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We suggest that there might be a production of a large number of glueballs in relativistic nucleus-
nucleus collisions if the quark-gluon plasma (QGP) phase is realized. The ratio of the number of the
produced glueball to that of the neutral pions directly produced in the process of QGP hadronization
is estimated phenomenologically. Being a function of the phase transition temperature and chemical
potential, it can be as large as a few percents. Considering the fact that the hadronization is very
complicated, we anticipate that the abundant population of glueballs from the quark-gluon plasma
at least may exert in6uences on the 6nal-state K'+/sr+ ratio.
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The study of quark-gluon plasma (QGP) has attracted
much attention &om both experimentalists and theoreti-
cians. The reason is that though the SU(3)~ SU(2)1.
U(1)y. standard model seems to give a satisfactory de-
scription of the physical world, the missing symmetry
remains a puzzle [1]. Especially, an important question
has not been answered yet: what do a vacuum structure's
strong and electroweak interactions possess? To study
the vacuum structure, one needs to excite the vacuum to
the state of high density and temperature. Hopefully, the
Relativistic Heavy Ion Collider (RHIC) under construc-
tion can undertake this task and will provide us with a
feasible way to investigate the strong vacuum at about
200 A GeV energy scale.

The excited vacuum is just the QGP in which quarks,
antiquarks, and gluons are deconfined and &equently col-
liding with each other. To identify the QGP formation,
one must have clear experimental signals. In the past
years, it has been suggested that the J/@ suppression
[2], K/vr ratio enhancement [3], direct thermal photon
[4], and lepton pair production [5] be taken as the sig-
nals for the formation of QGP in nucleon-nucleon col-
lisions. In addition, the measurement on the size of
the particle-emitting source by the interferometry tech-
niques [6] is also thought to provide direct information on
the QGP formation. Because of the complicated back-
grounds, however, none of the above signals work individ-
ually. To reach reliable conclusions, it is now generally
believed that the information &om all possible aspects
must be synthesized [7].

In this paper, we suggest that an abundant number
of glueballs can be formed in relativistic nucleus-nucleus
collisions provided the quark-gluon plasma phase is real-
ized. The glueball is predicted by quantum chromody-
namics (QCD) and its identification will make a crucial
test of QCD. People used to search for them in the low-
energy processes such as the J/4 and T radiative decays
and have not succeeded yet due to the low statistics of the
accumulated events. Once QGP is formed in heavy-ion

collisions, however, we can anticipate a substantial glue-
ball production in its hadronization process. In QGP,
there exist a huge amount of thermal gluons. As QGP
cools down, they can form color singlet configurations of
valence gluons via color interactions, among which the
two-gluon glueballs will take up a large portion. Even
though the experimental identification of glueballs is very
difBcult, we can still anticipate that the abundant glue-
balls in the QGP debris may have some influences on the
final-state K/vr ratio.

Glueballs are, in general, color-singlet configurations
~gg) and ~ggg). Since the probability for the two-gluon
collision is much larger than that for three-gluon colli-
sions, we will consider only the formation of the lowest-
energy state of 0++ glueballs and estimate the ratio of the
number of the produced glueballs to that of the neutral
pions produced directly during the QGP hadronization
process, within a reasonable theoretical framework. The
phase transition from the QGP into hadron phase in-
volves nonperturbative aspects of strong intearctions, for
which there are no reliable theoretical methods to ap-
proach at present. In this work, we make the estimates
pheno me nolo gically.

Without getting into any details, we note that the color
SU(3) symmetry of strong interaction can give us some
indications. The cross section for two constituents form-
ing a color-singlet hadron is proportional to the factor

—+I (1). I (2) = —[C2(l + 2) —C2(1) —C2(2)], (1)2

where I's are the color SU(3) generators and C2's the
Casimir operators of the SU(3) group. The quark, anti-
quark, and gluon belong to the 3, 3*, and 8 representa-
tions of the color SU(3) group. Correspondingly,

C2(3) = C2(3*) = s, C2(8) = 3. (2)
Therefore, for

g(ki) + g(k2) -+ G(k),

'Mailing address. g(») + g(p2) ~ ~'(p) (4)
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From this simple counting, we see the group structure
of color interaction favors the glueball production when
QGP hadronizes. In order to evaluate the production
rate of particles, however, one has to take into account
the dynamical mechanisms.

For process (3), we assume its effective Lagrangian to
be

&gg ~ = fgg~I" .+ ""G (6)

where I"„„=D„A„—O„A„+g,f 'A„A'„, g, is the strong
coupling between gluons, and a = 1, ..., 8 is the color
indices of gluons. Since (6) is the effective Lagrangian,

I

the color factor [I (1). I (2)]z is 9 and 16/9, respectively.
As a result,

= —
~

(q+ q -+ col 16

(g+g m Gp, ), 81

one can be convinced that g + g -+ G and its inverse
process, i.e., G ~ g+ g, have the same effective coupling
fggG As a reasonable approximation, we simply neglect
the gluon self-coupling term in E „. If we assume that
the 0++ glueball decays into two valence gluons and then
materializes into the 6nal-state hadrons, the gluon decay
width is found to be

27rr.'
M' '

G
(8)

Then, we can calculate the glueball production rate in
unit volume as follows:

f ~M~r 2'
If the glueball mass and decay width predicted in models
can be taken as inputs, we will be able to determine the
effective coupling fgg~

LnG 1 d k1 d k2 d k
h(k —M~)8(E) fg(kg) fg(kz)(2n) b' (kg + k2 —k) lWgg (9)

where 1/2 is a symmetry factor for two identical gluons
and fg(k) is the thermal gluon distributions in the QGP.
It is noted that the b(k2 —M&2) factor sets the on-shell
condition for the glueball.

At present, the phase transition between the hadron
and QGP phases is generally believed to be a first-order
phase transition. Therefore, to the lowest-order approx-
imation one may assume that the local chemical equilib-
rium is maintained during the QGP hadronization pro-
cess [8]. At equilibrium, quarks and antiquarks respect
the Fermi-Dirac statistics, while gluons obey the Bose-
Einstein statistics:

f+(») =

where the + signs correspond to fermions and bosons,

I

respectively, d is the spin, color, and isospin degeneracy
factor (2 x 8 x 1 for gluons, 2 x 3 x 2 for light quarks,
2 x 3 x 1 for strange quarks, respectively), and T and p
are the temperature and chemical potential of the QGP,
respectively.

Because the glueball is not stable and has a certain
width, it is reasonable to use the Breit-signer distribu-
tion to replace the on-shell delta function in our calcula-
tions:

b —M MGI G
h(p —M~) ~. . . , , . (ii)

In our approximation, the transition amplitude
squared for the gluon-gluon fusion into the glueball reads

l~gg~l' =
4 fgga(k~ kz)'. (12)

Combining Eqs. (8) through (12), we obtain

1

exp ' ~T
l

—1-
r

MGI'G

dE dE

—arctan

1

(
exp' ~z/ —1

( M~
+Mt- (M& —I'G ) arctan r

(MG —4E E ) + M~I'~
Mz(M2 g 1 2)

Now we turn to the direct vr formation during the
QGP hadronization process. The basic effective La-
grangian for qq —+ m reads

0
~qqm = fqq~W'5

2
(14)

However, there is no inverse process m —+ qq because of
the phase-space constraint. Alternatively, the coupling
gq&~0 can be obtained &om the strong coupling g~~~
through the current algebra method [9],

fqq1l5flV Q1l'' (i5)
with g2 /(4') = 14.6 from the nuclear experimental
data [1O].

The number of the directly produced pions per unit
volume and per unit time during the QGP hadronization
1s

x~(» i+ p2 —p)fq(» x)fq(pz) l~qq ol' (16)
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where

l~qq- I' =
12 fq'q. (pi. p2+ I,').

From Eqs. (15) through (17), we have

27 '„M„'fj
0.7

0.5
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0.3

X
f @r fE, —pl

(exp l l
+ 1) ~exp l l

+ 1)
(18)

With Eqs. (13) and (18), we are able to estimate the
ratio of the numbers of the glueballs and that of the neu-
tral pions produced directly during the QGP hadroniza-
tion:

t'a ~)
At )

Since the experimental observations of the glueball
have not been confirmed so far, we know neither their
exact masses nor widths. Among the present glueball
candidates, rI(1440) has the lowest mass [ll]. The widths
of glueballs are generally estimated to be around 50 MeV
[12]. Since we only want to give a rough estimate of the
ratio B, the inaccurate glueball mass and width will not
inhuence our qualitative conclusion. To be illustrative,
we set M~=1440 MeV/c and I G = 50 MeV.

During the QGP hadronization process, as two gluons
approach each other, the strong color field would combine
them into a glueball. The boundary in the phase diagram
is not clear because so far there are neither suKcient data,
nor reliable theories to determine the phase-transition
condition. But it assures that as the QGP cools down,
the system will cross the boundary region and convert
itself to the hadron matter. The ratio of the number
of the glueballs to that of the pions produced directly
during the hadronization depends on along which path
QGP matter returns to hadron matter state [1]. That is
to say, it depends upon the phase-transition temperature
T and density p.

In Fig. 1, we show the dependence of B on T and p. If
we take the chemical potential p to be 100 MeV, B can be
as large as 0.50. The transition temperature is generally
believed to be around 200 MeV, so B is sizable for a
possible range of transition temperature. It is noted that
the ratio B is not too small even though the dimensionless
effective coupling constant for the gluon-gluon fusion into

glueballs, defined as f' & —— f2 &M&s, is much smaller

than fqq This can be .easily understood because both
the initial gluon distribution function and the color factor
enhance the production of glueballs, as discussed above.
Such effects partially compensate the suppression caused
by the coupling-constant difference.

Of course, one may argue that there exist other pos-
sibilities for the hadronization of thermal gluons. For
example, they can directly hadronize into two or more
pions. Indeed, these types of processes will decrease our
estimated B value. However, such a possibility may be
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FIG. 1. The dependence of the ratio R on the transition
temperature T and the chemical potential p of light quarks
during the quark-gluon plasma freezing process. The glue-
ball mass and width are set to be 1440 and 50 MeV, respec-
tively. The solid, dashed, and dotted, lines correspond to
p = 100, 200, and 300 MeV, respectively.

suppressed by the Okubo-Zweig-Iizuka rule [13]. There-
fore, we argue that there may be a sizable glueball pro-
duction from the QGP hadronization compared to that
in the J/iver and T decays.

Although we anticipate a relatively large production
rate for the glueballs from QGP hadronization, their ex-
perimental identification is still not an easy job. As to
what we can do for observing glueballs at RHIC, we have
no good ideas at the moment. Experimentally, what one
detects directly is mostly pions and kaons. Since the
glueball is not a stable particle, its identification has to
be carried out from measuring its decay products. As we
have argued, the glueballs possibly produced at RHIC
are dominantly 0++ glueball with I=O, whose main de-
cay channels are the two-meson mode. If the G is not too
light, it will mainly decay into two pseudoscalar mesons
via the following channels:

I I I

vr+7r, 7r vr, K+K, Kgb, KL,Kl„gg, gg, g g .

Because the 0++ glueball is a Qavor singlet, the branching
ratios of the above channels are constrained by the SU(3)
Qavor symmetry. If we ignore the eKects of the fm.avor
SU(3) symmetry breaking and the phase-space difFerence,
the ratios of squared transition matrix elements for the
corresponding channels read

2:1:2:1:1:1:0:1.
The decay products of the glueball could be submerged
in a large quantity of directly produced mesons; there-
fore, the intention to identify the glueballs by seeking
resonance peaks in the invariant mass spectra of pion
pairs may be difEicult, unless the detecting technique has
achieved great progress.

Our results' arguments bring about a new factor that
influences the K/vr ratio in the final state. The reason is
that the rich production of glueballs in the QGP freezing-
out process will change the K/vr ratio that one could ex-
pect in the context in which there is no direct glueball
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formation. The observed pions in the QGP debris can
be produced either &om qq collisions during the QGP
hadronization or &om the decay of other Anal-state par-
ticles, especially &om the glueballs. So far, it is gen-
erally accepted that the secondary Anal-state collisions
a7t ~ KK are the main factor that prevents people from
taking the K/vr ratio as a reliable QGP signal. If the
glueballs are plentifully formed in the course of QGP

hadronization, it will exert influences on the K/vr ra-
tio. A quantitative conclusion in this aspect bears more
study.
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