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Determination of B„xcJ\pp̄… in c„2S… decays
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The processesc(2S)→gxcJ , xcJ→pp̄ (J50,1,2) are studied using a sample of 143106 c(2S) decays
collected with the Beijing Spectrometer at the Beijing Electron-Positron Collider. Very clearxc0 , xc1 andxc2

signals are observed, and the branching fractionsB(xcJ→pp̄) (J50,1,2) are determined to be (27.123.9
14.3

64.7)31025, (5.721.5
11.760.9)31025, and (6.522.1

12.461.0)31025, respectively, where the first errors are statis-
tical and the second are systematic.

DOI: 10.1103/PhysRevD.69.092001 PACS number~s!: 13.25.Gv, 12.38.Qk, 14.40.Gx
-

els

the

a-
I. INTRODUCTION

Hadronic decay rates ofP-wave quarkonium states pro
vide good tests of quantum chromodynamics~QCD!. The
decaysxcJ→pp̄ have been calculated using different mod
0556-2821/2004/69~9!/092001~6!/$22.50 69 0920
@1,2#, and, recently, the decay branching fractions ofxcJ→
baryon and antibaryon pairs were calculated including
contribution of the color-octet Fock states@3#. Using the
xcJ→pp̄ branching fractions as input to determine the m
trix element, the partial widths ofxcJ→LL̄ are predicted to
©2004 The American Physical Society01-1
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TABLE I. B(xcJ→pp̄) results obtained by different experiments.

Experimental technique
Channel c(2S)→gxcJ→gpp̄ pp̄→xcJ→gJ/c

B(xc0→pp̄)(31025) 15.964.365.3 @8# 4828211
19121 @5#

416329
116 @6#

B(xc1→pp̄)(31025) 4.262.262.8 @8# 7.861.061.1 @7#

B(xc2→pp̄)(31025) 5.863.163.2 @8# 9.160.861.4 @7#
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be about half those ofxcJ→pp̄, for J51 and 2. However,
recent measurements ofxcJ→LL̄ @4# together with the
branching fractions ofxcJ→pp̄ from pp̄ annihilation experi-
ments@5–7# and from a measurement fromc(2S) decays
@8# seem to contradict this prediction. An improved measu
ment of thexcJ→pp̄ branching fraction with the same da
sample that was used forxcJ→LL̄ measurement will yield a
more consistent measurement of this fraction.

The measurements ofB(xcJ→pp̄) have been performed
in e1e2 collision experiments, where thexcJ are produced
in c(2S) radiative decays, and inpp̄ annihilation experi-
ments, wherexcJ are formed directly. Although the precisio
in these experiments is limited, results frompp̄ annihilation
experiments seem systematically higher than those obta
in e1e2→c(2S) experiments, as shown in Table I. This le
to a global fit based on results from bothe1e2 and pp̄
annihilations@9#.

The abovee1e2 annihilation results@8# were obtained
from a sample of 3.793106 c(2S) events collected with the
Beijing Spectrometer~BESI! detector @10# at the Beijing
Electron-Positron Collider~BEPC! storage ring running a
the energy of thec(2S). Here we report on a result obtaine
with a sample of (1460.6)3106 c(2S) events collected
with the upgraded BESII detector@11#. In BESII, a 12-layer
vertex chamber~VTC! surrounding the beam pipe provide
trigger information. A forty-layer main drift chambe
~MDC!, located radially outside the VTC, provides trajecto
and energy loss (dE/dx) information for charged tracks ove
85% of the total solid angle. The momentum resolution
sp /p50.018A11p2 (p in GeV/c), and thedE/dx resolu-
tion for hadron tracks is;8%. An array of 48 scintillation
counters surrounding the MDC measures the time of fli
~TOF! of charged tracks with a resolution of;200 ps for
hadrons. Radially outside the TOF system is a 12 radia
length, lead-gas barrel shower counter~BSC!. This measures
the energies of electrons and photons over;80% of the total
solid angle with an energy resolution ofsE /E521%/AE (E
in GeV!. Outside the solenoidal coil, which provides a 0.4
magnetic field over the tracking volume, is an iron flux r
turn that is instrumented with three double layers of coun
that identify muons of momentum greater than 0.5 GeV/c.

A Monte Carlo~MC! simulation is used for the determ
nation of mass resolution and detection efficiency. The an
lar distribution ofc(2S)→gX is simulated assuming a pur
E1 transition, namely 11cos2u, 12 1

3 cos2u, and 1
1 1

13 cos2u for the spin parity of the resonanceX JP501, 11
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and 21, respectively, andX decaying topp̄ is simulated
according to phase space. AGEANT3 based package,SIMBES,
is used for the simulation of detector response, where
interactions of the produced particles with the detector m
terial are simulated and detailed consideration of the dete
performance~such as dead electronic channels! is included.
Reasonable agreement between data and Monte Carlo s
lation has been observed in various channels tested, inc

ing Bhabha, e1e2→m1m2, J/c→pp̄, and c(2S)
→p1p2J/c,J/c→,1,2 (,5e or m).

II. EVENT SELECTION

To selectc(2S)→gxcJ , xcJ→pp̄ (J50,1,2) candidates
events with at least one photon and two charged tracks
required. A neutral cluster in the BSC is considered to b
photon candidate when the angle between the nea
charged track and the cluster in thexy plane is greater than
15°, the first cell hit is in the first 6 radiation lengths, and t
angle between the cluster development direction in the B
and the photon emission direction inxy plane is less than
37°.

A likelihood method is used for discriminating pion, kao
proton, and antiproton tracks. For each charged track,
estimator is defined asWi5Pi /( i P

i , Pi5) j Pj
i (xj ), where

Pi is the probability under the hypothesis of being typei, i

5p, K, andp or p̄, andPj
i (xj ) is the probability density for

the hypothesis of typei, associated with the discriminatin
variablexj . Discriminating variables used for each charg
track are the time of flight in the TOF system and the ene
loss of the track in the MDC. By definition, pion, kaon
proton and antiproton tracks have correspondingWi values
near one.

For the decay channel of interest, the candidate events
required to satisfy the following selection criteria:

~1! There are two oppositely charged tracks in the MD
with each track having a good helix fit anducosuu,0.75,
whereu is the polar angle of the track.

~2! At least one charged track is identified as either
proton or an anti-proton withWp.0.7 orWp̄.0.7.

~3! There is at least one photon candidate. In the cas
multiple photon candidates, the one with the largest B
energy is chosen as the photon radiated from thec(2S).

~4! The x2 probability of the four-constraint kinematic fi
is required to be greater than 1%.
1-2
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Figures 1a and 1b show distributions ofWp andWp̄ after
all other requirements have been applied. It can be seen

theWp/ p̄.0.7 requirement rejects most of thep andK back-
ground, while retaining high efficiency.

In order to reduce backgrounds frome1e2 or m1m2

tracks inJ/c decays@c(2S)→XJ/c#, the BSC energy of
the positively charged track (ESCp) is required to be less
than 0.7 GeV, and the two charged tracks must satisfy
muon veto requirement, thatNp

hit1Np̄
hit

,6, whereNhit is
the number of mu-counter layers with matched hits a
ranges from 0 to 3, indicating not a muon~0!, a weak~1!,
medium~2!, or strongly~3! identified muon track@12#. Dis-
tributions ofESCp andNp

hit1Np̄
hit are shown in Figs. 1c and

1d.
After the above selection, the invariant mass of the pro

and anti-proton is shown in Fig. 2a, where clearxc0 , xc1 and
xc2 signals can be seen. The large peak near the mass o
c(2S) is due to c(2S)→pp̄ with a fake photon recon
structed.

The same analysis is performed on a MC sam
with 143106 inclusive c(2S) decays generated wit
LUNDCHARM @13#. It is found that the remaining background
are mainly fromc(2S)→p0pp̄ with p0→2g, and they con-
tribute a smooth part to thepp̄ invariant mass distribution.

FIG. 1. ~a! Wp,~b! Wp̄,~c! ESCp, and ~d! Np
hit1Np̄

hit distribu-
tions after all the other requirements have been applied, as
scribed in the text. The histograms are for Monte Carlo simula

c(2S)→gxc0 , xc0→pp̄ events and dots with error bars are f

data withpp̄ invariant mass within thexcJ signal region. For~a!
and~b!, data and MC simulation are normalized to the last bin, a
for ~c! and ~d!, data and MC simulation are normalized toESCp

,0.7 andNp
hit1Np̄

hit
,6, respectively.
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III. FIT TO THE pp̄ INVARIANT MASS SPECTRUM

The pp̄ mass spectrum of the final selected events w
pp̄ mass between 3.26 and 3.64 GeV/c2 is fitted with three
Breit-Wigner resonances smeared by Gaussian mass re
tion functions together with a second order polynomial ba
ground using the unbinned maximum likelihood method.
the fit, the mass resolutions are fixed to values from Mo
Carlo simulation~6.84, 6.59 and 6.17 MeV/c2 for xc0 , xc1
and xc2, respectively!, and the widths ofxc1 and xc2 are
fixed to 0.92 and 2.08 MeV/c2 coming from the Particle
Data Group~PDG! @14#. The fit, shown in Fig. 2a, yields a
likelihood probability of 79%, total numbers of events
89.5213

114, 18.224.9
15.5, and 14.324.7

15.2, and statistical significance
of 10.6s, 4.6s, and 3.7s for xc0 , xc1 andxc2, respectively.
The fitted masses are 3414.361.6, 3513.062.1, and
3549.123.0

13.2 MeV/c2, respectively, and agree well with th
world averages@14#, and the width of thexc0 is determined
to be 12.824.5

15.6 MeV/c2, in good agreement with results from
other experiments@14#.

The same fit is applied to the Monte Carlo sample, wh
is about 180 times larger than the data sample and uses

e-
d

d

FIG. 2. Breit-Wigner fit topp̄ mass distribution for selected

c(2S)→gpp̄ events~a! in data and~b! in Monte Carlo simulation,
with relative branching fractions fixed to data.
1-3
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same relative branching fractions between the threexcJ
states as determined from the data. The background frac
is estimated using thexc0 mass region for data. The fit yield
the efficiencies for each channel as«xc0

5(27.4960.30)%,

«xc1
5(27.4260.56)%, and«xc2

5(23.2660.50)%, where
the errors are due to the limited statistics of the Monte Ca
samples.

IV. SYSTEMATIC ERRORS

Systematic errors of the measured branching fracti
come from the efficiencies of photon identification, partic
identification, the kinematic fit, etc.

A. Photon identification

To investigate the systematic error associated with
fake photon misidentification, the fake photon multiplici
distributions and the energy spectra in both data and Mo
Carlo sample are checked withc(2S)→pp̄ events. In this
channel, it is found that the Monte Carlo method simulate
few less fake photons than data.

The selection of the photon candidate with the larg
BSC energy has an efficiency of (92.5560.52)% for data
and (94.4960.22)% for Monte Carlo simulation inc(2S)
→gxc2→gpp̄, as determined from the comparison of e
ergy distributions between the real photons and the f
ones; the difference is (2.160.6)%. Forxc1 and xc0, the
photon is more energetic, so the efficiency of selecting
largest BSC energy cluster is higher. The systematic erro
the photon identification is taken as 2.7% forxc2, as well as
for xc0 andxc1.

B. Photon detection efficiency

The detection efficiency of low energy photons is stud
with J/c→p1p2p0 events by requiring only one photon i
the kinematic fit and examining the detector response in
direction of emission of the second photon. The efficien
from the Monte Carlo simulation agrees with data within 2
in the full energy range. This is taken as the systematic e
of the photon detection efficiency.

C. Particle identification

The systematic error from particle identification is studi
using p ~or p̄) samples fromc(2S)→p1p2J/c, J/c
→pp̄ and c(2S)→pp̄. Since only one track is required t
be identified, the efficiency is very high. The correction fa
tors for efficiencies forxc0 , xc1 and xc2 are found to be
1.02060.006, 1.02560.006 and 1.02860.006, respectively.

D. Kinematic fit

The systematic error associated with the kinematic fi
caused by differences between the measurements of the
menta and the error matrices of the track fitting of t
charged tracks and the measurement of the energy and d
tion of the neutral track for the data and the simulati
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sample. The effect is studied for charged tracks and neu
tracks separately. The systematic error due to the cha
tracks was checked usingc(2S)→pp̄ events, which can be
selected easily without using any kinematic fit. By comp
ing the numbers of the events before and after the kinem
fit, the efficiencies forx2 probability .1% are measured to
be (85.3461.64)% for data and (88.1760.56)% for Monte
Carlo simulation, respectively. This results in a correcti
factor of (0.96860.020)% for the efficiency of this specifi
channel.

The uncertainty due to the measurement of the neu
track parameters is taken from Ref.@4# based on a study o
c(2S)→gxcJ , xcJ→p1p2pp̄. A systematic error of 4.2%
is quoted for all the channels.

E. Muon veto and BSC energy requirements

The efficiencies of the muon veto and BSC energy
quirements are studied withc(2S)→pp̄ events. In order to
get a clean sample ofpp̄ without using these requirements,
four-constraint kinematic fit topp̄ is done, and thex2 prob-
ability of the fit is required to be greater than 1%. The ef
ciencies of the muon veto for both data and Monte Ca
simulation are found to be 100%, while those of the BS
energy requirement are (98.9460.40)% and (99.14
60.18)% for data and Monte Carlo simulation, respective
resulting in a difference of (0.2060.44)%. This difference
together with the error is taken as the systematic error of
BSC energy requirement.

F. Angular distribution

For the radiative decayc(2S)→gxcJ , the general form
of the angular distribution isW(cosu)511Acos2u, whereu
is the angle between the beam direction and the outgo
photon anduAu<1 @15#. The value ofA can be unambigu-
ously predicted only for spinJ50, whereA51. By com-
paring the multipole coefficients measured by Crystal B
@16# with those used under the assumption of a pureE1
transition, differences of 3.5% and 5.5% are found, wh
will be taken as systematic errors of the angular distributio
for J51 and 2, respectively.

G. Breit-Wigner fit

To determine the fit systematic errors, different bac
ground shapes and fit ranges are used in the fit of thepp̄
invariant mass distribution. After changing the backgrou
shape from a second order to a first order polynomial a
varying the fitting range around the one used in the fit,
uncertainties due to fit are determined to be 11.5%, 8.4%
7.3% for xc0 , xc1, andxc2, respectively, with the correla
tion coefficients between differentxcJ states beingr01
50.90, r0250.89, andr1250.97, wherer i j is the correla-
tion factor betweenxci andxc j.

H. Monte Carlo determined mass resolution

The systematic error due to the use of the MC determi
mass resolution is studied withc(2S)→p1p2J/c, J/c
1-4
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→pp̄. The non-Gaussian tails are found to be (5.364.4)%
and (5.361.9)% for data and Monte Carlo simulation r
spectively, which indicates good agreement between th
The uncertainty of the comparison, 4.8%, is taken as
systematic error due to the MC determined mass resolut

I. Other systematic errors

The results reported here are based on a data sample
responding to a total number ofc(2S) decays,Nc(2S) , of
(14.060.6)3106, as determined from inclusive hadron
events@17#. The uncertainty of the number ofc(2S) events,
4%, is determined from the uncertainty in selecting the
clusive hadrons.

The difference of MDC tracking efficiencies between da
and Monte Carlo simulation forp and p̄ may cause a sys
tematic error of 1–2 % for each track. Here 3% is taken
the systematic error on the overall tracking efficiency. T
trigger efficiency is around 100% with an uncertainty
0.5%, as estimated from Bhabha ande1e2→m1m2 events.
The systematic errors on the branching fractions used
obtained from the PDG@14# directly.

J. Total systematic error

Table II lists the systematic errors from all sources. Ad

TABLE II. Summary of systematic errors in percent. Numbe
common for all channels are listed only once.

Source xc0 xc1 xc2

MC statistics 1.1 2.0 2.2
Photon identification 2.7
Photon efficiency 2
Four-constraint fit~neutral! <4.2
Four-constraint fit~charged! 2.0
Particle identification 0.6
Breit-Wigner fit 11.5 8.4 7.3
Mass resolution 4.8
BSC energy cut 0.6
Angular distribution 0 3.5 5.5
Number ofc(2S) 4
MDC tracking 3
Trigger efficiency 0.5
B„c(2S)→gxcJ… 9.2 8.3 8.8
Total systematic error 17.3 15.4 15.6
09200
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ing all errors in quadrature, the total errors are 17.3%, 15.
and 15.6% forxc0 , xc1 and xc2, respectively. The corre
sponding correction factors~f! for the Monte Carlo simulated
efficiencies are 0.987, 0.992, and 0.995.

V. RESULTS

The branching fraction ofxcJ→pp̄ is calculated using

B~xcJ→pp̄!5
nobs/~«• f !

Nc(2S)•B@c~2S!→gxcJ#
.

Using numbers listed in Table III, one obtains

B~xc0→pp̄!5~27.123.9
14.364.7!31025,

B~xc1→pp̄!5~5.721.5
11.760.9!31025,

B~xc2→pp̄!5~6.522.1
12.461.0!31025,

where the first errors are statistical and the second are
tematic. The measured branching fractions agree with co
sponding world averages within errors@14#. Note that the
measurements are basically uncorrelated with those at B
except for theB@c(2S)→gxcJ# used.

The relative branching fraction ofxcJ→LL̄ to xcJ→pp̄
is found with the following formula:

RB5
nLL̄

obs/@«LL̄•B~L→p2p!2#

npp̄
obs/«pp̄

.

These results are also shown in Table III, by using the nu
bers in Table III of this paper and those in Table II of Re
@4#, with the common errors inB(xcJ→LL̄) and B(xcJ

→pp̄) canceled out. The measurements confirm the
hancement ofxcJ→LL̄ relative toxcJ→pp̄, as compared
with the color-octet mechanism~COM! calculation@3#.

The actual measured quantities in this analysis are
branching fractions ofc(2S)→gxcJ→gpp̄. With

B@c~2S!→gxcJ→gpp̄#5B@c~2S!→gxcJ#•B~xcJ→pp̄!

5
nobs/~«• f !

Nc(2S)
,

TABLE III. Numbers used in branching fraction calculation and the final results.

Quantity xc0 xc1 xc2

nobs 89.5213
114 18.224.9

15.5 14.324.7
15.2

« ~%! 27.4960.30 27.4260.56 23.2660.50
f 0.987 0.992 0.995
Nc(2S)(106) 14
B@c(2S)→gxcJ# ~%! (8.760.8)% (8.460.7)% (6.860.6)%

B(xcJ→pp̄) (1025) 27.123.9
14.364.7 5.721.5

11.760.9 6.522.1
12.461.0

RB 1.7360.63 4.5662.34 5.0863.08
1-5
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using numbers in Table III, the results are

B@c~2S!→gxc0→gpp̄#5~23.623.4
13.763.4!31026,

B@c~2S!→gxc1→gpp̄#5~4.821.3
11.460.6!31026,

B@c~2S!→gxc2→gpp̄#5~4.421.4
11.660.6!31026.

VI. SUMMARY

The decaysxcJ→pp̄ are observed using the BES
sample of 143106 c(2S) events, and the correspondin
branching fractions are determined. The measured va
agree with previous experiments within errors@5–8#. The
09200
es

measurements confirm the enhancement ofxcJ→LL̄ rela-
tive to xcJ→pp̄, as compared with the COM calculation@3#.
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