
PHYSICAL REVIEW D 1 APRIL 1998VOLUME 57, NUMBER 7
Narrow width of a glueball decay into two mesons

Jun Cao, Tao Huang, and Hui-fang Wu
CCAST (World Laboratory) P.O. Box 8730, Beijing, 100080, People’s Republic of China

Institute of High Energy Physics, P.O. Box 918(4), Beijing, 100039, People’s Republic of China*
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The widths of a glueball decay to two pions or kaons are analyzed in the perturbative QCD~PQCD!
framework. Our results show that the glueball ground state has a small branching ratio for the two-meson
decay mode, which is around 1022. The predicted values are consistent with the data ofj→pp,KK if the j
particle is a 211 glueball. The applicability of PQCD to the glueball decay and a comparison withxcJ decay
are also discussed.@S0556-2821~98!04705-5#

PACS number~s!: 12.39.Mk, 12.38.Bx, 13.25.Gv
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I. INTRODUCTION

The existence of glueballs and hybrids is a direct con
quence of QCD. SinceJ/c is predicted to have appreciab
decays toggg where two gluon formation is expected
enhance the production of tensor and scalar glueballs, ra
tive J/c and c8 decays have long been realized to be
favored area for glueball searches. At present one pays
ticular attention to three states:f 0(1500), f J(1710) (J50 or
2!, and j(2230) (J>2). They are glueball candidates o
011 or 211 states, motivated by lattice QCD. The UKQC
Collaboration@1# reported their lattice prediction for glueba
masses, which is 1550650 MeV for the 011 state and 2270
6100 MeV for the 211 state. At the same time the IBM
group reported their mass@2# for the 011 glueball as
1740~71! MeV and predicted a total width@3,4# for glueball
decay to pseudoscalar pairs of 108~29! MeV. The coupling
to two h ’s seems to be the largest, followed byK and p
meson pairs. The decay width toh1h8 is 6~3! MeV.

In particular, the BES Collaboration discovered new, no
strange decay modes of thej(2230) state, such asj→pp

and j→pp̄ @5#. Compared with other mesons,j(2230) has
many distinctive properties@6#.

~1! Flavor-symmetric decays to light hadrons. After r
moval of the phase space factor, the probability forj
→p1p2 is of the same order as that forj→K1K2.

~2! Copious production in radiativeJ/c decays. From the
upper limit of 131024 for B(j→pp̄)B(j→KK̄) @7,8#,
whereKK̄ includes all kaon pairs, a lower bound 331023

for B(J/c→gj) can be estimated.
~3! Narrow width. Both results from Mark III and BES

show that the width ofj(2230) is only about 20 MeV. As-
sumingGj520 MeV, one can easily estimate from~2! that
B(j→K1K2) and B(j→p1p2) are smaller than 2%, re
sulting in partial widthsGp1p2 andGK1K2 smaller than 400
KeV @6#.

As a consequence, theqq̄, multiquark, and hybrid models
cannot easily reproduce the three observations above. O
other hand, these properties are naturally explained by id
tifying j(2230) as a glueball state withJPC5211.
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Since the observed decay modes intopp, KK̄, and pp̄
are expected to be only a small portion of the decay mo
of j(2230), searches for other decay modes are very imp
tant. From a theoretical point of view, the narrow width of
glueball follows from a loose interpretation of the Okub
Zweig-Iizuka ~OZI! rule. The gluons in the glueball would
annihilate and create aqq̄ pair that would form the lighter
hadrons. Since this suppression only acts at one vertex,
called theAOZI rule @9#. For example, the total width of a
211 glueball can be estimated from theAOZI rule to be
aboutAG f 2(1270)Gxc2

.20 MeV.
In order to understand the narrow decay width quant

tively, we study a pure 011 or 211 glueball decay to two
light mesons in perturbative QCD~PQCD!. Our results show
that a pure glueball decay to two light mesons has a sm
branching ratio or a narrow width, and this conclusion can
generalized to be valid for any two mesons. As a con
quence, there is no dominant decay channel for a pure 011

or 211 glueball.
The paper is organized as follows. As a comparison w

the glueball, the formula forxcJ decay to two mesons in
PQCD is reviewed briefly in Sec. II. Glueball decays in
two mesons are calculated in Sec. III. In Sec. IV the nume
cal results and applicability of PQCD to glueball decays
discussed. The last section is reserved for summary and
clusions.

II. HEAVY QUARKONIUM WITH JPC5011 OR 211

It is interesting to compare a glueball decay with thexcJ .
A brief review for xcJ decay will be given in the PQCD
framework. For a heavy quarkonium coupling to gluons,
vertex can be obtained with its radial wave function at orig
or its differentiation. Since the wave function is sharp
peaked at small internal momentum for heavy quarkoniu
the nonrelativistic limit is a good approximation.

As an example, we review the derivation ofB(xcJ
→pp) in PQCD. To leading order, the Fermi movement
quarks in the pion can be neglected comparing with the m
mentum flow of ordermc , the mass of thec quark, in the
hard scattering amplitude. Thus, the amplitude ofxcJ decay
to two pions can be expressed in a factorized form@10# as a
p form factor:
4154 © 1998 The American Physical Society
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57 4155NARROW WIDTH OF A GLUEBALL DECAY INTO TWO MESONS
A5E dxdyfp~x!TH~x,y,Q2!fp~y!, ~1!

wherefp(x) is the distribution amplitude of pion obtaine
by integrating the transverse momentum of the Bet
Salpeter wave function@11#. The hard scattering amplitud
TH(x,y,Q2) ~see Fig. 1! will include information of a heavy
quarkonium coupling to two gluons:

TH5H E d4k

~2p!4
Tr@Ômnx~p,k!#J Tmn

ig4

l 1
2l 2

2
1$x↔y%, ~2!

with l 1 and l 2 the momentum of gluons,

Ômn5gm
1

p” 1k”2 l”12m
gn1$m↔n%, ~3!

and the wave function of heavy quarkonium in the nonre
tivistic quark model~NRQM! @12#,

x~p,k!5 (
M ,Sz

~2p!dS k02
kW2

2m
D

3^LM ;SSzuJJz&cLM~kW !PSSz
~p,k!, ~4!

where cLM(kW ) and PSSz
(p,k) is the spatial and spin par

respectively.Tmn involve the spin part of pion wave functio
and present the coupling ofgg→pp:

Tmn5TrFgm
g5

A2
~p” 2q” !gn

g5

A2
~p” 1q” !G

54~pmpn2qmqn2gmnmc
2!. ~5!

For quarkonium in theP-wave state, only 011 and 211

can decay to two pions. In the case of 211 state, the polar-
ization tensoreab is composed of the spin and orbital pola
ization vectorsea(Sz) andeb(M ) of xc2 as

eab~Jz!5 (
M ,Sz

^1M ;1Szu2Jz&e
a~M !eb~Sz!. ~6!

The polarization tensor satisfieseab5eba, paeab50, ea
a

50 and

FIG. 1. The hard scattering diagram forxcJ→pp.
-

-

(
Jz

eab~Jz!e
mn~Jz!5

1

2
~PamPbn1PanPbm!2

1

3
PabPmn,

~7!

where

Pmn52gmn1
pmpn

mc
2

. ~8!

Now we arrive at the decay width ifas(x1x2Q2).as(Q
2),

G~xc2→pp!5
2C2

5p2mc
8 @~4pas!

2f28~0!I 2#2, ~9!

whereC25 4
27 is the color factor and the integralI 2 is given

by

I 25E dxfp~x!

2x~12x!
E dyfp~y!

2y~12y!

1

2~x1y22xy!

3S 12
~x2y!2

x1y22xyD . ~10!

Similarly, the 011 decay width can be expressed as

G~xc0→pp!5
4C2

p2mc
8 @~4pas!

2f08~0!I 0#2, ~11!

with the overlap integralI 0 given by

I 05E dxfp~x!

2x~12x!
E dyfp~y!

2y~12y!

1

2~x1y22xy!

3S 11
~x2y!2

2~x1y22xy! D . ~12!

The total width ofxcJ can be obtained by calculating th
width of its decay to two real gluons in a similar way. I
NRQM, it is

Gxc2
5

8as
2

5mc
4

uf28~0!u2, ~13a!

Gxc0
5

6as
2

mc
4

uf08~0!u2. ~13b!

Finally, we get the branching ratio

B~xc2→pp!5
16

27

~4pasI 2!2

m4
, ~14a!

B~xc0→pp!5
144

81

~4pasI 0!2

m4
, ~14b!

which is independent of thexcJ wave function.
Numerical calculations can be easily done. However,

obtained results are much smaller than the data@13#. Even
when stretching all parameters to their extreme values,
predictions stay a factor 3–6 below the data@14#. Moreover,
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the obtained branching ratio dominantly come from the e
point region, where PQCD is not available. As stated
Bodwin, Braaten, and Lepage@15#, the color-octet decay
contribution arising from the higher Fock componentuc c̄g&
of the xcJ wave function is actually not suppressed w
respect to the usual color-singlet decay, owing to the ang
momentum barrier inuc c̄& contribution, and is necessary t
separate rigorously short-distance effects and long-dista
effects. Including the color-octet contributions, the branch
ratio of xcJ→pp can be compared with the experimen
data@14#.

III. GLUEBALL

Similar to theQQ̄ state, we apply PQCD to the glueba
decay. The amplitude for its decay to two pions can be w
ten as Eq.~1!, too. NowTH contain the glueball wave func
tion. The coupling of aJ11 state to two gluons can be ob
tained from requirements such as being linear in
polarization vectors of two gluonse1 ande2 and Lorentz and
gauge invariant@12,16#. Keeping only the leading twist term
the wave function can be written phenomenologically as

C~211!5
dab

A8
emnGmr

1 Gnr
2 f2~k!, ~15!

C~011!5
dab

A8

Pmn

A3
Gmr

1 Gnr
2 f0~k!, ~16!

wheredab/A8 is the color wave function,emn is the polar-
ization tensor of the 211 glueball, andPmn is defined in Eq.
~8!. Gmn

i 5em
i kn

i 2kn
i em

i ,(i 51,2), em
i and kn

i is the polariza-
tion vector and momentum of thei th gluon, respectively.

The leading order contribution to a 211 glueball decay to
two pions in PQCD is shown in Fig. 2. In center-of-ma
frame, the amplitude can be written as

A5gs
2E dzfp~z!dz8fp~z8!f2~k!

1

k1
2k2

2

t

re
l
th
-
y

ar

ce
g
l

t-

e

3(
s1s2

emn~s!Gmr
1 ~s1!Gnr

2 ~s2!es
1~s1!eh

2~s2!Tsh,

~17!

whereTsh is the same as in Eq.~5! and the color factor will
be included in the width formula. The momenta of gluons a
fixed by that of quarks in pions, i.e.,k15zQ11z8Q2 and
k25 z̄Q11 z̄8Q2. The width can be obtained as

G~211→pp!

5C
p

30MU E dzdz8fp~z!fp~z8!f2~ki !as

z z̄1z8 z̄8

z z̄z8 z̄8
U2

,

~18!

whereC is the color factor29 and z̄5(12z). The total width
of 211, can be obtained by its decay width to two on-sh
gluons withkW i

25M2/4:

G2115
M3

320p
uf2~ki !u2. ~19!

Similarly, we can obtain the width of 011 decay to two
pions:

FIG. 2. The hard scattering diagram for the glueball decay
pp.
G~011→pp!5C
p

12MU E dzdz8fp~z!fp~z8!f0~ki !as

~z2z8!212z z̄812z8 z̄

z z̄z8 z̄8
U2

, ~20!
he

par-
ts

n the
the
es

nd
as

ns
and the total width

G0115
3M3

256p
uf0~ki !u2. ~21!

Comparing Eqs.~18! and ~20! with Eqs. ~9!–~13!, it can
be shown that there are two different ingredients between
glueball decay and theP-wave quarkonium decay.~i! There
is no end-point singularity in expressions~18! and ~20! for
glueball decay since gluons in the glueball are directly
lated to the glueball wave function.~ii ! Since we get the tota
width by the decay to two on-shell gluons, it depends on
he

-

e

glueball wave function at a particular momentum point. T
point is located atkW25M2/4. Intuitively, the wave function
must be peaked at low momentum, since a composite
ticle has little amplitude for existing while its constituen
are flying apart with large momentum. While the massM is
large, the obtained width decreases fast and depends o
shape of the wave function drastically. On the other side,
next order contributions to the total width, whose amplitud
are expected to have the formas*d4kf(k) f (k) in general,
will be the lack of the suppression of the wave function a
not sensitive to the shape of the wave function as long
f (k) is smooth. It means that the higher order contributio
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57 4157NARROW WIDTH OF A GLUEBALL DECAY INTO TWO MESONS
are important to the total width if the mass is large, since
zeroth order contribution is suppressed strongly by w
function. In another word, the PQCD evolution of the wa
function to a particular scale will be nontrivial.

The formula for decay to a pair of kaons can be eas
obtained by substituting the distribution amplitude of pio
by that of kaons. As a result of isospin symmetry, t
branching ratio top0p0 is half of the charged channel exce
thatp0p0 in the final state can be formed via QCD anoma
This contribution is negligible due to the minor differen
between the mass of theu andd quarks. The anomaly con
tributions tohh, hh8, andh8h8 channels are not necessa
ily small, since two soft gluons have a large possibility
form a h (h8) meson@17#:

K 0U3as

4p
Gmn

a G̃amnUh L 5A3

2
f pmh

2 . ~22!

However, it is a low energy theorem. If the energy scale
the decay process is high enough, the anomaly contribu
is also negligible as it emerges via QCD renormalization a
is essentially a higher order contribution inas . For example,
the branching ratio ofxcJ→hh has no apparent enhanc
ment compared to thep0p0 channel. So the branching ratio
of thehh, hh8, andh8h8 channels are expected to have t
same order of thepp channel if PQCD dominates the deca
process.

IV. APPLICABILITY OF PQCD AND NUMERICAL
RESULTS

Evaluation of Eqs.~18!–~21! will require the glueball
wave function, which we have little information about up
now. In the following context we will use an oscillator wav
function:

f~k!5Agexp~2bg
2kW2!, ~23!

with the parameters appropriately chosen. If 011 and 211

glueballs have similar wave functions in momentum space
argued in Ref.@18#, a constraint onbg can be obtained from
their total decay width. The 011 glueball candidates
f 0(1500) and f 0(1700) have widths 100–150 MeV. Th
211 glueball candidatej(2230) has width; 20 MeV. From
our width formulas~19! and ~21! we have

Gj~2230!

G f 0~1500!
5

4M j
3A2

2

15M f 0

3 A0
2

exp~22bg
2M j

2!

exp~22bg
2M f 0

2 !
.

20 MeV

120 MeV
.

~24!

If the masses of scalar and tensor states are equal, the
will be simply 4

15, which is in accord with Ref.@16#. Taking
into account the mass gap, we getbg

2;0.4 GeV22 if A2

.A0. In general,Ag is larger for a higher mass state. F
example,AK is larger thanAp ~see below!. So we getbg

2

.0.4. According to the discussion in the previous secti
higher order corrections may be large and should be la
for a higher mass state. Thus we can say that the lower l
of bg

2 is 0.4 GeV22. Furthermore, the parameterbg is related
to the radius of the hadron. We know thatb2.0.8 GeV22

for a well-established pion oscillator wave function@19#. As-
e
e

y

.

f
n
d

s

tio

,
er
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suming that all hadrons have a similar size,b2 will be in the
same range for the glueball. The parameterb2 for the glue-
ball will be taken in the range 0.6<b2<0.8 in the following
context.

Before getting the numerical results it is necessary to d
cuss whether the derived formula is applicable or reliab
The applicability of the PQCD theory to exclusive process
at the present experimental energy region was argued b
gur and Smith@20# by excluding the contributions of the
end-point regions where subleading~higher twist! terms are
a priori likely to be greater than the perturbative contrib
tion. Recently, the applicability of PQCD to the pionic for
factor has been examined by cutting end-point contribut
@21# and by including the effects of Sudakov form fact
@22#. The first approach argues that the PQCD results
self-consistent in the energy region where the contributi
after cutting dominate. The second one attempts to exp
the suppression in the end-point regions by including
effects of Sudakov form factor of the quarks, which serves
a natural filter to pick out the hard contributions. Two a
proaches give similar conclusion that PQCD is applicable
the pion form factor asQ2.4 GeV2. In fact, the applicabil-
ity of PQCD to exclusive processes differs from one proc
to another and depends on the end-point singularities.
example, the hard scattering amplitude of thexcJ decay to
two pions is more singular than the case of the pion fo
factor. The obtained rate ofxcJ→pp depends strongly on
the end-point behavior of the pion wave function@23#. In the
case of glueball decay, the hard scattering amplitude of g
ball decay to two pions is less singular than that of the p
form factor, and has a good behavior to ensure that the do
nant contributions come from the hard part. We can arg
that PQCD is applicable for the glueball, particularly, for t
glueball candidatej(2230). We will adopt the first method
which is simpler.

In order to realize the conditionas(z z̄M2),1 in Eqs.
~18! and ~20!, we extend the parametrization ofas(Q

2) by
replacing@24#

as~Q2!5
12p

~3322nf !ln~Q21M0
2!/L2

~25!

to reflect the fact that at lowQ2 the transverse momentum
intrinsic to the bound state wave function flows through
the propagators. The parameterM0 can be determined to
ensureas(0)51. The cut contribution, obtained by cuttin
the integral limit to keep only hard contributions, say,as
,0.7, will be compared with the uncut contribution.

In order to calculate the decay width we take the wa
function of the pion and the kaon as@24#

cp~x,k'!5ApexpF2b2
k'

2 1mq
2

x~12x!
G , ~26a!

cK~x,k'!5AKexpF2b2S k'
2 1mq

2

x
1

k'
2 1ms

2

12x D G , ~26b!

wheremq means the mass ofu or d quark andms the mass
of s quark. The distribution amplitudef(x) can be obtained
by integratingk' :
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TABLE I. Numerical results.

bg
2 G tot Gp1p2 B(p1p2) B(K1K2)

0.6 2.8231025Ag
2 1.0831027Ag

2 0.3831022 0.6931022

j(2230) 0.7 1.0431025Ag
2 1.0131027Ag

2 0.9731022 1.7531022

0.8 3.8631026Ag
2 0.9531027Ag

2 2.4531022 4.4531022

0.6 8.4631024Ag
2 6.0031026Ag

2 0.7131022 1.1131022

f 0(1500) 0.7 5.3931024Ag
2 5.6431026Ag

2 1.0531022 1.6531022

0.8 3.4431024Ag
2 5.3231026Ag

2 1.5531022 2.4731022
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fp5
Ap

16p2b2
x~12x!expF2b2

mq
2

x~12x!
G , ~27a!

fK5
AK

16p2b2
x~12x!expF2b2S mq

2

x
1

ms
2

12xD G . ~27b!

The parameters can be adjusted by using the constraints
decays ofp→gg and p→mn (K→mn) and the average
quark transverse momentum̂k'

2 &p.^k'
2 &K. ~360 MeV! 2

@19,25#. It turns out that

mq50.25 GeV, b250.80 GeV22, Ap527.7 GeV21,

ms50.55 GeV, b250.80 GeV22, AK551.0 GeV21.

The numerical results are listed in Table I. The parame
bg is taken as 0.6, 0.7, and 0.8. Here we have not fixed
normalization constant and the branching ratio is indep
dent of Ag

2 . But it is dependent on the parameterbg . The
main uncertainty comes from the calculation of total wid
which has been discussed in Sec. III. Due to the lack
end-point singularities, the partial width is stable for diffe
entbg and should be stable for different wave function mo
els, if the wave function is peaked at low momentum. F
differentbg , the branching ratios of 211 and 011 to p1p2

or K1K2, although they are not quantitatively accurate,
are around 1022 for a pure glueball. The numerical resul
are qualitatively consistent withj→pp if j is a 211 glue-
ball.

Also we examine the applicability of PQCD to the glu
ball decay by cutting end-point contributions. Our numeri
results show that the hard part (as,0.7) contributes abou
81% to G(211→p1p2), whose value is listed in Table I
and the ratio is nearly the same for differentbg

2 because the
partial width is not sensitive tobg

2 . For 011 the ratio is
about 50%. Another kind of distribution amplitude of th
pion, the asymptotic form, is also used. We find that
branching ratio increases to about 10% for the 211 glueball
and 20% for the 011 one and the hard contributions occup
about 61% in the width of the 211 decay top1p2 and 30%
in the width of the 011 decay.
m

r
e
-

,
f

-
r

l

l

e

V. CONCLUSIONS AND SUMMARY

We have analyzed the decay width of a glueball decay
two pions and kaons in the PQCD framework and it can
generalized to other two-meson decay channels. The num
cal results of the decays show that the branching ratio
small and the decay width is very narrow, compared to
q q̄ bound state. The branching ratios are consistent with
data ofj→2p,2K if the j particle is a 211 glueball.

Our conclusions are as follows.
~1! Applicability of PQCD to the glueball decay is dis

cussed in our paper. We show that the hard scattering am
tude of glueball decay has a good behavior at the end-p
region and is favored by PQCD whilexcJ is opposite. The
reason is that gluons are directly related to the wave func
for glueball decay. The extra quark propagator~and the dif-
ferentiation on it! produces the end-point singularity inxcJ
exclusive decay. More specifically speaking, PQCD is ap
cable forj(2230) decay to two mesons if it is a 211 glue-
ball, but is not reliable forf 0(1500).

~2! The numerical results for decay widths depend on
choice of wave function, which is of genuinely nonperturb
tive origin, and the parameter of it. Although not quantit
tively accurate, we found that a pure glueball has sm
branching ratios for the two-meson decay mode in a PQ
framework, which are all around 1022 for different param-
etersbg in a reasonable region. However, if the mass of
glueball is not high enough to ensure that PQCD domina
the decay process, the QCD anomaly will play an import
role and thehh, hh8, andh8h8 channels will enhance ap
parently.

~3! Related to the end-point singularity inxcJ decay, the
color octet contributions have the same order as the c
singlet and may be the essential part forP-wave state
quarkonium decay. Therefore, the dynamic mechanism
be very different for decays of glueball and quarkonium w
the sameJPC.

~4! It is not difficult to generalize our calculation to othe
two-meson decay processes. The conclusion is expecte
be similar. Therefore the branching ratio is small for ea
decay mode and there is no dominant decay channel f
pure glueball whose mass is high enough to ensure
PQCD contributions dominate.
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