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Radiative decay ofY into a scalar glueball
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We study the radiative decay & into a scalar gluebalY — yG¢ 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 B¥— yG,) to be in the range (1-2)10 3. We also discuss some of the implications
for Y — yf;, decays. Near future data from CLEO-IIl can provide crucial information about scalar glueball
properties.
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[. INTRODUCTION a QCD sum-rule calculation for this constant, the branching
ratio Br(Y — yGy) is predicted to be in the range of (1-2)
The existence of glueballs is a natural prediction of QCD.x 10 3. Combining this result with experimental data, we
Some of the low lying states are’0, 0%, 177, and 2" find thatf,(1710) is unlikely to be a pure glueball. Existing
with the lowest mass eigenstate® 0 in the range of information on glueball mixing allows us to predict the
1.5-1.7 GeV from theoretical calculatiofE]. There are in- branching ratios for several radiative decays, suchYas
dications thatf,(1370), fo(1500), andf(1710) contain _, ,f,(1370,1500,1716) yKK (7). Near future experi-

substantial scalar glueball content. In searching for glueballsnental data from CLEO-III will provide crucial information
decays of quarkonia are well suited processes because tBgout scalar glueball properties.

decays are mediated by gluons. Among these decays, two-
body radiative decays are ideal places to study this subject,

pecause there is no pomplication from interaction§ between Il. QCD FACTORIZATION OF Y —9G,
light hadrons. Radiative decays %f have been studied be- _ _ .
fore, in particularly by the CLEO Collaboratiof2,3] re- It is known that properties o’ can be well described

cently. With the current data sample, there are already sewith nonrelativistic QCD5]. The decay ofY — yG, can be
eral observations of the radiative decayYfinto mesons. thought of as follows: a frebb quark pair is first freed from
Among them only a few have good precision, such as thehe Y with a probability that is characterized by matrix ele-
decaysY — yf,(1270), Y — yf¢(1710)— yKK while the  ments defined in NRQCD; this pair of quarks decays into a

others have large errof8]. About 4 fo- bb resonance data Photon and gluons; and then the gluons are subsequently
are planned to be taken at CLEO-IIl in the year prior toconverted into a scalar glueball. In the heavy quark limit
conversion to low energy operati¢8LEO-C) [4]. This will ~ Mp—, the glueball has a large momentum; this allows a
produce the largest data sample Yfin the world. More twist expansion to describe the conversion. Also, the gluons
radiative decay modes &f may be observed. By combining are hard, and perturbative QCD can be applied for the decay
experimental data in the near future and theoretical resultgf thebb pair into a photon and gluons. This implies that the
glueball properties can be studied in detail. decay width can be factorized. In the real world, thguark

In this paper we carry out a theoretical study of the radiaimass is 5 GeV and a scalar glueball has a mass around 1.5
tive decay ofY into a scalar glueball by using QCD factor- GeV as suggested by lattice QCD simulati¢@$ This may
ization. We find that the nonperturbative effects can be faclead to a question of whether the twist expansion is appli-
torized into a matrix element well defined in nonrelativistic cable. For radiative decay of the, the glueball has a mo-
QCD NRQCD, and the gluon distribution amplitude. The mentum of order ofn,. The twist expansion means a col-
NRQCD matrix element can be determined from leptdviic linear expansion of the momenta of gluons in the glueball;
decays. The asymptotic form of the gluon distribution ampli-components of these momenta have the order of
tude is known in QCD up to a normalization constant. Using(O(k™),O((k™),O(Aqcp),O(Aqcp)), Wherek is the mo-

0556-2821/2002/66)/0740155)/$20.00 66 074015-1 ©2002 The American Physical Society



HE, JIN, AND MA PHYSICAL REVIEW D 66, 074015 (2002

mentum of the glueball. Here we used the light-cone coordi-
nate system. Hence the expansion parameters are = —wzQﬁaa2<Y|Ol(3Sl)|Y)

< [Lans s<z>

In the above F; is the gluon distribution amplitude dbq
wheremg is the mass of the glueball and we have takengnd is given by

Aqcp~500 MeV. In the above estimation we have used the

®

~0.1, (1)

fact that the probability for the conversion of gluons into a 1 L

glueball is suppressed if the component of the momentum Fo(2)= —+J dx e 1zkx

of a gluon is very small. We see that the relevant expansion 2mk

parameters are small, and therefore the twist expansion is ><<Gs(k)|Ga~*“(x*)Ga'*M(O)|O>. 6)

expected to be a good one. We note that the same approxi-

mation may not be applied to thiéys system because in this Here we have used a gauge wih =0 such that the gauge
case the relevant expansion parameters are not small. ek between the field strength operators vanishes. This dis-
now provide some details of the calculations. tribution essentially characterizes how two gluons are con-

_The leading Feynmann diagrams fiir— yGs are from  verted intoG, where one of the two gluons has the momen-
bb annihilation into two gluons and a photon. The basictum (zk*,0,07).
formalism for such calculations has been developed in Ref. In the above equations, the matrix element
[6] and has been used in the cas&ef y5(7') to obtaina  (Y|0,(3S;)|Y) defined in NRQCD contains the bound state
result consistent with experimental défd. With appropriate  effect of b quarks in theY [5] and can be extracted from
modifications we can obtain ti&matrix for Y — yG¢ decay. leptonic Y —I1*1~ decay. A prediction can be made far

It is given by — yGq if the distribution amplitude is known.

The distribution amplitude can be written as

1 iq-
(sz|S|Y):—|§eng§e:f d*xd*yd*zd*x,d%,el92 F(2)=1sf(z) with fldzf(z):l, 7)
0

a a T
X{GdGL0GIYI0NOlb; () where f(z) is a dimensionless function and its asymptotic
Xbi(yp|Y)-MEP2(x,y x1,y,,2), (2) formis

f(z2)=30z%(1—2)2. 8
whereM{f”P'ab is a known function from evaluation of the
Feynman diagrams,and] stand for Dirac and color indices, With the asymptotic form in Eq(6) we have
and a and b are the color indices of the gluor* is the

polarization vector of the photon an@,=—1/3 is theb R T —=y+Gy 25ma? |fs|2 9
quark electric charge. Since thequark is heavy and moves s F(Y—>€+€‘) 3a m2 ©
with small velocityv, one can expand the Dirac fields in 0

NRQCD fields: In the above we have used the fact that b¥th> yG4 and

Y —1"1~ are proportional tqY|0(3S;)|Y).

_ 1 The use of the asymptotic form fdi(z) may introduce
(0o )b (V)[Y) =~ & (P Y'P)i(0lx o' ¢ Y) some errors, because the scalehere is actuallym,, not
u—oo. However, with largem, one may expect that it can
xe P+ O(v?), (3) provide a good order of magnitude estimate with the

asymptotic form. Also, it has been shown that for a pseudo-

+ i ) — scalar glueball the distribution amplitude is rather close to its
where x' () is the NRQCD field for theb (b) quark and  45ymptotic form from a QCD sum-rule calculatifd]. We

— 0 i . . .
P.=(1xy7)/2. The b is almost at rest; thenp,  expect that the same is true for the scalar glueball. We will

=(m,,0,0,0) withm, being theb quark pole mass. use Eq.(9) later for our numerical discussion.
From the above we obtain the decay amplitude Yor We note that at this stage the st@gcan be any particle
—7Gs as with the same quantum number &"**G% ", ie., J°°

=0"". The normalization constarfit depends on the prop-

ngs erties of the specific particle. In order to obtain the branching
7= (0[xTe: Ul/’W)f dzz(l ) Fz); (4  ratio of G as a scalar glueball, we have to evalubgavith
G, specified to be the scalar glueball. The evaluatiof;0
a difficult task because it is dominated by nonperturbative
the decay width then reads effects. One of the best ways of handling such effects is the
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QCD sum-rule method9]. In the following we provide an ) . s
estimate forf; based on a QCD sum-rule calculation. ImIL,, .\ (Q )=; (0[GaGIRN(RIG,/4G},[0)

2 2 .
lll. QCD SUM-RULE CALCULATION OF THE X 7 8(Q°+mg) + continuum, (14

NORMALIZED CONSTANT . .
where the sum o is for all possible resonances. The term

The constant, has dimension 1 in mass and is related to(|G, Gj|R)(R|GM,ﬁGf,|0> in the above equation contains

the the product of local operators the information onf, and f whenR is the scalar glueball.
) TheT andV tensors are not related Q. They are irrelevant
(Gs(K)[GHPG”,|0) = fomggH”+ fk“k”. (100 to our calculations. The functionH g, 5,3 cONtain linear

combinations offy and fg. QCD sum-rule calculations for
(G{|G*"G,,|0)=(4fo+ fom& have been carried out before
[10]. Therefore if one of thdlg; 5,53 is known, one can
obtainf,. From Eq.(10) and the tensor structure of Ed.1),

we find thatllg; is proportional to {,+ f<)2. Therefore the
study ofIlg; is sufficient for our purpose of determinirig.
ITs;  also contain information abotiy andfs. However, the
L(Q?) fd“xe'q X(0|TG, Gf(X),GM'BGfr(O)m) nonperturbative contributions for them begin at the level of

The fact that the samfg, appears in Eq9) and Eq.(12) can
be checked by integrating overon both sides of Eq(6).

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

/1,1/ ,u . . . .
dimension-8 operators. The results obtained are not as reli-
=T o Q2+ 4V, TT(QD) able as the ones froflg; which have a lower dimension.
We now concentrate oH g3.
+st T (Q%) + S J15(Q2?) There may be several bound states with the same quantum
mvp'v mvp'v . . .
5 ) numbers to include in the QCD sum-rule calculation, such as
+S,,,,/1s3(Q%), (11)  a pure scalar glueball, quark bound states, and higher excited

states. The contributions from higher excited states are sup-
for a region of Q in which one can incorporate the pressed upon the use of the Borel transformation, which is
asymptotic freedom property of QCD via the operator prod-discussed below. For the quark bound states, the OZI rule
uct expansiorfOPB), and then relate it to the hadronic ma- implies that the conversion of a bound quark state into a
trix elements via the dispersion relation. The tensors in Egscalar glueball is suppressed compared with the conversion
(11) are defined as of two gluons into a scalar gluebdll3], perturbatively sup-
pressed by powers ing. If this is indeed true, the corre-
2 sponding f; parameters for quark bound states will be
TMM'V'Zglﬂrgtwﬁgiwrgtwr— §giwg;,v, smaller than for the pure glueball state. We will work with
this approximation in the following discussion. To be consis-
tent with our previous expansion, we again work to order

VWM,V,=g;m,qVqV,+g§}v,qﬂqﬂ,+giw,qvq#,+gtVM,quV, as. To this order, using the method in R¢L2], we find
1 ottt 2 _ At t 1 2 1
S,u,VM’V’_g,qu,u’V’ ’ SMVM’V’_gyvqﬂ’qv'+gM’V’quV1 HS3(Q2):_2|nM_+_
Q* 2qQ*
Sipp,/yfzq,uquq,u’qv' ' (12) gS
<G G,uv>+ <facha,u Gba Gcﬂ >
where g Y gw du q,/9%. The corresponding terms Q°
1+(Q?), HV(Q ) H51(Q2) Hsz(Qz) and I1g(Q?) are (15
from the contributions of 2*, 17", and 0" states, respec- . _ . _
tively. The correlator in Eq(15) obtained by using OPE is re-

In the deep Euclidean regid®?= —g?> A ocp, they can lated to Eq.(14) via the standard dispersion relation
be expanded as

I I v,u' v\

I1,(Q%)=CY(Q)1 +CH Q%) ai(G,,G"")
+CHQ)(gsf PG # G GO P )+ -, In practice one may only include ground states in the calcu-

(13) lation. In order to reduce the uncertainty due to higher ex-

cited states and also continuum states, we apply the Borel

where C! are Wilson coefficients which need to be deter_transformatlon and obtain

mined later. 1 fs
. A 0 _ 2
On the other hand, the correlator in B4l can be satu- Blls(Q?) = _zf dse M pgs(s), (17)
rated by all possible resonances and the continuum. We have M<Jo
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wherepgs(s)=(1/7)ImIlg(—s), and state. The data also allow some mixing between glueball
states and other quark bound states.

R ) _ 1 . d\" ) Theoretical calculation of the mixings among glueball and
BINQY)= lm 7757 (QY7 ~ 402 11(Q%. quark bound states is a very difficult task. There is no reli-
Q?n—e able theoretical calculation. Lattice calculations may eventu-

(18) ally give accurate predictions for the mixing parameters. At

present there are some phenomenological studies of glueball
mixing. We now study some implications of the branching
d ratio for the radiative decay of ¥ into a pure scalar glueball
obtained in the previous section for a mixing pattern sug-
gested in Ref[14].
An analysis combining other experimental data in Ref.
f=(100-130 MeV, (19 [14] showed that the three™d statesf,(1370), f,(1500),
andf,(1710) all contain substantial glueball content. Refer-
with f,=190 MeV andf;=100 MeV for my++=1.5 GeV, €nce[14] obtained the mixing matrix of physical states in
and f,=130 MeV and f,=130 for my:+=1.7 GeV. terms of pure glueball and other quark bound statels 4k
In obtaining the above result, we have reevaluated

Here one also needs to have the liit/n=M?2=const.

In our numerical calculation we have varieg in the
range of 3—6 Ge¥, and found that the uncertainty is aroun
10%. The parameters determined are reasonably stable.

We obtain the range fofg as

Gs
f, also using the same parameters. The input para- fir f f§Y
meters used arg11] ag(u)=4m/9INWYASc), Aqco fo(1710 0.39+0.03  0.910.02 0.15-0.02

= = MVN — +
gS?ffch(ie,):’é‘b a';/'éc 23;3*(6%7 >G e‘\’;‘;f;:gﬁfeijf , and fo(1500 —0.65-0.04 0.33-0.04 —0.70+0.07

For consistency, we also calculated the glueball masses. fo(1370 —0.69+0.07 0.15-0.01 0.7G:0.07
We find that for the 0" state the mass is 1.5—-1.7 GeV, and (21)
for 2" * the mass is 2.0-2.2 GeV. These values are in agree- _ _
ment with other calculationgL0]. where the state&g, S= |SS>, andN= |uu+dd)/\/§ are the

If the scalar glueball is a pure one, using the above resultpure glueball and quark bound staté%? indicate the ampli-
we obtain the branching ratio fof — yGs in the range tude of glueballG in the three physicaly(i) states.

Because of the mixing, when applying our calculations to
Br(Y — yGg)=(1-2) X103, (200 radiative decay ofY into a physical state which is not a

purely gluonic state the parameters will be modified. If the

with a larger branching ratio for a larger glueball mass up t%ixing parameter is known one can obtain fReratios for
17 GeV Here we haVe Useﬁs:olS Wh|Ch |S the typ|Ca| Yﬂyf0(1370 1500 1710) as

value for ag in the energy range of the decay. We obtain a
large branching ratio fol'— yG,. We would like to point

2 2
out that, considering the several uncertainties, the assump- R(Y — yf(i))= %. %”i(fs)ﬁ (22)
tions of factorization, and of a single pure glueball state in 3a m,
the QCD sum-rule calculation, the above numbers should be
used as an order of magnitude estimate. Y — yf(i) may also result fron¥" decays into ay andS,N

quark bound states. However, these processes are suppressed
IV. DISCUSSIONS OF PHENOMENOLOGICAL by ag'. . . . .
IMPLICATIONS Using the mixing amplitudes in E¢21), one obtains the

branching ratios ofY — yf4(1370,1500,1710) in the ranges
Experimental measurement of —yGg may be non- (4.8-9.6,4.2-8.4,1.5-3.8)10"*. Combining the branching

trivial. One has to rely on the decay products of glueballsyatios of f0(1370,1500,1710) KK ()
There are several ways the glueball can decay with reason= (9.3g"2990.039"%9%,0.044" 92 0.454' 9199 0.35"0.13

ably large branching rati0§53—>KEoer to multipions. As (0.2 _8-83)) [3] we obtain
mentioned earlier there are several candidates for scalar glue- '

ball, the f(1370), f(1500), andf(1710). Decays ofY Br(Y — yfo(1710— yKK)~0.6-1.2,

— yfo(i)— y(KK or multipions) can provide important in-

formation. Br(Y — yfo(1710 — ymrm)~0.06-0.12,
Experimentally there is only an upper bound] of

Br(Y — yfo(1710)— yKK)<2.6x10"* at 90% C.L. If Br(Y — yfo(1500 — yKK)~0.2—0.4,

fo(1710) is a pure glueball, experimental measurenfight

of Br(fo(1710)—~KK)=0.38"09 [3] would imply BrY Br(Y — yf (1500 — ymrr)~1.9-3.8,

—vfo(1710)— yKK) to be in the range of (0.4-1.0) _

X 10~ 2 which seems to indicate th&§(1710) may not be a Br(Y — yf(1370 — yKK)~1.7-3.4,

pure glueball. At present we cannot rule out the possibility

that one of thef 4(1370) orfy(1500) states is a pure glueball Br(Y — yf4(1370 — ymrm)~1.2-2.4.
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In the above the branching ratios are in units of 40The  ation, we have to rely on future improved experimental data.
branching ratios predicted above can provide a further testortunately, CLEO-III will provide us with more data in the
for QCD factorization. Future experimental data from CLEOnear future. We have a good chance of understanding the
[l will provide us with important information. properties of scalar glueballs. We strongly encourage our ex-
To summarize, we have estimated the branching ratio operimental colleagues to carry out a study of the radiative
Y —y+Gg with G as a glueball. Our results show that decay ofY into a scalar glueball.
fo(1710) may not be consistent with the assumption that it is
a pure glueball, but cannot rule out the possibility that one of
the f(1370) andfy(1500) sates is pure glueball state. We
also predicted several— yKK () branching ratios using The work of X.G.H. was supported in part by the National
a phenomenological glueball mixing pattern, which can pro-Science Council under grant NSC 89-2112-M-002-058. The
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