the decay ofB mesons, we subtract the feeddow
contributions to the inclusive branching fraction due
the decay ofxc1 , xc2 , andc(2S) mesons. For thexc1 and

FIG. 8. B→c(2S)X branching fraction as a function ofp* .

FIG. 9. Contributions to theB→J/cX branching fraction as a
function of p* due to feed-down from~a! xc1 , ~b! xc2 and ~c!
c(2S) mesons.
2-11
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AUBERT et al. PHYSICAL REVIEW D 67, 032002 ~2003!
xc2 , the feeddown branching fraction isB(B
→xcJX)•B(xcJ→J/cg), while for the c(2S), it is B„B
→c(2S)X…•B„c(2S)→J/cX….

Similarly, the feeddown from thec(2S) to the xc1 and
xc2 is B„B→c(2S)X…•B„c(2S)→xcJg….

Note that a number of uncertainties are common to b
the inclusive and feeddown components, including tra
quality and particle identification criteria,B(xc1→J/cg),
and B(xc2→J/cg). We use world average values@15# for
the c(2S) branching fractions. The resulting direct branc
ing fractions are summarized in Table II.

IX. p* DISTRIBUTIONS

The momentum distributions of charmonium mesons p
vide an insight into their production mechanisms. Since
do not fully reconstruct theB meson, we cannot determin
the meson momentum in theB rest frame and instead us
p* , the value in theY(4S) center-of-mass frame. The dif
ference, due to the motion of theB in the center-of-mass
frame, has an rms spread of 0.12 GeV/c.

A. Inclusive p* distributions

To measure thep* distributions ofJ/c, xc1 , xc2 , and
c(2S) mesons produced inB decays, we create mass
mass-difference histograms of on-resonance candidates
p* in the desired range. Thee1e2 andm1m2 final states are
again treated separately. The distributions are then fit, w
all signal pdf parameters~other than the number of meson!
fixed to the values obtained from the earlier fits. The fits
performed for 100 MeV/c wide p* ranges, and in each cas
the sum of the yields differs from the original fit by fewe
than ten events.

In the case of theJ/c, we perform similar fits on the
off-resonance data and perform a continuum subtraction
eachp* bin. Since there are no statistically significant o
resonancexc1 , xc2 , or c(2S) signals, we do not perform a
continuum subtraction in these cases.

The yield in each bin is corrected by the reconstruct
efficiency obtained from simulated data, which decreases
approximately 10% between 0 and 2 GeV/c. The yield is
then multiplied by an overall normalization factor for th

FIG. 10. p* of J/c mesons produced directly inB decays
~points!. The histogram is the sum of the color-octet compon
from a recent NRQCD calculation@20# ~dashed line! and the color-
singletJ/cK(* ) component from simulation~dotted line!.
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particular final state and mode, which adjusts the sum of
bins to the earlier branching fraction measurement. We t
perform a weighted average of the two distributions for t
J/c, xc1 , or xc2 , or the four distributions for thec(2S), to
obtain the distributions shown in Figs. 6–8. For this purpo
we use thec(2S)→e1e2 and c(2S)→m1m2 branching
fractions from Ref.@18#. In all cases, the distributions tha
are combined are consistent within statistical errors.

B. Direct p* distributions

TheJ/c p* distribution~Fig. 6! includes components du
to mesons from the decaysxc1→J/cg, xc2→J/cg, and
c(2S)→J/cX. To measure these distributions, we repeat
analysis with the data binned by thep* of theJ/c daughter.
The resultingJ/c feeddown distributions are presented
Fig. 9.

Note that we are using only theJ/cp1p2 decay mode to
obtain theJ/c distribution fromc(2S) decay. In fact, 10.5%
of c(2S)→J/cX decays are modes other thanJ/cpp. If
we instead use the simulatedJ/c distribution for this 10.5%,
Fig. 9c changes by no more than a small fraction of
statistical error bar in any bin.

Subtracting these three components from the inclus
J/c distribution in Fig. 6 leaves the contribution due to th
J/c mesons produced directly inB decay~Fig. 10!.

The superimposed histogram is a calculation of the
pected distribution, which includes color octet and color s
glet components. We use a recent NRQCD calculation@20#
for the color octet component. The authors attribute the s
glet component toJ/cK (* ) production, which we obtain
from simulation. The two are normalized to obtain the b
fit to our data. Possible sources of the apparent excess a
momentum are an intrinsic charm component of theB @21#,
the production, together with theJ/c, of baryons@22#, or an
sd̄g hybrid @23#.

The small feeddown contribution toxc1 and xc2 from
c(2S) decay is calculated by simulation and is show
in Fig. 7.

X. JÕc HELICITY

The helicityuH of a J/c→,1,2 candidate is the angle
measured in theJ/c rest frame, between the positivel

t
FIG. 11. Helicity ofJ/c mesons produced inB decay withp*

.1.1 GeV/c ~dots! andp* ,1.1 GeV/c ~open squares!.
2-12
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charged lepton and the flight direction of theJ/c in the
Y(4S) center-of-mass frame. A more natural definitio
would use theB rest frame, but it cannot be determined
this analysis. Simulation indicates that the rms spread of
difference between the two definitions is 0.085 in cosuH .

A. Inclusive helicity distribution

We proceed as for theJ/c p* distribution, with data cat-
egorized into ranges of width 0.1 in cosuH for two different
momentum ranges, which we choose asp* ,1.1 GeV/c and
1.1,p* ,2.0 GeV/c. We fit the on- and off-resonance ma
distributions to obtain yields in each bin and perform a co
tinuum subtraction. We correct using the reconstruction e
ciency obtained from simulation for that range, although
observe little dependence of efficiency on helicity. We th
apply separate normalization factors to thee1e2 andm1m2

data such that the total branching fraction~summed over the
two p* ranges! agrees with the value obtained earlier for th
mode. The distributions frome1e2 and m1m2 are consis-
tent and are averaged to obtain the helicity distributions
each of the twop* ranges~Fig. 11!.

We fit each distribution with a function 11a•cos2 uH to
obtain the polarizationa, wherea50 indicates the sample i
unpolarized,a51 transversely polarized, anda521 longi-
tudinally polarized. The highp* region, which includes the
two-body B decays, is more highly polarized,a520.592
60.032, than the lowerp* region,a520.19660.044.

We assign a systematic error of 0.008 to these polar
tions by instead considering the reconstruction efficiency
be independent of helicity.

B. Direct JÕc helicity

We determine the helicity distributions ofJ/c mesons
produced in the decay ofxc1 , xc2 , andc(2S) in the same
way we calculate thep* feeddown. Because of the limite
statistics of these samples, we combine the two momen
regions used in the inclusive analysis. The resulting fe
down helicity distributions are shown together with the p
larization fits in Fig. 12. We subtract these from the sum
the two distributions in Fig. 11 to obtain the helicity distr
bution for theJ/c produced directly inB decay~Fig. 13!.
The polarization,a520.4660.06, is slightly out of the

FIG. 12. Helicity distribution ofJ/c mesons produced in th
decay of~a! xc1 , ~b! xc2 , and~c! c(2S) mesons.
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range20.33 to 0.05 predicted by an NRQCD calculatio
@24#, but other authors have argued@25# that relativistic cor-
rections reduce the reliability of the calculation. The syste
atic uncertainty of 0.008 obtained above is small compa
to the statistical error. This result is difficult to compare d
rectly with that from Collider Detector at Fermilab~CDF!
@26#, due to the different mixture ofb mesons and baryons
and the distinction between the effective helicity calcula
there and the true helicity.

XI. SUMMARY

We have reported new measurements ofB meson decays
to final states including charmonium mesons, which are su
marized in Table II. We have presented a number of mom
tum distributions. The distributions of the feeddownJ/c
daughters of thexc1 , xc2 , andc(2S) have not previously
been measured, and allow us to more accurately determ
the distribution forJ/c mesons produced directly inB decay.
The directJ/c distribution is compared to a recent NRQC
calculation and appears to indicate an excess at low mom
tum.

The J/c helicity distribution, which has also has not pr
viously been published, indicates that the polarization of
rect J/c mesons is slightly out of the range predicted by
NRQCD calculation.
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