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Results are presented onJ/c radiative decays toK1K2 andKS
0KS

0 based on a sample of 58MJ/c events
taken with the BES II detector. A partial wave analysis is carried out using the relativistic covariant tensor
amplitude method in the 1–2 GeV mass range. There is conspicuous production due to thef 28(1525) and
f 0(1710). The latter peaks at a mass of 174064225

110 MeV with a width of 16628
15

210
115 MeV. Spin 0 is strongly

preferred over spin 2. For thef 28(1525), the helicity amplitude ratios are determined to bex251.00
60.2820.36
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I. INTRODUCTION

QCD predicts the existence of glueballs, the bound sta
of gluons, and the observation of glueballs is, to some ext
a direct test of QCD. Such gluonic states are expected to
rise to a rich isoscalar meson spectroscopy, and lattice ga
theory calculations predict, in particular, that the lowe
lying state should occur in the mass range 1.4–1.8 GeV
haveJPC5011 @1#. For aJ/c radiative decay to two pseu
doscalar mesons, onlyJPC values in the series 011,
211, . . . are possible, so such states provide a very cl
laboratory to search for the lowest mass scalar glueball.

There has been a long history of uncertainty about
properties of thef 0(1710), one of the earliest glueball ca
didates. This history is reviewed in detail in the latest iss
of the Particle Data Group~PDG! @2# and will not be re-
peated here. The latest analysis of Mark III data by Du
woodie@3# favorsJP501 over an earlier assignment of 21,
while the latest central production data of WA76 and WA1
also favor 01 @4,5#. In this paper, we present new results
J/c→gK1K2 and gKS

0KS
0 based on a sample of 58MJ/c

events taken with the upgraded Beijing Spectrome
~BES II! located at the Beijing Electron Positron Collid
~BEPC!.

II. BES DETECTOR

BES II is a large solid-angle magnetic spectrometer tha
described in detail in Ref.@6#. Charged particle momenta ar
determined with a resolution of sp /p
51.78%A11p2(GeV2) in a 40-layer cylindrical drift cham-
ber. Particle identification is accomplished by specific ioni
tion (dE/dx) measurements in the drift chamber and tim
of-flight ~TOF! measurements in a barrel-like array of 4
scintillation counters. ThedE/dx resolution is sdE/dx
58.0%; the TOF resolution issTOF5180 ps for Bhabha
events. Outside of the time-of-flight counters is a 1
radiation-length barrel shower counter~BSC! comprised of
gas proportional tubes interleaved with lead sheets. The B
measures the energies and directions of photons with res
tions of sE /E.21%/AE(GeV), sf57.9 mrad, andsz
52.3 cm. The iron flux return of the magnet is instrumen
with three double layers of counters that are used to iden
muons. The average luminosity of the BEPC accelerato
4.031030 cm22 s21 at the center-of-mass energy of 3
GeV.

In this analysis, aGEANT3 based Monte Carlo simulatio
package~SIMBES! with detailed consideration of real detect
performance~such as dead electronic channels! is used. The
consistency between data and Monte Carlo has been c
fully checked in many high purity physics channels, and
agreement is quite reasonable.

III. EVENT SELECTION

The first level of event selection requires two charg
tracks with total charge zero forgK1K2 candidate events
and requires two positively charged and two negativ
charged tracks forgKS

0KS
0 events. These tracks are requir
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to lie well within the acceptance of the detector and to ha
a good helix fit. More than one photon per event is allow
because of the possibility of fake photons coming from
interactions of charged tracks with the shower counter
from electronic noise in the shower counter.

For J/c→gK1K2, the vertex is required to lie within 2
cm of the beam axis (x2y plane! and within 20 cm of the
center of the interaction region~along z). Each of the
charged particles is required to not register hits in the mu
counters in order to removegm1m2 events. The following
selection criteria are used to remove the large backgrou
from Bhabha events:~i! The opening angle of the two track
satisfiesuop,175°. ~ii ! The energy deposited by each tra
in the BSC satisfiesESC,1.0 GeV. In order to reduce th
background from final states with pions and electrons, e
event is required to have at least one kaon identified by
TOF. Requirements on two variables,U and Ptg

2 , are im-
posed@7#. A ‘‘missing-neutral-energy’’ variableU5(Emiss

2uPW missu) is required to satisfy20.10,U,0.20 GeV; here
Emiss andPW miss are the missing energy and momentum of
charged particles respectively. Also a ‘‘missing-pt’’ variable
Ptg

2 54uPW missu2sin2ug/2 is required to be,0.002 GeV2,
whereug is the angle between the missing momentum a
the photon direction. TheU cut removes most backgroun
from events having multipion or other neutral particles, su
asrp,gp1p2 events;Ptg

2 is used to eliminate backgroun
photons. The selection criteria for a good photon used h
are based on those applied in previous BES I analyses@8#. In
brief, the good photon is required to be isolated from the t
charged tracks and to come from the interaction point.

In order to reduce theJ/c→p0K1K2 and J/c
→p0p1p2 contamination, all events surviving the abov
criteria which have two or more photons are kinematica
fitted to these hypotheses. Those events with a fitx2,50,
and with photon pair invariant mass within 50 MeV/c2 of
thep0 mass, are rejected. Finally, the two charged tracks
photon in the event are 4-C kinematically fitted to obta
better mass resolution and to suppress backgrounds fu
by the requirementsxgK1K2

2
,10 andxgK1K2

2
,xgp1p2

2 .
For J/c→gKS

0KS
0 , the KS

0 mesons in the event are iden
tified through the decayKS

0→p1p2. The four charged
tracks can be grouped into two pairs, each having two op
sitely charged tracks with an acceptable distance of clo
approach. Signal events are required to satisfydKS

2

,(20 MeV/c2)2, where dKS

2 5@Mp1p2(1)2MKS
#2

1@Mp1p2(2)2MKS
#2 and Mp1p2 is calculated at theKS

0

decay vertex. The main backgrounds fromgKS
0K6p7 and

gKS
0KS

0p0 events are suppressed by requiringU
,0.10 GeV, Ptg

2 ,0.005 GeV2 and the 4-C kinematic fit
xg4p

2 ,10.
Figure 1 shows theK1K2 andKS

0KS
0 mass spectra for the

selected events, together with the corresponding backgro
distributions. These two mass spectra agree closely be
2.0 GeV. The resonant structures in the mass regions of
f 28(1525) and thef 0(1710) are very clearly visible in both
decay modes. Averaged over the whole mass range, the
3-2
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tection efficiency forgK1K2 is 14.7% and forgKS
0KS

0 is
14.5%. For thegK1K2 channel, the experimental back
ground arises mainly from the nonresonantK1K2p0 and
two-body K* 6K7 events which are peaked at highK1K2

masses. In the entire mass range, 14597gK1K2 events are
reconstructed, and the detailed Monte Carlo simulation of
BES detector estimates a background of 3094 events.
estimation of the background events in thegKS

0KS
0 sample is

obtained from thedK
2 side band (28.7 MeV/c2)2,dK

2
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FIG. 1. Invariant mass spectra of~a! K1K2, ~b! KS
0KS

0 for

J/c→gKK̄ events, where the shaded histograms correspond to
estimated background contributions.
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,(35 MeV/c2)2; this equal-area-selection provides a pro
erly normalized background estimation. In Fig. 1~b!, there
are 3169 selectedgKS

0KS
0 events and 413 background even

IV. ANALYSIS RESULTS

We have carried out partial wave analyses using am
tudes constructed from relativistic covariant tensors for
possible ways of addingJ of the KK̄ pair with spin 1 of the
photon andL, the orbital angular momentum in the produ
tion process, to makeJP512 of the initial J/c @9#. Cross
sections are summed over photon polarizations. The rela
magnitudes and phases of the amplitudes are determined
maximum likelihood fit. The background events obtain
from Monte Carlo simulation ordKS

2 side band are included

into the data samples, but with the opposite sign of log lik
lihood compared to data. These events cancel backgro
within the data samples. The analyses are confined to ma
less than 2 GeV in order to ensure that a description cont
ing only 011 and 211 amplitudes will be appropriate. Th
KK̄ mass distributions fromJ/c radiative decays toK1K2

andKS
0KS

0 after acceptance and isospin corrections are sho
in Fig. 2. The event topologies of theK1K2 and KS

0KS
0

modes are different, so that acceptance and backgroun
fects are rather different also. We fit the two sets of d
separately to check their consistency and find that ther
good quantitative agreement between the two solutions.

A. Bin-by-bin analysis

In the bin-by-bin analysis, thegK1K2 and gKS
0KS

0 data
samples are divided into mass intervals 40 MeV wide, a
the angular distribution of each mass interval is fitted w
four independent helicity amplitude parameters, one (a0,0)
for JP501 and three (a2,0, a2,1 anda2,2) for 21 amplitudes
@3#. The angular distribution for the decay sequenceJ/c
→gX with X→KK̄ in terms of these amplitude paramete
is given by

he
W~Vg ,VK!5
15

64p2 FUa0,0

11cosug

2A5
1a2,0

11cosug

2 S 3

2
cos2uK2

1

2D1a2,1

sinug

A2
A3

2
sinuKcosuKeifK

1a2,2

12cosug

2

A6

4
sin2uKe2ifKU2

1Ua0,0

12cosug

2A5
1a2,0

12cosug

2 S 3

2
cos2uK2

1

2D
2a2,1

sinug

A2
A3

2
sinuKcosuKe2 ifK1a2,2

11cosug

2

A6

4
sin2uKe22ifKU2G ,
whereuK , fK are the polar and azimuthal angles of the ka
in the X helicity frame andug is the polar angle of the ra
diative photon in the laboratory frame. Our normalization
chosen to give
n
N[E dVgdVKW~Vg ,VK!

5ua0,0u21ua2,0u21ua2,1u21ua2,2u2, ~1!
3-3
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where N is the number of events in each bin. The ma
interval width of 40 MeV is chosen as a compromise b
tween the desire for high statistics in each mass interval
the need for detailed information on the mass dependenc
each measured amplitude. The four helicity amplitude
rameters are related by a trivial algebraic relation with
four corresponding independent amplitudes in the covar
tensor formalism@9#. The acceptance-and isospin-correct
S-and D-wave intensity distributions,ua0,0u2, ua2,0u2, ua2,1u2

andua2,2u2 for gKK̄ data resulting from this bin-by-bin fit ar
shown as a function of mass in Fig. 3.

The KK̄ S-wave intensity dominates the 1.7 GeV regio
The solid curves in Fig. 3 correspond to fits of cohere
superpositions of individual Breit-Wigner resonances to
data points of each intensity distribution. The followin
channels are considered:

J/c→g f 28~1525!

→g f 0~1710!

→g f 2~1270!

→g f 0~1500!

→g1broad 011 and 211 components.

The first two are dominant. There is evidence for the ex
tence of thef 2(1270), and thef 0(1500) is included here fo
consistency with the global fit below.

For the spin 0 amplitude, two interfering resonanc
„f 0(1500), f 0(1710)… and an interfering constant amplitud
term, which is used to describe the broad S-wave contr

0
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M(ΚΚ
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/ 0
.0

40
G

eV
/c

2

FIG. 2. TheKK̄ mass distributions fromJ/c radiative decays to
K1K2 ~upper! andKS

0KS
0 ~lower! after acceptance and isospin co

rections.
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tion, are included. The mass and width of thef 0(1500) are
fixed to the PDG values; those of thef 0(1710) are to be
determined. Thef 0(1710) is well described by a Breit
Wigner resonance of mass and width M51722617 MeV,
G5167229

137 MeV, and the branching fraction forJ/c radia-

tive decay to the combinedKK̄ modes is B@J/c
→g f 0(1710)→gKK̄#5(11.121.2

11.7)31024. The errors here
are statistical errors.

For the spin 2 amplitudes, thef 28(1525) andf 2(1270) are
included. There is also some 211 structure above 2.0 GeV in
KK̄ mass, which could contribute to the present fitted ran
and thus the tail of a high mass 211 state is included in our
fit. We choose a resonance mass of 2250 MeV and width
350 MeV to represent the structure in the higher mass reg
The mass and width of thef 2(1270) are fixed at the value
quoted in the PDG. For the tensor resonance,f 28(1525), its
mass and width are fixed to the values M51519 MeV, G
575 MeV determined by the global fit which is describe
below, and the total branching fraction and ratios of amp
tude intensities are determined to beB@J/c→g f 28(1525)

→gKK̄#5(4.0260.51)31024; x2[ua2,1u2/ua2,0u251.32
60.29, y2[ua2,2u2/ua2,0u250.3860.20. The intensity of the
f 2(1270) is poorly measured because of the relatively l
statistics and the weak coupling of this state toKK̄. The
amount of spin 2 component in the 1.7 GeV mass region
small, ;(1669)%. Theerrors shown above are statistic
and are obtained from the Breit-Wigner fit.
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FIG. 3. The mass dependence of the amplitude intensities

gKK̄ data. The solid curves correspond to the coherent superp
tion of the Breit-Wigner resonances fitted to the acceptance-
isospin-corrected data points obtained from the bin-by-bin fit. T
dashed line histograms are the results of the global fit describe
the text.
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B. Global fit analysis

We now turn to the global fit to theJ/c→gK1K2 and
J/c→gKS

0KS
0 data. Each sample is analyzed independen

and the fit results shown below are for their averaged valu
This fit has the merit of constraining phase variations a
function of mass to simple Breit-Wigner forms. It also pe
forms the optimum averaging of helicity amplitudes a
their phases over resonances. Partial waves are fitted to
data for the same components described in the bin-by-bin
The broad 011 component improves the fit significantly
removing it causes the log likelihood value to become wo
by 221. For thef 2(1270) andf 0(1500), we use PDG value
of masses and widths, but allow the amplitudes to vary in
fit. For the f 28(1525), relative phases are consistent with z
within experimental errors. It is expected theoretically th
relative phases should be very small, on order ofa.1/137
for the electromagnetic transitionsJ/c→g121. In view of
the agreement with expectation, these relative phases ar
to zero in the final fit, so as to constrain intensities furthe

A free fit to f 28(1525) gives a fitted mass of 151962 MeV
and a width of 7564 MeV. The fitted mass and width of th
f 0(1710) are M5174064 MeV and G516628

15 MeV, re-
spectively. The fitted intensities are illustrated in Fig. 4. F
the f 28(1525), we find the ratios of helicity amplitudesx2

0
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FIG. 4. The KK̄ invariant mass distributions fromJ/c
→gK1K2 andJ/c→gKS

0KS
0 . The points are the data and the fu

histograms in the top panels show the maximum likelihood fit. H
tograms on subsequent panels show the complete 01 and 21 con-
tributions including all interferences.
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51.0060.28 andy250.4460.08. In this fit, we allow some
01 contribution under thef 28(1525) peak, while previous
analyses by DM2 and Mark III@10,11# ignored the small 01

contributions. The branching fractions of thef 28(1525) and
the f 0(1710) determined by the global fit areB@J/c
→g f 28(1525)→gKK̄#5(3.4260.15)31024 and B@J/c
→g f 0(1710)→gKK̄#5(9.6260.29)31024 respectively.
The errors shown here are also statistical. An alternative fi
f J(1710) with JP521 is worse by 258 in log likelihood
relative to 01 for gK1K2 data and by 67 forgKS

0KS
0 . Re-

membering that three helicity amplitudes are fitted for spi
but only one for spin 0, the fit withJP501 is preferred by
.10s after considering the two data samples together.

The separation between spin 0 and 2 is illustrated in F
5, taking theJ/c→gK1K2 data as the example. Let u
denote the polar angle of the kaon in theKK̄ rest frame by
uK , and the polar angle of the photon in theJ/c rest frame
by ug . The data are fitted simultaneously including impo
tant correlations betweenuK and ug . The left panels show
resulting fits to cosuK for J50 and 2. There is no significan
difference between the two fits. The distributions should
flat for 01, but the interference with the tail off 28(1525) has
a large effect. The right panels show the fits to cosug ; the
optimum fit is visibly better forJ50 than forJ52. ~If one
fits only the cosug distribution, it is possible to fit equally
well with J50 or 2, but then the fit to cosuK gets much
worse.!

If the f 0(1500) is removed from the fit, the log likelihoo
is worse by 1.65~3.58! for K1K2 (KS

0KS
0), corresponding to

about 1.3s (2.2s). If the f 2(1270) is removed, the likeli-
hood is worse by 57.5~13.6! for K1K2 (KS

0KS
0), corre-

sponding to.5s (3.8s).

V. SYSTEMATIC ERROR

The systematic error for the global fit is estimated
adding or removing small components used in the fit, repl

-

0

200

0+
+

1.
65

 G
eV

/c
2  <

 M
(K

+
K

- ) 
< 

1.
80

 G
eV

/c
2

0
+

+

0

200

-1 0 1
cosθΚ

2+
+

cosθγ

0 0.8

2
+

+

FIG. 5. Projections in cosuK and cosug for 011 and 211 as-
sumptions. The points are the data (J/c→gK1K2 sample!, and the
histograms are the global fit results.
3-5



BAI et al. PHYSICAL REVIEW D 68, 052003 ~2003!
TABLE I. Estimation of systematic error~%! in the global fit.Bf
28(1525) andBf 0(1710) are the branching

fractions for f 28(1525) andf 0(1710), respectively.

M f
28(1525) G f

28(1525) x2 y2 Bf
28(1525) M f 0(1710) G f 0(1710) Bf 0(1710)

removef 0(1500) 20
132

20
120 60 20

110

use f 0(1429) 215
10

29
10

25
10

20
13

removef 2(1270) 20
142

255
10

20
16

21
10

use thes 10.66 120 29
117

214
10

20
133 21.44 19 20

129

incoherent 011 10.99 20
16

264
10

20
145 13 20

128

M, G of f 28(1525) 215
149

234
10

28
111

25
14

M, G of f 0(1710) 217
151

236
111 63 20

11

M, G of high 211
214
146

259
10

24
11

20
16

background 217
146

255
10

23
10

210
19

dNJ/c
64.7 64.7

wire resolution 615 615
e
t

m
nd
e
n

e
ve
o
d
ce
ch
ro
ro
ur
a
b
nl
ar
le

a
t,

the
the
ons

on
nd
rly
bin-
be

pect
to
le
ves
ties

ting
of
ase
ple

-
ose
is

el-
-bin
ce
ll

to
fit-

and
oad
ing the f 0(1500) with the f 0(1429), G5169 MeV, de-
scribed in Ref.@3#, varying the mass and width of the larg
f 28(1525) within the PDG errors, varying the mass and wid
of the f 0(1710) based on the difference between theK1K2

and KS
0KS

0 decay modes, and varying the background co
ponent within reasonable limits in both the global fit a
bin-by-bin fit. It also includes the uncertainty in the numb
of J/c events analyzed and the difference from two differe
choices of MDC wire resolution simulation.

The uncertainty about the shape of broad 011 back-
ground is included in the systematic error also. An incoh
ent fit with this broad component and a fit with alternati
forms for thes-dependence using the parametrization of Z
and Bugg@12# for the f 0(40021200) have been performe
to estimate the systematic error from this source. This un
tainty affects the results significantly, especially the bran
ing fractions, because of the interference between the b
structure and the other components. Therefore, the error f
this model-dependence for the branching fraction meas
ments is separated from the statistical and other system
errors in our final results. The systematic errors for the glo
fit are summarized in Table I. For the mass and width, o
the contributions from the model-dependence, which
large compared to the other errors, are shown in the tab

VI. RESULTS AND DISCUSSION

The results of the bin-by-bin and global fits are summ
rized in Tables II and III respectively. For the bin-by-bin fi

TABLE II. Measurements of thef 28(1525) andf 0(1710) for the
bin-by-bin fit. Errors shown are statistical only.

f 28(1525) f 0(1710)

M ~MeV! 1519 ~fixed! 1722617
G~MeV! 75 ~fixed! 167229

137

B(J/c→gX,

X→KK̄)(31024) 4.0260.51 11.121.2
11.7

x25ua2,1u2/ua2,0u2 1.3260.29
y25ua2,2u2/ua2,0u2 0.3860.20
05200
h

-

r
t

r-

u

r-
-
ad
m
e-
tic
al
y
e
.

-

the errors are statistical ones only, and for the global fit,
first error listed is the statistical error, the second error is
systematic error, and the third one for the branching fracti
is for the model-dependence of the broad components.

The two fit methods, bin-by-bin and global, are based
different analysis concepts. In the bin-by-bin fit, the S-a
D-wave intensities are fairly well determined and nea
model independent. The only model dependence in the
by-bin fit is the assumption that only S-and D-waves need
considered; this is reasonable, since one would not ex
significant 411 amplitudes below 2 GeV. However, due
limited statistics for each bin and the limited solid ang
coverage of the detector, the relative phases of partial wa
cannot be well determined. This causes larger uncertain
when extracting the mass and width of resonances by fit
only the partial wave intensities without the constraints
the relative phases between them. In the global fit, the ph
variations as a function of mass are constrained to sim
Breit-Wigner~BW! forms. The stability of the minimum op
timizing procedure and statistical errors are better than th
of the bin-by-bin fit. However, if some non-BW resonance
assumed to be a BW-form amplitude, this will give a mod
dependent biased result. The model independent bin-by
result for the partial wave intensities can provide guidan
for choosing components for the global fit. The final fu
amplitudes from the global fit definitely give a better fit
the whole set of data than the amplitudes obtained from

TABLE III. Measurements of thef 28(1525) andf 0(1710) for the
global fit. The first error is statistical, the second is systematic,
the third is that corresponding to model-dependence of the br
components.

f 28(1525) f 0(1710)

M ~MeV! 15196225
115 174064225

110

G ~MeV! 756425
115 16628

15
210
115

B(J/c→gX,

X→KK̄)(31024) 3.4260.1520.65
10.69

20.00
11.55 9.6260.2921.86

12.11
20.00
12.81

amp. ratiosx2 1.0060.2820.36
11.06

y2 0.4460.0820.56
10.10
3-6
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PARTIAL WAVE ANALYSES OF J/c→gK1K2 AND gKS
0KS
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ting the partial wave intensities without constraints of re
tive phases between them.

Fortunately from Tables II and III and the comparis
shown in Fig. 3, we see that the results obtained from
bin-by-bin fit and the global fit for thef 28(1525) and
f 0(1710) agree with each other well within the errors. T
ratios of the helicity amplitudes of thef 28(1525) from the
present analysis are in reasonable agreement with Kr
mer’s predictions@13#. These ratios provide useful informa
tion for testing models of the resonance production and
cay mechanisms. Most importantly, the analy
demonstrates that the mass region around 1.7 GeV is
dominantly 011 from the f 0(1710) @14#; this conclusion is
consistent with that of Refs.@3–5#.

VII. SUMMARY

In summary, the partial wave analyses ofJ/c→gK1K2

and J/c→gKS
0KS

0 using 58M J/c events of BES II show
strong production of thef 28(1525) and the S-wave resonan
f 0(1710). This confirms earlier conclusions that the sp
parity of the f 0(1710) isJP501. The f 0(1710) peaks at a
mass of 174064225

110 MeV with a width of 16628
15

210
115 MeV.
d

,
e

05200
-

e

-

e-

re-

-

For the f 28(1525), the helicity amplitude ratios are dete
mined to be 1.0060.2820.36

11.06 and 0.4460.0820.56
10.10, respec-

tively. They are consistent with theoretical predictions.
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