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The processescs2Sd ! gp1p2, gK1K2, and gpp have been studied using a sample of3.79 3

106 cs2Sd decays. We determine the total width of thexc0 to beGtot
xc0

 14.3 6 2.0 6 3.0 MeV. We
present the first measurement of the branching fractionBsxc0 ! ppd  s15.9 6 4.3 6 5.3d 3 1025,
where the first error is statistical and the second one is systematic. Branching fractions ofxc0,2 !

p1p2 andK1K2 are also reported. [S0031-9007(98)07355-4]

PACS numbers: 13.25.Gv, 12.38.Qk, 14.40.Gx
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The hadronic decay rates of theP-wave quarkonium
states provides tests of perturbative quantum chromod
namics (QCD). Recently, a systematic approach to t
treatment of the infrared ambiguities in the calculation o
the production and decays of these states has been de
oped [1]. However, existing experimental information o
the tripletP-wavecc statessxc0,1,2d, especially theJ  0
xc0, is not adequate for testing the predictions of this ne
theory.
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In particular, the total width of thexc0 is a quantity
of considerable interest. The two existing measuremen
have large errors and only marginal consistency [2]. Als
of interest is the decayxc0 ! pp, which is forbidden
in the limit of massless helicity conservation [3] and ha
been calculated by many different models [4,5]. Here th
only existing measurement is an upper limit on the partia
width that does not seriously constrain the theory [6
Calculations of the branching fractions for other exclusiv
© 1998 The American Physical Society 3091
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xcJ decays, such asxcJ ! p1p2 [7], have revealed
orders-of-magnitude discrepancies with the data repor
by early experiments. For these reasons, measuremen
these properties of thexcJ states with improved precision
are very useful.

In this paper we report a measurement ofGtot
xc0

deter-
mined from an analysis of exclusivecs2Sd ! gp1p2

and gK1K2 decays seen in the Beijing spectromet
(BES) at the Beijing Electron Positron Collider (BEPC
We also report a first measurement of thexc0 ! pp
branching fraction, and improved precision on the branc
ing fractions forxc0,2 ! p1p2 andK1K2.

The BES is a conventional solenoidal magnet detec
that is described in detail in Ref. [8]. A four-layer centra
drift chamber (CDC) surrounding the beam pipe provid
trigger information. A forty-layer main drift chamber
(MDC), located radially outside the CDC, provides tra
jectory and energy losssdEydxd information for charged
tracks over 85% of the total solid angle. The mome
tum resolution isspyp  0.017

p
1 1 p2 ( p in GeVyc),

and thedEydx resolution for hadron tracks is,11%. An
array of 48 scintillation counters surrounding the MD
measures the time of flight (TOF) of charged tracks wi
a resolution of,450 ps for hadrons. Radially outside
the TOF system is a 12 radiation length, lead-gas bar
shower counter (BSC). This measures the energies of e
trons and photons over,80% of the total solid angle with
an energy resolution ofsEyE  22%y

p
E (E in GeV).

Outside of the solenoidal coil, which provides a 0.4 T ma
netic field over the tracking volume, is an iron flux retur
that is instrumented with three double layers of counte
that identify muons of momentum greater than0.5 GeVyc.

We studyxc states produced by the reactione1e2 !
cs2Sd ! gxc in a data sample corresponding to a tot
of 3.79 3 106 cs2Sd decays [9]. For theGtot

xc0
determina-

tion reported here we use the paired pseudoscalar me
decay modes ofxc0,2 ! p1p2 and K1K2. Using the
particle identification capabilities of the detector and fou
constraint kinematic fits, we can get relatively pure eve
samples. Moreover, since the decays of thexc1 and the
h0

c to p1p2 or K1K2 are forbidden by parity conser-
vation, thexc0 andxc2 signals in these channels are fre
of distortions due to possible contamination of these oth
states. The effects of cross contamination between
p1p2 andK1K2 event samples are estimated by Mon
Carlo (MC) simulations and corrected accordingly. Th
total width of thexc2 has been precisely measured to b
Gtot

xc2
 2.00 6 0.18 MeV [10], which is much narrower

than our experimental resolution atMxc2 of 7.83 MeV.
Thus, the strongxc2 ! p1p2 signal in our data is used
to provide a direct experimental determination of our res
lution. We only rely on the MC simulation to determin
how the resolution changes betweenMxc2 andMxc0 .

We selectcs2Sd ! gp1p2, gK1K2, and gpp by
imposing the following selection criteria.

A cluster of deposited energy in the BSC is regard
as a photon candidate if (1) the angle between the nea
3092
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charged track and the cluster in therf plane is greater than
15±, (2) the energy of the cluster is greater than 20 MeV
and some energy is deposited in the first six radiatio
lengths of the counter, and (3) the angle determine
from the cluster development in the BSC agrees wit
that determined from the relative position of the showe
location and the interaction point to within 37±. At least
one and at most three photon candidates are allowed
an event. The candidate with the largest BSC energy
assumed to be the photon radiated from thecs2Sd.

In addition, we require that the event has two oppositel
signed charged tracks in the MDC that both have a
least 13 good hits and are well fit to a three-dimensiona
helix. Events with tracks where thedEydx measured
in the MDC and the shower properties in the BSC ar
consistent with electrons are rejected. For each trac
the TOF anddEydx measurements are used to assig
probabilities that the particle is a pion, kaon, and proto
sProbp , ProbK , Probpd. We require both tracks to have
Probp . 0.01 (for p1p2) or ProbK . 0.01 (for K1K2)
or Probp . 0.05 (for pp). In addition, we do four-
constraint kinematic fits to the hypothesescs2Sd !
gp1p2, cs2Sd ! gK1K2, and cs2Sd ! gpp, and
require thex2 probability of the fitPx2 to be greater than
0.01 forp1p2 or K1K2 and greater than 0.05 forpp.

There is some background fromJyc ! m1m2, where
the Jyc is produced by cascadecs2Sd to Jyc decays.
To reduce this, we reject events where the response of t
muon detection system is consistent with the two charge
tracks being muons. The survivingm1m2 background
events do not populate thep1p2 invariant mass distri-
bution near thexc0 or xc2 masses. In theK1K2 mass
distribution, however, they populate the region in the lowe
mass side ofxc0, and cause an abnormal distribution. Fo
thepp sample, them1m2 background level is significant.
For this channel, in order to ensure that both tracks a
directed at the sensitive area of the muon detection sy
tem, we requirej cosuMDCj , 0.65 for both thep and the
p track.

To distinguishgp1p2 from gK1K2, we define

ProbP1P2

all  Probsx2
all, ndfalld ,

wherex
2
all  x

2
4C 1 x

2
TOF 1 x

2
dEydx andndfall  ndf4C 1

ndfTOF 1 ndfdEydx are the totalx2 and the corresponding
number of degrees of freedom of thex2 distribution. Here
x

2
4C, x

2
TOF , andx

2
dEydx correspond to thex2 values from

the four-constraint kinematic fit, the TOF measuremen
for the p or K hypothesis, and thedEydx measurements
for the p or K hypothesis, respectively, andndf4C ,
ndfTOF , andndfdEydx are the corresponding numbers of
degrees of freedom. If Probp1p2

all . ProbK1K2

all , the event
is categorized as agp1p2 event, and, if ProbK

1K2

all .

Probp1p2

all , it is categorized as agK1K2 event.
Figures 1 and 2 show thep1p2 andK1K2 invariant

mass distributions after the imposition of all of the above
listed selection requirements. In these plots, the ma
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FIG. 1. The p1p2 mass distribution for selectedcs2Sd !
gp1p2 events.

values corresponding to thexc0 andxc2 peaks are lower
in the p1p2 channel and higher forK1K2, indicating
the presence of some remaining cross contaminati
between the two samples, which must be accounted
in the determination of thexc0 parameters. From Fig. 2,
it is apparent that thexc2 ! K1K2 sample is statistically
limited. We therefore use only thexc2 ! p1p2 signal
to calibrate the mass resolution. In Fig. 3, thepp
invariant mass distribution, there is a clearxc0 signal and
evidence for thexc1 andxc2.

We use Monte Carlo simulated data to determine th
p1p2 andK1K2 cross-contamination probabilities, the
detection efficiencies, and the mass resolutions. W
generate events assuming that the reactioncs2Sd ! gxcJ

is a pure E1 transition. The decaysxcJ ! pseudoscalar
meson pairs andxc0 ! pp have only one independent
helicity amplitude and are thus unambiguous [11]. Fo
xc1,2 ! pp decays, there are no available experiment
data on the helicity amplitudes, and we use an isotrop

FIG. 2. The K1K2 mass distribution for selectedcs2Sd !
gK1K2 events.
on
for

e

e

r
al
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distribution. (Our pp event samples are too small to
permit a helicity amplitude analysis.)

We subject the MC-generated events to the same
selection process as is used for the data and determin
the detection efficiencies for each mode. For thepp
mode, the detection efficiencies and the error caused
by the limited statistics of the Monte Carlo sample
are ´xc0  s27.1 6 0.6d%, ´xc1  s30.3 6 0.7d%, and
´xc2  s27.6 6 0.6d%, and mass resolutions at the
xc0, xc1, and xc2 equal to 7.3, 6.8, and 6.7 MeV,
respectively. For thep1p2 and K1K2 modes, the
simulation shows that the mass dependence of the
detection efficiency is small and the mass resolution
function is very nearly Gaussian. We compensate for
the distortion of the mass spectra due to thep1p2-
K1K2 cross contamination by calibrating the mass
resolution derived from the MC simulation with the
xc2 ! p1p2 line shape seen with the data. The effi-
ciencies aré xc0!p1p2  s36.9 6 0.3d%, ´xc2!p1p2 
s38.9 6 0.5d%, ´xc0!K1K2  s32.8 6 0.3d%, and
´xc2!p1p2  s34.9 6 0.5d%, and the probability
for xc0 sxc2d ! K1K2 events to be categorized as
p1p2 is s5.6 6 0.2d% fs6.0 6 0.2d%g and that for
xc0 sxc2d ! p1p2 events to be selected asK1K2 is
s7.1 6 0.2d% fs7.4 6 0.3d%g, where the error is from the
statistics of the Monte Carlo sample.

The invariant mass distributions in Figs. 1, 2, and
3 are fit by using an unbinned maximum likelihood
algorithm. For thepp channel, the invariant mass region
between 3.20 and 3.64 GeV is fit with three Breit-Wigner
resonances plus a linear background function. The Breit
Wigner resonance width for thexc0 is fixed at 14.3 MeV,
the value determined from an analysis ofxc0 ! p1p2

decays described below; those for thexc1 and xc2 are
fixed at the Particle Data Group (PDG) values [10].
The resonances are smeared by Gaussian functions wit
rms widths fixed at the MC-determined mass resolution
values. The fit result, shown as the curve in Fig. 3, gives

FIG. 3. Thepp mass distribution for selectedcs2Sd ! gpp
events.
3093
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TABLE I. Branching fractions ofxcJ ! 0202. Bssscs2Sd ! gxc0ddd  s9.3 6 0.8d% and
Bssscs2Sd ! gxc2ddd  s7.8 6 0.8d% are used for branching fraction determination.

Decay mode Nobs BR s1023d PDG [10] s1023d
xc0 ! p1p2 720 6 32 4.68 6 0.26 6 0.65 7.5 6 2.1
xc0 ! K1K2 774 6 38 5.68 6 0.35 6 0.85 7.1 6 2.4
xc2 ! p1p2 185 6 16 1.49 6 0.14 6 0.22 1.9 6 1.0
xc2 ! K1K2 115 6 13 0.79 6 0.14 6 0.13 1.5 6 1.1
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15.2 6 4.1, 4.2 6 2.2, and4.7 6 2.5 events for thexc0,
xc1, andxc2 states, respectively.

For thep1p2 channel, we first fit the invariant mas
region between 3.5 and 3.6 GeV with a Breit-Wigne
resonance withGxc2 fixed at the PDG value of 2.00 MeV,
smeared by a Gaussian resolution function with an r
width that is allowed to float. We also include a linea
background function. The fit results in axc2 mass
resolution of7.83 6 1.04 MeV, which is slightly higher
than the MC result of6.31 6 0.11 MeV. We scale the
MC value for the mass resolution at thexc0 s8.12 6

0.23 MeVd by the ratio of the fitted MC results at thexc2
and get a mass resolution at thexc0 of 10.08 MeV.

We then fit thep1p2 mass spectrum between 3.
and 3.6 GeV with two Gaussian-smeared Breit-Wigne
with resolutions fixed at 10.08 and 7.83 MeV, and
second order polynomial background function, and wi
Gxc2 fixed at the PDG value of 2.00 MeV. The fit, show
as the curve in Fig. 1, givesGxc0  14.3 6 2.0 MeV,
where the error is statistical. The fitted numbers
xcJ ! p1p2 events arenobs

xc0!p1p2  720 6 32 and
nobs

xc2!p1p2  185 6 16, where the errors are statistical.
We fit the K1K2 mass spectrum between 3.2 an

3.6 GeV to two Gaussian-smeared Breit-Wigner res
nance functions plus a background function that i
cludes the possibility of distortions to the line shap
due tom1m2X background events. (Because this mod
is not used for width determination, a high precisio
knowledge of the mass resolution is not an issue.) T
xc2 width is fixed. The resulting fit, shown in Fig. 2
gives nobs

xc0!K1K2  774 6 38 and nobs
xc2!K1K2  115 6

13, where the errors are statistical.
Errors in the determination ofGxc0 are caused by the

uncertainty inGxc2 , the determination of the mass resolu
tion, the shape of the background, the mass dependenc
the efficiency correction, and the choice of experimen
cuts. We add the estimated errors from these source
TABLE II. Branching ratios of xcJ ! pp. Bssscs2Sd ! gxc0ddd  s9.3 6 0.8d%, Bssscs2Sd ! gxc1ddd  s8.7 6 0.8d%,
and Bssscs2Sd ! gxc2ddd  s7.8 6 0.8d% are used for branching fraction determination.Gtot

xc0
from this experiment,

Gtot
xc1

 0.88 6 0.14 MeV, andGtot
xc2

 2.00 6 0.18 MeV are used in calculating the partial widths.

State Nobs BR s1025d Gpp (keV) PDG [10] BR s1025d PDG [10] Gpp (keV)

xc0 15.2 6 4.1 15.9 6 4.3 6 5.3 2.3 6 1.1 ,90 · · ·
xc1 4.2 6 2.2 4.2 6 2.2 6 2.8 0.037 6 0.032 8.6 6 1.2 0.074 6 0.009
xc2 4.7 6 2.5 5.8 6 3.1 6 3.2 0.116 6 0.090 10.0 6 1.0 0.206 6 0.022
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quadrature and get a total relative systematic error onGxc0

of 21%.
Systematic errors on the branching fractions, whic

arise from the uncertainties inGxc2 , the mass resolution,
the choice of the background function, the efficienc
determination, and the choices of the selectio
criteria are 11.5%, 12.6%, 12.1%, and 14.7% fo
Bsxc0 ! p1p2d, Bsxc0 ! K1K2d, Bsxc2 ! p1p2d,
and Bsxc2 ! K1K2d, respectively. There are overal
errors caused by the uncertainty of the total num
ber of cs2Sd events and the uncertainties in th
cs2Sd ! gxcJ branching fractions. Adding these
errors in quadrature gives the total relative systema
errors of 14%, 15%, 15%, and 16%, respectively, f
Bsxc0 ! p1p2d, Bsxc0 ! K1K2d, Bsxc2 ! p1p2d,
andBsxc2 ! K1K2d.

For BsxcJ ! ppd, the sources of systematic errors in
clude those listed above plus that associated with the
sumption of an isotropic angular distribution forxc1,2 !
pp decays. Adding all of the errors in quadrature give
relative systematic errors of 33%, 67%, and 56% for th
xc0, xc1, andxc2 states, respectively.

In summary, we obtain the total width of thexc0 to be

Gxc0  14.3 6 2.0 6 3.0 MeV ,

where the first error is statistical and the second is sy
tematic. ThexcJ branching fraction results are listed
in Tables I and II. The measured width for thexc0
is consistent with, but substantially more precise tha
the previous measurement [2] (the uncertainty is r
duced from 40% to 25%). The calculations involv
ing new factorization schemes with high order QC
corrections [12,13] are in good agreement with o
measurement.

Our branching fraction forxc0 ! pp is the first
measurement for this decay, and is compatible with t
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previous upper bound [6]. Our results forxc1,2 !
pp decays, although statistically limited, are consisten
within errors, with the values determined from studie
of charmonium states formed directly inpp annihilation
[14]. The calculation with the mass correction effect [4
gives a much smaller value ofGsxc0 ! ppd than our
result, while the model considering the diquark conte
of the proton [5] can find the result consistent with ou
measurement.

Finally, our branching fractions forxc0,2 decays into
p1p2 andK1K2 are somewhat lower than the existing
world average [10]. Recent calculations of exclusiv
xcJ decays that include contributions from color-octe
processes [15] are in generally good agreement with o
measurements. Using our results and canceling out
common errors in the branching fractions, we get th
ratios of the branching fractions ofBsxc0!p1p2d

Bsxc0!K1K2d  0.82 6

0.15 and Bsxc2!p1p2d
Bsxc2!K1K2d  1.88 6 0.51.
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