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Radiative decay ofY into a scalar glueball
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We study the radiative decay ofY into a scalar glueballY→gGs using QCD factorization. We find that for
this process the nonperturbative effects can be factorized into a matrix element well defined in nonrelativistic
QCD ~NRQCD! and the gluon distribution amplitude. The same NRQCD matrix element appears also in the
leptonic decay ofY and therefore can be determined from data. In the asymptotic limit the gluon distribution
amplitude is known up to a normalization constant. Using a QCD sum-rule calculation for the normalization
constant, we obtain Br(Y→gGs) to be in the range (1 –2)31023. We also discuss some of the implications
for Y→g f i decays. Near future data from CLEO-III can provide crucial information about scalar glueball
properties.
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I. INTRODUCTION

The existence of glueballs is a natural prediction of QC
Some of the low lying states are 011, 021, 112, and 211

with the lowest mass eigenstate 011 in the range of
1.5–1.7 GeV from theoretical calculations@1#. There are in-
dications that f 0(1370), f 0(1500), and f 0(1710) contain
substantial scalar glueball content. In searching for glueb
decays of quarkonia are well suited processes because
decays are mediated by gluons. Among these decays,
body radiative decays are ideal places to study this sub
because there is no complication from interactions betw
light hadrons. Radiative decays ofY have been studied be
fore, in particularly by the CLEO Collaboration@2,3# re-
cently. With the current data sample, there are already
eral observations of the radiative decay ofY into mesons.
Among them only a few have good precision, such as
decaysY→g f 2(1270), Y→g f 0(1710)→gKK̄, while the
others have large errors@3#. About 4 fb21 bb̄ resonance data
are planned to be taken at CLEO-III in the year prior
conversion to low energy operation~CLEO-C! @4#. This will
produce the largest data sample ofY in the world. More
radiative decay modes ofY may be observed. By combinin
experimental data in the near future and theoretical res
glueball properties can be studied in detail.

In this paper we carry out a theoretical study of the rad
tive decay ofY into a scalar glueball by using QCD facto
ization. We find that the nonperturbative effects can be f
torized into a matrix element well defined in nonrelativis
QCD NRQCD, and the gluon distribution amplitude. T
NRQCD matrix element can be determined from leptonicY
decays. The asymptotic form of the gluon distribution amp
tude is known in QCD up to a normalization constant. Us
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a QCD sum-rule calculation for this constant, the branch
ratio Br(Y→gGs) is predicted to be in the range of (1 –2
31023. Combining this result with experimental data, w
find that f 0(1710) is unlikely to be a pure glueball. Existin
information on glueball mixing allows us to predict th
branching ratios for several radiative decays, such asY

→g f 0(1370,1500,1710)→gKK̄(pp). Near future experi-
mental data from CLEO-III will provide crucial information
about scalar glueball properties.

II. QCD FACTORIZATION OF Y\gGs

It is known that properties ofY can be well described
with nonrelativistic QCD@5#. The decay ofY→gGs can be

thought of as follows: a freebb̄ quark pair is first freed from
the Y with a probability that is characterized by matrix el
ments defined in NRQCD; this pair of quarks decays into
photon and gluons; and then the gluons are subseque
converted into a scalar glueball. In the heavy quark lim
mb→`, the glueball has a large momentum; this allows
twist expansion to describe the conversion. Also, the glu
are hard, and perturbative QCD can be applied for the de
of thebb̄ pair into a photon and gluons. This implies that t
decay width can be factorized. In the real world, theb quark
mass is 5 GeV and a scalar glueball has a mass around
GeV as suggested by lattice QCD simulations@2#. This may
lead to a question of whether the twist expansion is ap
cable. For radiative decay of theY, the glueball has a mo
mentum of order ofmb . The twist expansion means a co
linear expansion of the momenta of gluons in the glueb
components of these momenta have the order
„O(k1),O((k2),O(LQCD),O(LQCD)…, wherek is the mo-
©2002 The American Physical Society15-1
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mentum of the glueball. Here we used the light-cone coo
nate system. Hence the expansion parameters are

k2

k1
5

mG
2

MY
2

;0.02,
LQCD

k1
;0.1, ~1!

where mG is the mass of the glueball and we have tak
LQCD'500 MeV. In the above estimation we have used
fact that the probability for the conversion of gluons into
glueball is suppressed if the1 component of the momentum
of a gluon is very small. We see that the relevant expans
parameters are small, and therefore the twist expansio
expected to be a good one. We note that the same app
mation may not be applied to theJ/c system because in thi
case the relevant expansion parameters are not small
now provide some details of the calculations.

The leading Feynmann diagrams forY→gGs are from
bb̄ annihilation into two gluons and a photon. The ba
formalism for such calculations has been developed in R
@6# and has been used in the case ofY→gh(h8) to obtain a
result consistent with experimental data@7#. With appropriate
modifications we can obtain theSmatrix for Y→gGs decay.
It is given by

^gGsuSuY&52 i
1

2
eQbgs

2er* E d4xd4yd4zd4x1d4y1eiq•z

3^GsuGm
a ~x!Gn

a~y!u0&^0ub̄ j~x1!

3bi~y1!uY&•Mi j
mnr,ab~x,y,x1 ,y1 ,z!, ~2!

whereMi j
mnr,ab is a known function from evaluation of th

Feynman diagrams,i andj stand for Dirac and color indices
and a and b are the color indices of the gluon.e* is the
polarization vector of the photon andQb521/3 is the b
quark electric charge. Since theb quark is heavy and move
with small velocity v, one can expand the Dirac fields
NRQCD fields:

^0ub̄ j~x!bi~y!uY&52
1

6
~P1g l P2! i j ^0ux†s lfuY&

3e2 ip•(x1y)1O~v2!, ~3!

wherex† (c) is the NRQCD field for theb̄ ~b! quark and
P65(16g0)/2. The b is almost at rest; thenpm
5(mb ,0,0,0) withmb being theb quark pole mass.

From the above we obtain the decay amplitude forY
→gGs as

T5
eQbgs

2

6
^0ux†e•scuY&E

0

1

dz
1

z~12z!
Fs~z!; ~4!

the decay width then reads
07401
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G5
2

9mb
4
p2Qb

2aas
2^YuO1~3S1!uY&

3U E
0

1

dz
1

z~12z!
Fs~z!U2

. ~5!

In the above,Fs is the gluon distribution amplitude ofGs
and is given by

Fs~z!5
1

2pk1E dx2e2 izk1x2

3^Gs~k!uGa,1m~x2!Ga,1
m~0!u0&. ~6!

Here we have used a gauge withG150 such that the gauge
link between the field strength operators vanishes. This
tribution essentially characterizes how two gluons are c
verted intoGs , where one of the two gluons has the mome
tum (zk1,0,OT).

In the above equations, the matrix eleme
^YuO1(3S1)uY& defined in NRQCD contains the bound sta
effect of b quarks in theY @5# and can be extracted from
leptonic Y→ l 1l 2 decay. A prediction can be made forY
→gGs if the distribution amplitude is known.

The distribution amplitude can be written as

Fs~z!5 f s f ~z! with E
0

1

dz f~z!51, ~7!

where f (z) is a dimensionless function and its asympto
form is

f ~z!530z2~12z!2. ~8!

With the asymptotic form in Eq.~6! we have

Rs5
G~Y→g1Gs!

G~Y→,1,2!
5

25pas
2

3a
•

u f su2

mb
2

. ~9!

In the above we have used the fact that bothY→gGs and
Y→ l 1l 2 are proportional tôYuO1(3S1)uY&.

The use of the asymptotic form forf (z) may introduce
some errors, because the scalem here is actuallymb , not
m→`. However, with largemb one may expect that it can
provide a good order of magnitude estimate with t
asymptotic form. Also, it has been shown that for a pseu
scalar glueball the distribution amplitude is rather close to
asymptotic form from a QCD sum-rule calculation@8#. We
expect that the same is true for the scalar glueball. We
use Eq.~9! later for our numerical discussion.

We note that at this stage the stateGs can be any particle
with the same quantum number asGa,1mGm

a,1 , i.e., JPC

5011. The normalization constantf s depends on the prop
erties of the specific particle. In order to obtain the branch
ratio of Gs as a scalar glueball, we have to evaluatef s with
Gs specified to be the scalar glueball. The evaluation off s is
a difficult task because it is dominated by nonperturbat
effects. One of the best ways of handling such effects is
5-2
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QCD sum-rule method@9#. In the following we provide an
estimate forf s based on a QCD sum-rule calculation.

III. QCD SUM-RULE CALCULATION OF THE
NORMALIZED CONSTANT

The constantf s has dimension 1 in mass and is related
the the product of local operators

^Gs~k!uGmrGn
ru0&5 f 0mG

2 gmn1 f sk
mkn. ~10!

The fact that the samef s appears in Eq.~9! and Eq.~12! can
be checked by integrating overz on both sides of Eq.~6!.

The basic idea of the QCD sum-rule calculation for o
estimate is to consider the two-point correlator

Pmn,m8n8~Q2!5Ed4xeiq•xi ^0uTGmaGn
a~x!,Gm8bGn8

b
~0!u0&

5Tmnm8n8PT~Q2!11Vmnm8n8PV~Q2!

1Smnm8n8
1 PS1~Q2!1Smnm8n8

2 PS2~Q2!

1Smnm8n8
3 PS3~Q2!, ~11!

for a region of Q in which one can incorporate th
asymptotic freedom property of QCD via the operator pro
uct expansion~OPE!, and then relate it to the hadronic m
trix elements via the dispersion relation. The tensors in
~11! are defined as

Tmnm8n85gmm8
t gnn8

t
1gmn8

t gnm8
t

2
2

3
gmn

t gm8n8
t

Vmnm8n85gmm8
t qnqn81gnn8

t qmqm81gmn8
t qnqm81gnm8

t qmqn8

Smnm8n8
1

5gmn
t gm8n8

t , Smnm8n8
2

5gmn
t qm8qn81gm8n8

t qmqn ,

Smnm8n8
3

5qmqnqm8qn8 , ~12!

where gmn
t 5gmn2qmqn /q2. The corresponding term

PT(Q2), PV(Q2), PS1(Q2), PS2(Q2), and PS3(Q2) are
from the contributions of 211, 121, and 011 states, respec
tively.

In the deep Euclidean regionQ252q2@LQCD , they can
be expanded as

P i~Q2!5Ci
0~Q2!I 1Ci

1~Q2!as^GmnGmn&

1Ci
2~Q2!^gsf

abcGa
a

m Gb
b

a Gc
m

b &1•••,

~13!

where Ci
j are Wilson coefficients which need to be dete

mined later.
On the other hand, the correlator in Eq.~11! can be satu-

rated by all possible resonances and the continuum. We h
07401
r

-

.

-

ve

Im Pmn,m8n8~Q2!5(
R

^0uGmaGn
auR&^RuGm8bGn8

b u0&

3pd~Q21mR
2 !1continuum, ~14!

where the sum onR is for all possible resonances. The ter
^uGmaGn

auR&^RuGm8bGn8
b u0& in the above equation contain

the information onf 0 and f s when R is the scalar glueball.
TheT andV tensors are not related tof s . They are irrelevant
to our calculations. The functionsPS1,S2,S3 contain linear
combinations off 0 and f s . QCD sum-rule calculations fo
^GsuGmnGmnu0&5(4 f 01 f s)mG

2 have been carried out befor
@10#. Therefore if one of thePS1,S2,S3 is known, one can
obtain f s . From Eq.~10! and the tensor structure of Eq.~11!,
we find thatPS3 is proportional to (f 01 f s)

2. Therefore the
study ofPS3 is sufficient for our purpose of determiningf s .
PS1,2 also contain information aboutf 0 and f s . However, the
nonperturbative contributions for them begin at the level
dimension-8 operators. The results obtained are not as
able as the ones fromPS3 which have a lower dimension
We now concentrate onPS3.

There may be several bound states with the same quan
numbers to include in the QCD sum-rule calculation, such
a pure scalar glueball, quark bound states, and higher exc
states. The contributions from higher excited states are s
pressed upon the use of the Borel transformation, which
discussed below. For the quark bound states, the OZI
implies that the conversion of a bound quark state into
scalar glueball is suppressed compared with the conver
of two gluons into a scalar glueball@13#, perturbatively sup-
pressed by powers inas . If this is indeed true, the corre
sponding f s parameters for quark bound states will b
smaller than for the pure glueball state. We will work wi
this approximation in the following discussion. To be cons
tent with our previous expansion, we again work to ord
as . To this order, using the method in Ref.@12#, we find

PS3~Q2!5
1

8p2
ln

m2

Q2
1

1

2Q4

3S ^GmnGmn&1
2gs

Q6
^ f abcGa

a
m Gb

b
a Gc

m
b & D .

~15!

The correlator in Eq.~15! obtained by using OPE is re
lated to Eq.~14! via the standard dispersion relation

Pmn,m8n8~Q2!5
1

pE0

`

ds
Im Pmn,m8n8~2s!

s1Q2
. ~16!

In practice one may only include ground states in the cal
lation. In order to reduce the uncertainty due to higher
cited states and also continuum states, we apply the B
transformation and obtain

B̂PS3~Q2!5
1

M2E0

s0
dse2s/M2

rS3~s!, ~17!
5-3
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whererS3(s)5(1/p)Im PS3(2s), and

B̂P~Q2!5 lim
Q2,n→`

1

~n21!!
~Q2!nS 2

d

dQ2D n

P~Q2!.

~18!

Here one also needs to have the limitQ2/n5M25const.
In our numerical calculation we have varieds0 in the

range of 3 –6 GeV2, and found that the uncertainty is aroun
10%. The parameters determined are reasonably stable.

We obtain the range forf s as

f s5~100–130! MeV, ~19!

with f 05190 MeV andf s5100 MeV for m01151.5 GeV,
and f 05130 MeV and f s5130 for m01151.7 GeV.
In obtaining the above result, we have reevalua
f 0 also using the same parameters. The input pa
meters used are@11# as(m)54p/9 ln(m2/LQCD

2 ), LQCD

50.25 GeV, m5M , ^asGmnGmn&50.0660.02 GeV4, and
gs^ f abcGa

a
m Gb

b
a Gc

m
b &5(0.27 GeV2)^asG

mnGmn&.
For consistency, we also calculated the glueball mas

We find that for the 011 state the mass is 1.5–1.7 GeV, a
for 211 the mass is 2.0–2.2 GeV. These values are in ag
ment with other calculations@10#.

If the scalar glueball is a pure one, using the above res
we obtain the branching ratio forY→gGs in the range

Br~Y→gGs!5~1 –2!31023, ~20!

with a larger branching ratio for a larger glueball mass up
1.7 GeV. Here we have usedas50.18 which is the typical
value for as in the energy range of the decay. We obtain
large branching ratio forY→gGs . We would like to point
out that, considering the several uncertainties, the assu
tions of factorization, and of a single pure glueball state
the QCD sum-rule calculation, the above numbers should
used as an order of magnitude estimate.

IV. DISCUSSIONS OF PHENOMENOLOGICAL
IMPLICATIONS

Experimental measurement ofY→gGs may be non-
trivial. One has to rely on the decay products of glueba
There are several ways the glueball can decay with rea
ably large branching ratios:Gs→KK̄ or Gs to multipions. As
mentioned earlier there are several candidates for scalar g
ball, the f (1370), f 0(1500), andf 0(1710). Decays ofY
→g f 0( i )→g(KK̄ or multipions) can provide important in
formation.

Experimentally there is only an upper bound@3# of
Br„Y→g f 0(1710)→gKK̄…,2.631024 at 90% C.L. If
f 0(1710) is a pure glueball, experimental measurement@3#

of Br„f 0(1710)→KK̄…50.3820.19
10.09 @3# would imply Br„Y

→g f 0(1710)→gKK̄… to be in the range of (0.4–1.0
31023 which seems to indicate thatf 0(1710) may not be a
pure glueball. At present we cannot rule out the possibi
that one of thef 0(1370) orf 0(1500) states is a pure glueba
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state. The data also allow some mixing between glue
states and other quark bound states.

Theoretical calculation of the mixings among glueball a
quark bound states is a very difficult task. There is no re
able theoretical calculation. Lattice calculations may even
ally give accurate predictions for the mixing parameters.
present there are some phenomenological studies of glue
mixing. We now study some implications of the branchi
ratio for the radiative decay of aY into a pure scalar gluebal
obtained in the previous section for a mixing pattern su
gested in Ref.@14#.

An analysis combining other experimental data in R
@14# showed that the three 011 statesf 0(1370), f 0(1500),
and f 0(1710) all contain substantial glueball content. Ref
ence@14# obtained the mixing matrix of physical states
terms of pure glueball and other quark bound states as@14#

f i1
Gs f i2

S f 3i
(N)

f 0~1710! 0.3960.03 0.9160.02 0.1560.02

f 0~1500! 20.6560.04 0.3360.04 20.7060.07

f 0~1370! 20.6960.07 0.1560.01 0.7060.07

~21!

where the statesGs , S5uss̄&, andN5uuū1dd̄&/A2 are the
pure glueball and quark bound states.f i1

Gs indicate the ampli-
tude of glueballGs in the three physicalf 0( i ) states.

Because of the mixing, when applying our calculations
radiative decay ofY into a physical state which is not
purely gluonic state the parameters will be modified. If t
mixing parameter is known one can obtain theRs ratios for
Y→g f 0(1370,1500,1710) as

Rs„Y→g f ~ i !…5
25pas

2

3a
•

u f su2

mb
2

u f i1
(Gs)u2. ~22!

Y→g f ( i ) may also result fromY decays into ag andS,N
quark bound states. However, these processes are suppr
by as

2 .
Using the mixing amplitudes in Eq.~21!, one obtains the

branching ratios of,Y→g f 0(1370,1500,1710) in the range
(4.8–9.6,4.2–8.4,1.5–3.0)31024. Combining the branching
ratios of f 0(1370,1500,1710)→KK̄(pp)
5„0.3820.19

10.09(0.03920.024
10.002),0.04420.021

10.021(0.45420.104
10.104),0.3520.13

10.13

(0.2620.09
10.09)… @3# we obtain

Br„Y→g f 0~1710!→gKK̄…'0.6–1.2,

Br„Y→g f 0~1710!→gpp…'0.06–0.12,

Br„Y→g f 0~1500!→gKK̄…'0.2–0.4,

Br„Y→g f 0~1500!→gpp…'1.9–3.8,

Br„Y→g f 0~1370!→gKK̄…'1.7–3.4,

Br„Y→g f 0~1370!→gpp…'1.2–2.4.
5-4
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In the above the branching ratios are in units of 1024. The
branching ratios predicted above can provide a further
for QCD factorization. Future experimental data from CLE
III will provide us with important information.

To summarize, we have estimated the branching ratio
Y→g1Gs with Gs as a glueball. Our results show th
f 0(1710) may not be consistent with the assumption that
a pure glueball, but cannot rule out the possibility that one
the f (1370) andf 0(1500) sates is pure glueball state. W
also predicted severalY→gKK(pp) branching ratios using
a phenomenological glueball mixing pattern, which can p
vide further tests for QCD factorization calculations a
glueball mixing. To have a better understanding of the s
07401
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ation, we have to rely on future improved experimental da
Fortunately, CLEO-III will provide us with more data in th
near future. We have a good chance of understanding
properties of scalar glueballs. We strongly encourage our
perimental colleagues to carry out a study of the radiat
decay ofY into a scalar glueball.

ACKNOWLEDGMENTS

The work of X.G.H. was supported in part by the Nation
Science Council under grant NSC 89-2112-M-002-058. T
work of H.Y.J. and J.P.M was supported by the Nation
Nature Science Foundation.
s.
@1# C.J. Morningstar and M. Peardon, Phys. Rev. D56, 4043
~1997!; C. Liu, Nucl. Phys. B~Proc. Suppl.! 94, 255~2001!; C.
Liu, Chin. Phys. Lett.18, 187 ~2001!.

@2# CLEO Collaboration, A. Anastassovet al., Phys. Rev. Lett.82,
286 ~1999!; CLEO Collaboration, S. Richichiet al., ibid. 87,
141801~2001!; CLEO Collaboration, G. Maseket al., Phys.
Rev. D65, 072002~2002!.

@3# Particle Data Group, D. Groomet al., Eur. Phys. J. C15, 1
~2000!.

@4# L. Gibbons, ‘‘The Proposed CLEO-C Program andR Measure-
ment Prospects,’’ hep-ex/0107079.

@5# G.T. Bodwin, E. Braaten, and G.P. Lepage, Phys. Rev. D51,
1125 ~1995!; 55, 5853~E! ~1997!.
@6# J.P. Ma, Nucl. Phys.B605, 625 ~2001!; B611, 523 ~2001!.
@7# J.P. Ma, Phys. Rev. D65, 097506~2002!.
@8# A.B. Wakely and C.E. Carlson, Phys. Rev. D45, 338 ~1992!.
@9# M.A. Shifman, A.I. Vainshtein, and V.I. Zakharov, Nucl. Phy

B147, 385 ~1979!.
@10# T. Huang, H.Y. Jin, and A.L. Zhang, Phys. Rev. D59, 034026

~1999!; S. Narison, Nucl. Phys.B502, 312 ~1998!.
@11# L.J. Reinders, H. Rubinstein, and S. Yazaki, Phys. Rep.127, 1

~1985!; S. Narison, Phys. Lett. B387, 162 ~1996!.
@12# V.A. Novikov, M.A. Shifman, A.I. Vainshtein, and V.I. Za-

kharov, Nucl. Phys.B174, 378 ~1980!.
@13# M. Pennington, hep-ph/9811276.
@14# F. Close and A. Kirk, Eur. Phys. J. C21, 531 ~2001!.
5-5


