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Measurement of the branching fraction of JÕc\p¿pÀp0
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Using 58 million J/c and 14 million c(2S) decays obtained by the BES II experiment, the branching
fraction ofJ/c→p1p2p0 is determined. The result is (2.1060.12)31022, which is significantly higher than
previous measurements.
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I. INTRODUCTION

Decays of theJ/c provide an excellent source of even
with which to study light hadron spectroscopy and search

*Present address: University of Michigan, Ann Arbor, MI 4810
USA.
0556-2821/2004/70~1!/012005~7!/$22.50 70 0120
r

glueballs, hybrids, and exotic states. Since the discover
theJ/c at Brookhaven@1# and SLAC@2# in 1974, more than
one hundred exclusive decay modes of theJ/c have been
reported. Recently, 5.83107 J/c events and 1.43107 c(2S)
events have been obtained with the upgraded Beijing Sp
trometer~BES II!, and these samples offer a unique opp
tunity to measure precisely the branching fractions ofJ/c
decays.

,
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The largestJ/c decay involving hadronic resonances
J/c→r(770)p. Its branching fraction has been reported
many experimental groups@3–10# assuming that all
p1p2p0 final states come fromr(770)p. The precision of
these measurements varies from 13% to 25%. In this pa
we present two independent measurements of this branc
fraction usingJ/c andc(2S) decays. The first is an absolu
measurement based onJ/c→p1p2p0 directly. The second
in which many of the systematic errors cancel out, is a re
tive measurement obtained from a comparison of the r
for J/c→p1p2p0 and J/c→m1m2, using J/c events
produced viac(2S)→p1p2J/c.

II. THE BES DETECTOR

The upgraded BES II detector operates at the Beij
Electron-Positron Collider~BEPC!; it is a large solid-angle
magnetic spectrometer that is described in detail in Ref.@11#.
The momentum of charged particles is determined by a
layer cylindrical main drift chamber~MDC! which has a mo-
mentum resolution ofsp /p51.78%A11p2, wherep is in
units of GeV/c. Particle identification is accomplished usin
specific ionization (dE/dx) measurements in the drift cham
ber and time-of-flight~TOF! information in a barrel-like ar-
ray of 48 scintillation counters. ThedE/dx resolution is
sdE/dx58.0%; the TOF resolution for Bhabha events
sTOF5180 ps. Radially outside the time-of-flight counters
a 12-radiation-length barrel shower counter~BSC! com-
prised of gas proportional tubes interleaved with lead she
The BSC measures the energies and directions of pho
with resolutions ofsE /E.21%AE(GeV), sf57.9 mrad,
andsz52.3 cm. The iron flux return of the magnet is instr
mented with three double layers of counters~MUC! that are
used to identify muons.

In the analysis, aGEANT3 based Monte Carlo program
~SIMBES! with detailed consideration of detector performan
~such as dead electronic channels! is used. The consistenc
between data and Monte Carlo results has been checke
many high purity physics channels, and the agreemen
reasonable.

III. GENERAL CRITERIA

A. Charged track selection

Each charged track, reconstructed using hits in the MD
must ~1! have a good helix fit, in order to ensure a corre
error matrix in the kinematic fit;~2! originate from the inter-
action region,AVx

21Vy
2,2 cm anduVzu,20 cm, whereVx ,

Vy , and Vz are thex, y, and z coordinates of the point o
closest approach of the track to the beam axis;~3! have a
transverse momentum greater than 60 MeV/c; and ~4! have
ucosuu<0.8, whereu is the polar angle of the track.

B. Photon selection

A neutral cluster in the BSC is assumed to be a pho
candidate if the following requirements are satisfied:~1! the
energy deposited in the BSC is greater than 0.06 GeV;~2! the
total number of layers with deposited energy is greater t
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one; ~3! the angle between the direction of photon emiss
and the direction of shower development is less than 3
and~4! the angle between the photon and the nearest cha
track is greater than 15°. If the angle between two neu
clusters is less than 10° and theirgg invariant mass is less
than 0.05 GeV/c2, they are combined with the cluster wit
the largest energy being used for the direction and energ
the combined cluster in the kinematic fit.

IV. ABSOLUTE MEASUREMENT OF JÕc\p¿pÀp0

DECAYS

A. Event selection

Events with two oppositely charged tracks and at le
two good photons are selected for further analysis.
charged particle identification is required. A 5-constra
~5C! kinematic fit is made under thep1p2gg hypothesis
with the invariant mass of the two photons being constrain
to the p0 mass. If the number of selected photons is larg
than two, the fit is repeated using all permutation of t
photons. For events with a good fit, the two photon com
nation with the minimum fitxp1p2p0

2 is selected, and its
value is required to be less than 15.

To select a clean sample, the following criteria are appl
to the remaining events:

~1! To reject the main background events fromJ/c
→K1K2p0, a 5C kinematic fit forJ/c→K1K2p0 is per-
formed, andxp1p2p0

2
,xK1K2p0

2 is required. Figure 1 shows
the scatter plot ofxp1p2p0

2 versusxK1K2p0
2 .

~2! Background events fromg conversions (g→e1e2)
are eliminated by requiring the angle between the t
charged tracks,up1p2, to be greater than 10°.

~3! Radiative events, for exampleJ/c→gh8, are re-
moved by the requirementucosugu,0.98, whereug is the
angle of theg in the p0 rest frame.

FIG. 1. Plot of xp1p2p0
2 versus xK1K2p0

2 for candidate
p1p2p0 events. The solid line corresponds toxp1p2p0

2

5xK1K2p0
2 .
5-2



f t
e

d

ne
s
h

n
d
o

re

lo
ture
s.

ing

n-

nc

or

MEASUREMENT OF THE BRANCHING FRACTION OFJ/c→p1p2p0 PHYSICAL REVIEW D 70, 012005 ~2004!
~4! Contamination fromJ/c→(g)e1e2 is eliminated by
the requirement that the sum of the deposited energies o
two charged pions in the BSC is less than 2 GeV. Figur
shows the scatter plot ofEsc

1 versusEsc
2 , whereEsc

1 andEsc
2

are the deposited energies of thep1 and p2 in the BSC,
respectively. This criterion has almost no effect onp1p2p0

events.
After the above requirements, 219691p1p2p0 candi-

dates are selected. Remaining backgrounds are evaluate
ing two different Monte Carlo~MC! simulations. In the first,
specific background channels, shown in Table I, are ge
ated. The total background from these channels in the
lectedp1p2p0 events is determined to be less than 1%. T
second simulation uses 30 million inclusiveJ/c MC events
generated with the LUND model@16#. After normalizing the
selected background events to 58 millionJ/c events, 3799
background events are obtained, yielding a contaminatio
1.7%. In this paper, the latter background estimate is use
correct the branching fraction, giving a correction factor
(98.361.7)%.

The Dalitz plot ofmp1p0 versusmp2p0 is shown in Fig.
3. Three bands are clearly visible in the plot, which cor
spond toJ/c→r1p2, J/c→r0p0, andJ/c→r2p1. The
corresponding histograms ofmp1p0, mp1p2, andmp2p0 are

FIG. 2. Plot ofEsc
1 versusEsc

2 ; the solid line is forEsc
1 1Esc

2

52 GeV.

TABLE I. Background contributions from different decay cha
nels. HereNbkg is the number of events generated, andNbkg

norm is the
number of background events selected, normalized by the bra
ing fractions quoted in Ref.@15#.

Decay channel Nbkg Nbkg
norm

J/c→K* 1K21c.c. (K1K2p0) 100 000 773
J/c→K* 1K21c.c. (KKS

0p) 50 000 153

J/c→K* 0K̄01c.c. (KKS
0p) 50 000 129

J/c→gh8 (ggr) 100 000 158
01200
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shown in Fig. 4. From the Dalitz plot~Fig. 3!, we see that
J/c→p1p2p0 is strongly dominated byrp. Therefore, the
detection efficiency is determined using theRHOPI @17# gen-
erator withSIMBES and is found to be 17.83%. Monte Car
simulations using other generators to represent the struc
in the Dalitz plot provide very similar detection efficiencie

B. Systematic error analysis

In this analysis, the systematic error on the branch
fraction comes mainly from the following sources:

FIG. 3. The Dalitz plot forJ/c→p1p2p0.

h-

FIG. 4. The distributions of the invariant mass of two pions f
~a! mp1p0, ~b! mp1p2, and~c! mp2p0.
5-3



n

es
m

es

-

s
d
de

-
ll-

en

is

s
io
he
i

a

-

ly
T

d
t

ho

te

m
m
5C

u
1%
a

ot
tifi
he
ee

rro
e

ss

the
tter
rgy

rite-
the

is
ure.

n-
is,

is

-
un-
els

II.
and
e
in

la-

e

BAI et al. PHYSICAL REVIEW D 70, 012005 ~2004!
MDC tracking. The MDC tracking efficiency has bee
measured using channels likee1e2→(g)e1e2, e1e2

→(g)m1m2, J/c→LL̄, and c(2S)→p1p2J/c, J/c
→m1m2. It is found that the Monte Carlo simulation agre
with data within 1–2 % for each charged track. The syste
atic error on the tracking efficiency for the channel of inter
is taken as 4%.

Photon detection efficiency. The photon detection effi
ciency is studied withJ/c→r0p0 events. Events with two
oppositely charged tracks and at least one photon are
lected. The two charged tracks are required to be identifie
pions using particle identification. A 2C kinematic fit is ma
under the hypothesisp1p2ggmissing, where gmissing

is a missing photon and theggmissing invariant mass is con
strained to be thep0 mass. The combination with the sma
est x2 is selected and is required to satisfyx2,10, as
well as to be less than thex2 of the 2C kinematic fit with
the two charged tracks assumed to be kaons. Ev
with 0.62 GeV/c2,mp1p2,0.92 GeV/c2, mp2p0

.1.2 GeV/c2, and mp1p0.1.2 GeV/c2 are selected asr0

candidates. The ‘‘missing’’ photon’s energy distribution
large enough to cover the case ofr6p7, so it is used to
study the photon detection efficiency. The same analysi
performed with Monte Carlo events. The gamma detect
efficiency for data is in good agreement with that from t
Monte Carlo simulation. The difference between them
about 2% for each photon, which is taken as the system
error.

Kinematic fit and other criteria. To estimate the system
atic error from the 5C kinematic fit, we select a cleanrp
sample without the kinematic fit. Events with two opposite
charged tracks and two good photons are selected.
charged tracks must be identified as pions. The direction
Pmiss, where Pmiss is the missing momentum determine
using the charged tracks, is regarded as the direction of
p0 and used to calculate the invariant mass of the two p
tons, which is required to be less than 0.2 GeV/c2. A vari-
able Umiss5Emiss2uPmissu is defined, whereEmiss is the
missing energy of the two charged tracks, which is calcula
assuming the charged tracks are pions.Umiss is required to
be less than zero to select a clean sample.

A 5C kinematic fit is done on the candidates. The sa
analysis is also performed with Monte Carlo events. By co
paring the number of events with and without a good
kinematic fit, the efficiencies forxp1p2p0

2
,15 are measured

to be 76.5% and 79.8% for real data and Monte Carlo sim
lation, respectively. The difference between them is 4.
and a correction factor, 1.041, is obtained, and the system
error on this correction is taken as 4.1%.

To estimate the systematic error from thexp1p2p0
2

,xK1K2p0
2 requirement, we selected events where b

charged tracks are identified as pions using particle iden
cation. The branching fraction is then obtained with all t
selection criteria described above. The difference betw
this result and that calculated without thexp1p2p0

2

,xK1K2p0
2 requirement is regarded as the systematic e

caused by this criterion. In fact, the difference between th
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is very small, and the error caused by this criterion is le
than 1%.

For the requirementsup1p2.10° anducosugu,0.98, just
a few events are excluded by these selection criteria;
systematic error for them can be ignored. From the sca
plot shown in Fig. 2, the requirement on the deposited ene
of two charged pions has almost no effect on thep1p2p0

candidates, so the systematic error from this selection c
rion is also neglected. The total systematic error from
kinematic fit and other criteria discussed in this section
4.2%, which is the sum of these errors added in quadrat

Uncertainty of the hadronic model. Different simulation
models for the hadronic interaction give different efficie
cies, leading to different branching fractions. In this analys
two models,FLUKA @12# and GCALOR @13#, are used in the
simulation of hadronic interactions inSIMBES. The difference
between their detection efficiencies is about 3%, which
regarded as the systematic error.

Uncertainty of background. Above we estimated back
grounds for several possible decay channels. Given the
certainties of the branching fractions of background chann
and possible unknown decay modes ofJ/c, we estimate the
uncertainty of the background as less than 1.7%.

The contributions from all sources are listed in Table
The systematic errors caused by Monte Carlo statistics
the error in the number ofJ/c events are also listed. Th
total systematic error in Table II is the sum of them added
quadrature.

C. Branching fraction of JÕc\p¿pÀp0

For the decay ofJ/c→p1p2p0, the branching fraction
is obtained with the following formula:

B~J/c→p1p2p0!5
Np1p2p0

obs

NJ/c•e
• f c, ~1!

whereNp1p2p0
obs is the observed number ofp1p2p0 events,

e is the detection efficiency obtained from the MC simu
tion, NJ/c is the total number ofJ/c events, (57.762.7)
3106, which is determined from the number of inclusiv
4-prong hadrons@14#, and f c is the product of the kinematic
fit and background corrections factors.

TABLE II. Summary of correction factorsf c and systematic
errors.

Sources f c Systematic error~%!

MDC tracking 4
Photon efficiency 4
Kinematic fit 1.041 4.2
Hadronic model ; 3
Backgrounds 0.983 1.7
MC statistics 0.4
Number ofJ/c events 4.7
Total 1.023 9.2
5-4
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With the above formula, the branching fraction ofJ/c
→p1p2p0 is

B~J/c→p1p2p0!5~21.8460.0562.01!31023,

where the first error is statistical and the second system

V. RELATIVE MEASUREMENT OF JÕc\p¿pÀp0

The relative measurement is based on a sample o
million c(2S) events. Thec(2S) is a copious source ofJ/c
decays: the branching fraction ofc(2S)→p1p2J/c is the
largest singlec(2S) decay channel. Therefore, we can d
termine the branching fraction ofJ/c→p1p2p0 from a
comparison of the following two processes:

c~2S!→p1p2J/c

�p1p2p0 ~ I!

and � m1m2. ~ II !

The branching fraction is determined from the relation

B~J/c→p1p2p0!5
NI

obs

NII
obs

•

e II

e I
•B~J/c→m1m2!, ~2!

whereNI
obs andNII

obs are the observed numbers of events
processes I and II, ande I ande II are the corresponding ac
ceptances. The branching fraction for the leptonic de
J/c→m1m2, B(J/c→m1m2)5(5.8860.10)%, is ob-
tained from the Particle Data Group@15#. Using the relative
measurement, many systematic errors, for instance, the e
of the total number ofc(2S) events, the branching fraction
of c(2S)→p1p2J/c, and the efficiency for c(2S)
→p1p2J/c, etc., mostly cancel. Therefore, the precision
the branching fractionJ/c→p1p2p0 from the relative
measurement is comparable with that of the directJ/c de-
cay, as we will see later, although the size ofc(2S) sample
is smaller than theJ/c sample.

A. Event selection

Candidate events forc(2S)→p1p2J/c, J/c→m1m2

or p1p2p0 are required to have four charged tracks w
total charge zero. Each track is required to satisfy the gen
criteria described in Sec. III. For both processes I and II,
require at least one pair of oppositely charged candidate
tracks that each satisfy the following criteria:

~1! pp,0.5 GeV/c, wherepp is the pion momentum.
~2! cosupp,0.9, whereupp is the laboratory angle be

tween thep1 andp2. This requirement is used to elimina
contamination from misidentifiede1e2 pairs fromg conver-
sions.

~3! The invariant mass recoiling against the candid

p1p2 pair, mrecoil
p1p2

5@(mc(2S)2Ep12Ep2)22(pp1

1pp2)2#1/2, is required to be in the range 3.0<mrecoil
p1p2

<3.2 GeV/c2.

For process I, candidate events are required to satisfy
following additional criteria:
01200
ic.
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~1! All four charged tracks are assumed to bep6 directly,
and no particle identification is required.

~2! The number of photon candidates must be equal to
greater than two.

~3! A 5C kinematic fit is performed for eachc(2S)
→p1p2p1p2p0 candidate event, and the event probab
ity given by the fit must be greater than 0.01 and greater t
that of c(2S)→p1p2K1K2p0.

~4! Remaining background fromJ/c to e1e2 andm1m2

events is removed with the following requirement:@(xe
1

1xe
2)2/91(Esc

1 1Esc
1 1m id

11m id
222.5)2/3#.1 and Esc

1

1Esc
2 1m id

11m id
2,6, as shown in Fig. 5. Herexe is the

difference between thedE/dx measured with the MDC and
that expected for the electron hypothesis divided by
dE/dx resolution,Esc is the energy deposited in the BSC
andm id is the number of MUC layers with matched hits an
ranges from 0 to 3. The contamination fromJ/c→e1e2 or
m1m2 is estimated to be 0.4% from Monte Carlo simulatio

The Dalitz plot of candidateJ/c→p1p2p0 events is
shown in Fig. 6. The contamination fromJ/c→K* K is
about 1.0% and is estimated from Monte Carlo simulati
Those of other backgrounds~e.g. e1e2, m1m2, andggr)
are much less than 1.0%.

To reduce possible systematic bias caused by inconsis
cies between data and Monte Carlo simulations, similar
quirements are used forJ/c→m1m2 candidate events~pro-
cess II!.

~1! The two higher momentum tracks are assumed to
m6, and no muon identification is required.

~2! A 4C kinematic fit is performed for c(2S)
→p1p2m1m2 candidate events, and the probability give
by the fit must be greater than 0.01.

~3! The contamination fromJ/c→e1e2 is removed with
the requirementEsc

6 ,0.8 GeV. After this, the contamination
from e1e2 is less than 0.8%, estimated from Fig. 7~a!, and
;0.4% from MC simulation.

Figure 7~b! shows the scatter plot ofmrecoil
p1p2

versus
mm1m2 for c(2S)→p1p2J/c→p1p2m1m2 candidate
events. MC simulations ofJ/c decays top1p2, K1K2, pp̄
andrp indicate that background from these processes ca
ignored.

FIG. 5. Scatter plots ofxe11xe2 versusEsc
1 1Esc

2 1m id
11m id

2

for ~a! data and~b! MC simulation.
5-5
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By fitting the invariant mass recoiling against thep1p2

pair in c(2S)→p1p2J/c, J/c→m1m2 decay, one obtains

the mrecoil
p1p2

spectrum, which is then used to fit the reco
mass spectrum of thec(2S)→p1p2J/c, J/c→p1p2p0

process, as shown in Fig 8. We obtainNI
obs/NII

obs50.102
60.001 and use the same procedure on simulated da
determine e I /e II 50.28660.003, so the ratio ofB(J/c
→p1p2p0) to B(J/c→m1m2) is (35.760.5)%. Here the
errors are the statistical uncertainties combined with the
certainties in the fitting procedure.

B. Systematic error analysis

Systematic errors come from background uncertaint
the uncertainties ofB(J/c→m1m2) and B(p0→gg), and
imperfections in the Monte Carlo simulations.

FIG. 6. Dalitz plot for candidateJ/c→p1p2p0 events. Here
the J/c comes fromc(2S)→p1p2J/c decay.

FIG. 7. ~a! Deposited energy in BSC form1 and m2 and ~b!

plot of mrecoil
p1p2

versus mm1m2 for candidate c(2S)
→p1p2J/c, J/c→m1m2 events.
01200
to

n-

s,

Since similar requirements are used for processes I an
many systematic errors cancel out. For instance, the un
tainty in the selection of thep1p2 pair recoiling against the
J/c will not contribute to the systematic error. Other unce
tainties are treated in the following way.

MDC tracking. This systematic error is caused by diffe
ences between MDC tracking efficiencies for data and Mo
Carlo simulation. Since the Monte Carlo simulation agre
with data within 1 to 2% for each charged track, this syste
atic error is less than 2.0%.

Photon detection efficiency. Two photons are involved in
process I and no photons in process II. The uncertainty
photon selection is about 4% according to the study
scribed in Sec. IV B.

Uncertainty of the hadronic model. Since J/c
→p1p2p0 is strongly dominated by ther(770)p dynam-
ics and the contribution of the excited rho states is still u
known, ac(2S)→p1p2J/c, J/c→rp simulation is used
to obtain the detection efficiency (e I). The effect of the ex-
cited rho states is estimated to be about 1.0%.

The difference found from different models of the ha
ronic interaction~GCOLAR andFLUKA! is 1.2%.

Kinematic fit. A kinematic fit is performed for both pro
cesses I and II, and the probability given by the fit is requir
to be greater than 0.01. Since the kinematic fit depends
the error matrix from track fitting, a systematic error of 1.5
is estimated from the difference of the error matrix f
data and Monte Carlo simulation. In additio
x2(p1p2p1p2p0),x2(p1p2K1K2p0) is used for pro-
cess I, which causes a correction factor of (1.0
60.005)%, determined from an analysis similar to that d
scribed in Sec. IV B.

FIG. 8. Fitting thep1p2 recoil mass ofc(2S)→p1p2J/c,

J/c→rp ~the histogram! with themrecoil
p1p2

spectrum parameters ob
tained fromc(2S)→p1p2J/c, J/c→m1m2 ~the curve!.
5-6
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Uncertainty of background. Above we estimated possibl
backgrounds for processes I and II, and contamination
about 2.0% and 0.4% were obtained, respectively. We h
also used a sample of 14 million inclusivec(2S) MC events
generated with the LUND model@16# to estimate the contri-
bution of background for process I, and the contaminatio
found to be less than 3.0%; a background correction fa
(98.461.5)% is used.

Other requirements, such as those to removeJ/c
→e1e2 or m1m2 for process I and to removeJ/c
→e1e2 for process II, have very high efficiencie
(;100%). Their systematic error contributions are ignor

Table III summarizes all systematic errors. The larg
comes from the uncertainty of the photon efficiency. T
table also includes correction factors from the kinematic
and background contamination.

C. Branching fraction

The branching fraction calculated with formula~2! multi-
plied by the correction factorf c is

TABLE III. Summary of correction factorsf c and systematic
errors~%!.

f c Syst. err.~%!

MDC tracking 2.0
Kinematic fit 1.012 1.6
Photon efficiency 4.0
Backgrounds 0.984 1.6
Hadronic model 1.6
B(J/c→m1m2) 1.7
B(p0→gg) 0.03
MC statistics 1.0
Total 0.996 5.6
n
Fe

01200
of
ve

is
or

.
t

e
t

B~J/c→p1p2p0!5~20.9160.2161.16!31023.

VI. FINAL RESULT AND DISCUSSION

The absolute branching fraction ofJ/c→p1p2p0 has
been determined using a sample of 58 millionJ/c decays, as
well as by measuring the relative branching fraction ofJ/c
→p1p2p0 to J/c→m1m2 in c(2S)→p1p2J/c decays
with a sample of 14 millionc(2S) events. The results are i
good agreement. The weighted mean of these two meas
ments is

B~J/c→p1p2p0!5~2.1060.12!%.

The only reported branching fraction forJ/c
→p1p2p0 is by Mark-II @8#, whereas many experiment
have reported measurements forJ/c→rp @3–7,9,10#, which
contributes the dominant part of thep1p2p0 final state.
The result obtained here is higher than those of previ
measurements and has better precision.
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