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c„2S… decays intoJÕc plus two photons
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UsingggJ/c,J/c→e1e2 andm1m2 events from a sample of 14.03106 c(2S) decays collected with the
BESII detector, the branching fractions forc(2S)→p0J/c, hJ/c, and c(2S)→gxc1 ,gxc2→ggJ/c are
measured to beB@c(2S)→p0J/c#5(1.4360.1460.12)31023, B@c(2S)→hJ/c#5(2.9860.0960.23)%,
B@c(2S)→gxc1→ggJ/c#5(2.8160.0560.23)%, and B@c(2S)→gxc2→ggJ/c#5(1.6260.04
60.12)%.

DOI: 10.1103/PhysRevD.70.012006 PACS number~s!: 13.20.Gd, 13.25.Gv, 13.40.Hq, 14.40.Gx
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I. INTRODUCTION

Experimental data for the processesc(2S)→p0J/c,
hJ/c, and gxc1,2 are scarce and were mainly taken in t
1970s and 1980s@1–6#. The branching fractions from differ
0556-2821/2004/70~1!/012006~7!/$22.50 70 0120
ent experiments do not agree well, and thep0J/c channel is
measured with low precision. In particular, improved branc
ing fractions forc(2S)→gxcJ are very important for the
measurement ofxcJ decay branching fractions usingc(2S)
data. All of these are appealing for high statistics measu
ments of these channels.
©2004 The American Physical Society06-1
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In this paper, we report on the analysis ofc(2S)
→p0J/c, hJ/c and gxc1,2 decays based on a sample
14.03106 c(2S) events collected with the BESII detecto
The first two decays are important to test various theoret
predictions for the ratios

R5
G„c~2S!→p0J/c…

G„c~2S!→hJ/c…
,

R85
G~Y8→hY!

G„c~2S!→hJ/c…
,

and

R95
G~Y9→hY!

G„c~2S!→hJ/c…
.

The ratioR has been calculated by different theoretical a
proaches@7–9#, and the ratiosR8 and R9 have been pre-
dicted in the framework of the QCD multipole expansi
mechanism@10,11#.

II. THE BES DETECTOR

The Beijing Spectrometer~BES! detector is a conven
tional solenoidal magnet detector that is described in deta
Ref. @12#; BESII is the upgraded version of the BES detec
@13#. A 12-layer vertex chamber~VC! surrounding the beam
pipe provides trigger information. A forty-layer main dri
chamber~MDC!, located radially outside the VC, provide
trajectory and energy loss (dE/dx) information for charged
tracks over 85% of the total solid angle. The moment
resolution issp /p50.017A11p2 (p in GeV/c), and the
dE/dx resolution for hadron tracks is;8%. An array of 48
scintillation counters surrounding the MDC measures
time-of-flight ~TOF! of charged tracks with a resolution o
;200 ps for hadrons. Radially outside the TOF system
12 radiation length, lead-gas barrel shower counter~BSC!.
This measures the energies of electrons and photons
;80% of the total solid angle with an energy resolution
sE /E522%/AE (E in GeV!. Outside of the solenoidal coil
which provides a 0.4 Tesla magnetic field over the track
volume, is an iron flux return that is instrumented with thr
double layers of counters that identify muons of moment
greater than 0.5 GeV/c.

A GEANT3 based Monte Carlo program with detailed co
sideration of the detector performance~such as dead elec
tronic channels! is used to simulate the BESII detector. Th
consistency between data and Monte Carlo simulation
been carefully checked in many high purity physics ch
nels, and the agreement is quite reasonable.

III. EVENT SELECTION

The data sample used for this analysis consists of (14
60.56)3106 c(2S) events@14# collected with the BESII
detector at the center-of-mass energyAs5Mc(2S) . The
channels investigated arec(2S) decaying into (p0,h)J/c
and gxc1,2, with xc1,2 decaying togJ/c, p0 and h to two
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photons, andJ/c to lepton pairs. They all have a fina
gg l 1l 2 ( l 5e,m) event topology.

A. General selection forgg l¿lÀ events

A neutral cluster is considered to be a photon candidat
it is located within the BSC fiducial region (ucosuu,0.75),
the energy deposited in the BSC is greater than 50 MeV,
first hit appears in the first 6 radiation lengths, and the an
between the cluster and the nearest charged track is gr
than 14°. Each charged track is required to be well fit b
three-dimensional helix and to have a polar angle,u, within
the fiducial regionucosuu,0.8. To ensure tracks originat
from the interaction region, we requireVxy5AVx

21Vy
2

,2 cm anduVzu,20 cm, whereVx , Vy , andVz are the x, y,
and z coordinates of the point of closest approach of e
track to the beam axis.

Events with two charged tracks and two- or three-pho
candidates are subject to further selection criteria. The
charged tracks are identified as an electron pair or muon
if 0 ,S,0.6 orS.0.9, respectively, where

S5AS Esc1

p1
21D 2

1S Esc2

p2
21D 2

andp andEsc are the momentum and the deposited energy
the BSC of a charged track.

A five-constraint ~5C! kinematic fit to the hypothesis
c(2S)→gg l 1l 2 with the invariant mass of the lepton pa
constrained to theJ/c mass is performed, and the fit prob
ability is required to be greater than 0.01. For events w
three-photon candidates, the combination of two phot
having the smallerx2 is chosen. Figure 1 shows a scatter p
of the invariant mass of the reconstructedJ/c and the photon
with higher energy (Mgh ,J/c) versus the invariant mass o

two photons (Mgg) for the ggm1m2 final state. The corre-
sponding plot for thegge1e2 state is very similar. Theh,

FIG. 1. Mgh ,J/c versusMgg after general selection ofggm1m2

events.
6-2
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xc1, andxc2 signals are quite prominent, while thep0 signal
is much less so. The corresponding plot for 200 000 Mo
Carlo simulatedc(2S)→p0p0J/c events, which is the
main background for the studied channels, is shown in F
2.

B. Selection ofc„2S…\p0JÕc

To remove the huge background fromc(2S)→gxc1,c2
under thec(2S)→p0J/c signal, we requireMgh ,J/c to be

less than 3.49 or greater than 3.58 GeV/c2. Figure 3 shows,
after this requirement, the distribution of invariant ma
Mgg , where the smooth background is contributed
c(2S)→gxc1,2 and c(2S)→p0p0J/c. A Breit-Wigner
resonance with a double Gaussian mass resolution func
to describe thep0 resonance plus a third-order backgrou

polynomial is fitted to the data. The fit givesNe1e2
p0

5123

618 for the gge1e2 state andNm1m2
p0

5155620 for the
ggm1m2 state. In the fit, the mass resolution and the a
ratio of the two Gaussians are fixed to the values determ
by the Monte Carlo simulation. The fit is also perform
with a background function determined by Monte Ca
simulatedc(2S)→p0p0J/c andc(2S)→gxc1,2 events that
satisfy the selection criteria, where the two processes
weighted according to their branching fractions. Compar
data and Monte Carlo simulated background off-resonan
we obtain a reasonablex2/d.o.f., indicating good agreemen

FIG. 2. Mgh ,J/c versusMgg after general selection for 200 00
c(2S)→p0p0J/c Monte Carlo events (ggm1m2 final state!.

FIG. 3. Two-photon invariant mass distribution for candida
c(2S)→p0J/c events for~a! gge1e2 and ~b! ggm1m2.
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@15#. The differences in the number of events obtained w
the two backgrounds~5.1% for gge1e2 and 4.3% for
ggm1m2) are included in the systematic errors.

C. Selection ofc„2S…\hJÕc

In this channel the main backgrounds are fromc(2S)
→p0p0J/c and gxc1,c2. By requiring Mgh ,J/c

,3.49 GeV/c2, most background fromc(2S)→gxc1,c2 is
removed. The resultant plot, shown in Fig. 4, shows a cleah
signal superimposed on background, mainly fromc(2S)
→p0p0J/c. A fit is made using a Breit-Wigner resonanc
convoluted with a mass resolution function for theh signal
plus a polynomial background, where the width of theh is
fixed to its Particle Data Group~PDG! value @16# and the
background function is determined fromc(2S)→p0p0J/c
Monte Carlo simulated events that satisfy the same criteri
the data. Comparing data and Monte Carlo simulated ba
ground off-resonance, we obtain a reasonablex2/d.o.f., in-
dicating good agreement@17#. The fit yieldsNe1e2

h
52465

6101 for thegge1e2 state andNm1m2
h

532906148 for the
ggm1m2 state. The fitted values of theh mass are 547.6
60.1 MeV/c2 for the gge1e2 channel and 547.7
60.1 MeV/c2 for theggm1m2 channel, consistent with the
PDG value within 2s.

A fit using a fourth-order background polynomial wit
parameters free is also performed to estimate the system
error due to the background shape. This error is negligi
small.

D. Selection ofc„2S…\gxc1,c2

The processesc(2S)→p0J/c, hJ/c, andp0p0J/c con-
tribute to the background for this channel. By requirin
Mgg,0.53 GeV/c2, most of the background fromc(2S)
→hJ/c and a significant portion fromc(2S)→p0p0J/c
are rejected. Figure 5 shows theMgh ,J/c distribution for can-

didatec(2S)→gxc1,c2 events. The remaining background
mainly due to c(2S)→p0p0J/c. The contribution from
c(2S)→p0J/c is negligible due to its tiny branching frac
tion. Figure 6 shows theMgh ,J/c distribution for c(2S)

→p 0p 0J/c Monte Carlo simulated events before and af
theMgg,0.53 GeV/c2 requirement; the latter one is taken
the background shape in the fit. Two Breit-Wigner res
nances convoluted with mass resolution functions plu
background function are fitted to the data. The widths for
xc1,2 are fixed to the PDG values, and the mass resolu
functions are determined by Monte Carlo simulation. The
yields

N
e1e2

xc1 552636124, N
e1e2

xc2 52512682,

N
m1m2

xc1 567526178, N
m1m2

xc2 53358696,

with the fitted masses ofxc1 and xc2 equal to 3510.9
61.0 MeV/c2 and 3555.961.0 MeV/c2, respectively, con-
sistent with the PDG values.
6-3
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FIG. 4. Two-photon invariant mass distribu
tion for candidatec(2S)→hJ/c events for~a!
gge1e2 and ~b! ggm1m2.
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IV. BRANCHING FRACTION DETERMINATION

For c(2S)→X, the branching fraction is determined fro

B@c~2S!→X#5
nobs@c~2S!→X→Y#

Nc(2S)•B~X→Y!•e@c~2S!→X→Y#
,

where Y stands for the final state, X the intermediate st
and e the detection efficiency. The branching fraction ofX
→Y is taken from the PDG.

A. Detection efficiency

The detection efficiency is the product of the trigger e
ciency e trg and the reconstruction-selection efficiencye rs .
For the BES detector, the trigger efficiency for hadron
events is 1.00060.005@18#. The reconstruction-selection e
ficiency is determined by Monte Carlo simulation. For t
signal channels studied, generators taking into account p
space, angular distributions, and final state radiation are u
for the event simulations. For the channelc(2S)
→p0p0J/c, the common background for all signals, we u
a generator, which gives the correct dipion mass and ang
distributions@19#.

For each of the channels analyzed, 50 000 Monte C
events are subjected to the same reconstruction and e
selection as used for the data to determine the detection
ficiencies, which are listed in Table III.

B. Efficiency corrections and systematic errors

Because the Monte Carlo simulation is imperfect, it
necessary to correct the detection efficiencies obtained f
simulations for the differences between the Monte Ca
simulation and the data. Differences come from the effici
cies of MDC tracking, particle identification, photon iden
fication, and kinematic fitting. In addition, the uncertainti
01200
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of the background shapes~estimated in Sec. III!, the number
of c(2S) events, and the branching fractions of the interm
diate states also contribute to the final systematic error.

To investigate the difference in the lepton track efficie
cies of the Monte Carlo simulation and the data, the lep
pair sample from the decayc(2S)→p1p2J/c,J/c
→ l 1l 2, which closely simulates the behavior of the lept
pair in the channels under study, is used. This study finds
tracking efficiency correction factor is 1.01260.009 for
e1e2 pairs and 1.00260.008 form1m2 pairs. For charged
particle identification,S is used to separatee1e2 andm1m2

pairs. The same lepton pair sample is used to determine
particle identification efficiency difference between Mon
Carlo simulation and data by determining efficiencies
each with and without this particle identification requir
ment. The correction factor is found to be 0.95160.008 for
e1e2 pairs and 0.97260.006 form1m2 pairs.

For the photon selection used, studies show that the
ciency difference between data and the Monte Carlo sim
tion is 2% for each photon@20#. We take this difference as
the systematic error in photon selection, and no correctio
the efficiency is made. In addition, the rib in the BSC cau
an inefficiency in photon detection. The systematic error d
to the rib efficiency, listed in Table I, is obtained by compa
ing results with photons in the rib region removed with tho
when they are not removed.

The systematic error due to kinematic fitting comes fro
the differences between data and Monte Carlo simulation
the measurements of track momentum, the track fitting e
matrix, and the photon energy and direction. For the char
track part, the difference is estimated using thec(2S)
→p1p2J/c,J/c→ l 1l 2 sample. For the photon part,
careful calibration of the neutral cluster information in th
BSC is performed, and the difference with and without t
calibration applied to both the data and Monte Carlo simu
FIG. 5. Invariant massMgh ,J/c distribution
for candidate c(2S)→gxc1,c2 events for ~a!
gge1e2 and ~b! ggm1m2.
6-4
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FIG. 6. Invariant mass
Mgh ,J/c distribution for Monte
Carlo simulated c(2S)
→p0p0J/c events (ggm1m2 fi-
nal state!. ~a! Before the Mgg

,0.53 GeV/c2 requirement. ~b!
After the Mgg,0.53 GeV/c2 re-
quirement.
a
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tion is used to determine the systematic error in this p
@21#.

Table I summarizes the efficiency correction factors a
uncertainties from all sources, while Table II lists the syste
atic errors for the channels under study. The branching f
tions and corresponding errors for all intermediate state
cays are taken from the PDG@22#.

C. Results and discussion

Using the fitting results and the efficiencies and correct
factors for each channel, we determine the branching f
tions listed in Table III. We also obtain the product branchi
fractions

B~c~2S!→gxc1!•B~xc1→gJ/c!5~2.8160.0560.23%!,

B~c~2S!→gxc2!•B~xc2→gJ/c!

5~1.6260.0460.12!%.
01200
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Our B@c(2S)→p0J/c# measurement has improved pr
cision by more than a factor of two compared with oth
experiments, and the BESc(2S)→hJ/c branching fraction
is the most accurate single measurement. OurB@c(2S)
→p0J/c# agrees better with the Mark-II result@5# than with
the Crystal Ball result@6#, while B@c(2S)→gxc1,c2# agrees
well with the Crystal Ball results@6#. Much of the systematic
error on B@c(2S)→gxc1,c2# comes from the uncertaintie
on B(xc1→gJ/c) andB(xc2→gJ/c).

Using Partially Conserved Axial-vector Currents~PCAC!,
Miller et al. @8# predicts

R5
G„c~2S!→p0J/c…

G„c~2S!→hJ/c…
5

27

16S pp

ph
D 3

r 2, ~1!

where r 5(md2mu)/@ms20.5•(md1mu)# and pp and ph
are thep andh momenta in thec(2S) rest frame. With the
conventionally accepted values ofms5150 MeV/c2, md
57.5 MeV/c2, mu54.2 MeV/c2 given by Weinberg@23#, the
ratio R equals 0.0162, which is smaller than our measu
TABLE I. Efficiency correction factors.

Channel p0J/c hJ/c
Final state gge1e2 ggm1m2 gge1e2 ggm1m2

Track selection 1.01260.009 1.00260.008 1.01260.009 1.00260.008
Particle ID 0.95160.008 0.97260.006 0.95160.008 0.97260.006
5-C fit 1.00060.014 1.0060.02 1.00060.016 1.00060.038
g efficiency 1.0060.04 1.0060.04 1.0060.04 1.0060.04
BSC rib 1.00060.023 1.00060.034 1.00060.031 1.00060.036

Total correction 0.96260.050 0.97460.057 0.96260.055 0.97460.067

Channel gxc1 gxc2

Final state gge1e2 ggm1m2 gge1e2 ggm1m2

Track selection 1.01260.009 1.00260.008 1.01260.009 1.00260.008
Particle ID 0.95160.008 0.97260.006 0.95160.008 0.97260.006
5-C fit 1.00060.015 1.00060.049 1.00060.018 1.0060.052
g efficiency 1.0060.04 1.0060.04 1.0060.04 1.0060.04
BSC rib 1.00060.043 1.00060.040 1.00060.019 1.00060.024

Total correction 0.96260.061 0.97460.075 0.96260.049 0.97460.070
6-5
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TABLE II. Systematic errors~%!.

Channel p0J/c hJ/c
Final state gge1e2 ggm1m2 gge1e2 ggm1m2

efficiency correction 5.2 5.9 5.7 6.9
Number ofc(2S) events 4 4 4 4
B(p0,h→gg) negligible negligible 0.65 0.65
B(J/c→e1e2,m1m2) 1.7 1.7 1.7 1.7
background shape 5.1 4.3 negligible negligib

Total systematic error~%! 8.48 8.50 7.20 8.18

Channel gxc1 gxc2

Final state gge1e2 ggm1m2 gge1e2 ggm1m2

efficiency correction 6.3 7.7 5.1 7.2
Number ofc(2S) events 4 4 4 4
B(xcJ→gJ/c) 8.5 8.5 8.9 8.9
B(J/c→e1e2,m1m2) 1.7 1.7 1.7 1.7

Total systematic error~%! 11.44 12.26 11.14 12.25
n

i-
ment (0.04860.005) @24# by a factor of three. Based on a
effective Lagrangian approach, Casalbuoniet al. @9# obtain
an improved expression

R5
27

16S pp

ph
D 3

r 2F 11
2B

3A

l̂ f p

mh8
2

2mp0
2

11
B

A

l̂ f p

mh8
2

2mh
2

G 2

, ~2!
01200
in which l̂ characterizes theh-h8 mixing, B/A is a not yet
determined parameter in the effective Lagrangian.f p

5(13065) MeV is obtained from PDG. Using the approx
mation @25#

l̂5A3

2S mh8
2

2mh
2

ms2
mu1md

2
D tanuP , ~3!
TABLE III. Results. Note that much of the systematic error onB@c(2S)→gxc1,c2# is due to the uncer-
tainty onB(xc1,c2→gJ/c).

Channel p0J/c hJ/c
Final state gge1e2 ggm1m2 gge1e2 ggm1m2

Number of events 123618 155620 24656101 32906148
Efficiency ~%! 11.21 13.34 26.94 34.07
Sys. error~%! 8.48 8.50 7.20 8.18
Correction factor 0.962 0.974 0.962 0.974
BR ~%! 0.13960.02060.012 0.14760.01960.013 2.9160.1260.21 3.0660.1460.25
Combine BR~%! 0.14360.01460.012 2.9860.0960.23
PDG ~%! 0.09660.021 3.1760.21

Channel gxc1 gxc2

Final state gge1e2 ggm1m2 gge1e2 ggm1m2

Number of events 52636124 67526178 2512682 3358696
Efficiency ~%! 23.88 29.24 19.70 25.54
Sys. error~%! 11.44 12.26 11.14 12.25
Correction factor 0.962 0.974 0.962 0.974
BR ~%! 8.7360.2161.00 9.1160.2461.12 7.9060.2660.88 8.1260.2360.99
Combine BR~%! 8.9060.1661.05 8.0260.1760.94
PDG ~%! 8.460.6 6.460.6
6-6
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whereuP'220° @16# is theh-h8 mixing angle, we obtain
l̂'1.91 GeV. With our measured value ofR, we infer the
parameterB/A equals21.4260.12 or23.1160.15 in Eq.
~2!.

In terms of QCD multipole expansion, Kuanget al. @11#
predict the ratio

R8'S mc

mb
D 2

•S ph~Y8!

ph@c~2S!# D
3

•S f ~Y8!

f @c~2S!# D
2

, ~4!

R9'S mc

mb
D 2

•S ph~Y9!

ph@c~2S!# D
3

•S f ~Y9!

f @c~2S!# D
2

, ~5!

wheref @c(2S)#, f (Y8), andf (Y9) are the transition ampli-
tudes ofc(2S)→J/cpp, Y8→Ypp, andY9→Ypp, re-
spectively, which depend on the potential model describ
the heavy quarkonia. Taking the QCD motivat
Buchmüller-Grunberg-Tye potential@26# as an example, the
predicted values areRBGT8 50.0025 andRBGT9 50.0013. With
ve
ck

01200
g

our measurements ofB@c(2S)→hJ/c# and PDG values of
G„c(2S)…, G„Y8→Yh… and G(Y9→Yh), we obtainRexp8
,0.0098 andRexp9 ,0.0065, which are consistent with th
predictions of Eqs.~4! and ~5!.
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