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Abstract. We study two-body decays of a scalar glueball. We show that in QCD a spin-0 pure glueball
(a state with only gluons) cannot decay into a pair of light quarks if chiral symmetry holds exactly, i.e.,
the decay amplitude is chirally suppressed. However, this chiral suppression does not materialize itself at
the hadron level such as in decays into 777~ and KK ~. We show this explicitly in the two cases with
the glueball much lighter and much heavier than the QCD scale using low-energy theorems and perturba-
tive QCD. For a heavy glueball, using QCD factorization based on an effective Lagrangian, we find that
the hadronization into 77 and KK leads to a large difference between Br(zTn ™) and Br(K™ K ™); even
the decay amplitude is not chirally suppressed. Our results can provide some understanding of the partonic

contents if Br(rm) or Br(K K) is measured reliably.

It is believed that all hadrons are built with quarks and
gluons, which are the dynamical degrees of freedom of
QCD. So far all observed hadrons have been shown to con-
tain quarks. In general, it is also possible to have hadrons
that contain gluons only, the so called pure glueball states.
Experimentally, the existence of glueballs has not been
confirmed although there are some indications. Studies
with lattice QCD indicate that the lowest lying glueball
is a scalar, a 07" state, having a mass in the range of
1.5-2.0 GeV [1-4]. The state fy(1710) is a promising can-
didate for a scalar glueball[5, 6].

In the framework of QCD a scalar glueball Gy is in gen-
eral a superposition of many components containing glu-
ons and quarks as partons a; (i =1,...,n), which can be
schematically represented as

|GS> = E 7/}a1---an|a17 s an> = 7/}gg|gg> +wq§|QQ> +oy
n=2
(1)

where 1)q, ...q,, is the probability amplitude for the compon-
ent |ay, ..., a,). Itis clear that a state should not be identi-
fied as a glueball state if it has a quark content larger than
its gluon content — roughly speaking, if [1g4| < |tV4q|. The
decay products of a particle can be used to extract crucial
information on whether a state is a glueball or not. In this
letter we will show that two-body decays of a scalar glue-
ball can reveal some important information and discuss
possible experimental implications. Part of our results, in
particular the result on the pQCD calculation of the lead-
ing contribution for glueball decays into two light mesons,
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has been discussed in [8]. Here we provide more details in-
cluding some higher-twist effects and also discuss for the
low-energy theorem the implications for light glueball de-
cay into two light mesons.

We will first show in QCD, without any assumption,
that a 0™+ glueball Gy cannot decay into a light-quark
pair ¢q if Gy is a pure glueball with exact chiral symme-
try. The decay is chirally suppressed. Then we study two-
body hadronic decays, such as 77 and K K, and show that
the quark level chiral suppression does not materialize it-
self at hadron level, even for pure glueball decay. We will
show this explicitly in the two cases with the glueball much
lighter and much heavier than the QCD scale. In the case
that the glueball is light, the decay products will have small
momenta. One can use low-energy theorems to show that
even in the chiral limit the glueball still can decay into
. If the glueball is heavy, one can show based on QCD
factorization even for a pure glueball that it will mainly
couple to two quark pairs ggqg, which hadronize to two
light mesons or so at long distances rather than just one
quark pair ¢g at short distances (see Fig. 2a). Hence, there
is no chiral suppression for the 7w mode compared with the
KK mode. Taking fy(1710) as an example, we find that
a small decay ratio Br(rT7~)/Br(KTK~) does not nec-
essarily imply that f((1710) is a pure glueball. This is in
contrast to the recent result in [7].

For the decay of a scalar glueball into ¢g all compo-
nents in (1) may contribute. The contributions from those
components only containing gluons can be represented by
Fig. 1a, where the bulb with S can be defined as a n-
point Green’s function of gluon fields combined with gluon
propagators in the free case, and the other bulb attached



418

K.T. Chao et al.: On two-body decays of a scalar glueball

4

Fig. 1. A glueball decays into a qq pair.
a The contribution from components
containing gluons only. b The contribu-

with the glueball can be defined with gluon field operators
sandwiched between the vacuum and the glueball state. Al-
though a complete calculation for the diagram with the
structure given in Fig. 1la is not possible at present, some
general conclusions can be drawn by using properties of
QCD and Lorentz covariance.

The decay amplitude from Fig. 1a for G5 — q(p1)q(p2)
can be written as a product of a spinor pair @(p; ) and v(p3)
with a product of any number of v matrices sandwiched
between the spinors. Because the quark—gluon coupling in
QCD is vector-like, the number of v matrices is odd when
the quark mass m, is equal to zero. A product of an odd
number of v matrices can be reduced to just one 7y matrix.
Therefore the amplitude from Fig. 1a can always be writ-
ten as

T4(Gs — qq) = u(p1)yu A v(p2) - (2)

Although we cannot obtain an explicit expression for A,
we know from Lorentz covariance that it can be written as
AF(p1, p2) = a1py + asph. With this it is easy to find that in
the chiral limit m, = 0, the contribution to the decay am-
plitude G5 — ¢q from the pure gluonic components is zero.
The result also applies to pseudoscalar glueball decays into
a qq pair.

It is clear that the contribution of these pure gluonic
components to the decay amplitude in the limit m, — 0 is

T4(Gs = qq) ~mg+ O(mg) , (3)

because the helicity of quarks can be flipped with a finite
quark mass m,. By assuming a specific form of the coup-
ling for a scalar glueball with two gluons as given in (4),
the result below for G is also obtained in [7], with other as-
sumptions. We emphasize that the above results can be ob-
tained in QCD without any assumption. The above result
is obtained by an analysis in perturbative theory. It is well
known that the chiral symmetry not only can be broken by
finite quark masses but also can be broken spontaneously;
the latter is a nonperturbative effect. Therefore the cor-
rect statement about the decay should be that the decay is
not allowed if chiral symmetry holds. The m, in (3) should
not be understood as a current quark mass, but rather as
the scale of chiral symmetry breaking. The effect of spon-
taneous breaking of the chiral symmetry on the decay can
only be studied with nonperturbative methods; see, e.g.,
in [11] for this case. Combining nonperturbative effects the
chiral suppression for the ratio 74(Gs — u@)/Ty(Gs — $3)
will be not as strong as suggested by the current quark
masses ratio m,, /ms.

tion from components containing a qq
and gluons when mixing exists

For contributions from components containing g pairs
with or without gluons, the situation will be different. The
qq pair in the final state can come from one of the g pairs
through scattering from the already existing quark con-
tents in the glueball state as shown in Fig. 1b. In this case
one cannot conclude that the contribution from Fig. 1b
is zero in the limit mg = 0. The reason is that the glue-
ball can have components with a g pair and gluons. If
these gluons are in a state like J©¢ = 17", the ¢ pair
must also be in a 17~ state. One can show that the con-
tributions from those components are not zero in the chiral
limit.

In the above, the results are obtained for the decay
of Gg into a qg pair. For a real decay process one has
to work with hadron states. Unfortunately at present the
hadronization mechanism is not well understood. To study
the hadronic decays we will therefore assume that a scalar
glueball dominantly couples to gluons and quarks via the
effective Lagrangian [7]:

Ls= GS{%Ga,quaMV +quq} e (4)

where G is the extrapolation field of the scalar glueball,
and M is its mass. f; and f; are dimensionless coupling
constants. They are related to those probability amplitude
in (1). If Gs is a pure glueball, the coupling f, is chirally
suppressed, i.e., f, 4 < fs, or zero if the chiral symmetry
is exact. These couplings are unknown, but important in-
formation on them can be extracted from experiment as we
will show later.

If the glueball is light enough, it is easy to show with the
above effective Lagrangian that there is no chiral suppres-
sion in the sense that in the chiral limit the decay of the
glueball into 777~ happens. The decay amplitude through
the gluonic coupling f, in (4) is given by

Ty(Gs = wta) = St iy o) 6o, 10) . 6)
This amplitude is nonperturbative. However, there exist
some low-energy theorems that give information on the
above amplitude. In the chiral limit one can show [12]

Qs a, v va
() o)l (- e )Gt o
=(p1+p2)*+0(p"), (6)
where Gy = (11—2ns/3) with ny the number of light

quarks. This result simply tells that the decay can happen
in the chiral limit. Therefore, there is no chiral suppression
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if the glueball is light. Similarly, the direct transmission of
qq into 77 can also be fixed [13,14]. The same could also
be obtained by using a chiral realization of Lg as described
in [15—17]. One can also work out similar expressions for
the G; — K K amplitude.

To show that there is chiral suppression in Gy — 7w
compared with G5 — K K, one needs to consider the direct
hadronization of G5 — ¢d to Gs — nw (K K) and also some
other possible contributions [18]. The above discussion in-
dicates that G5 — ¢ direct hadronization will not produce
chiral suppression.

We note that the glueball mass is expected to be around
2 GeV. Practically, the applicability of the low-energy theo-
rems is questionable at this scale. At this energy scale,
perturbative QCD may make some reliable predictions,
such as those of the decay of the 7-lepton. Therefore, one
can employ QCD factorization for exclusive processes sug-
gested a long time ago in [9,10], where the hadroniza-
tion is parameterized with light-cone wave functions. In
the following we will consider if there is chiral suppres-
sion from the pQCD point of view. We will use QCD fac-
torization with Ly to study the decay G5 — 777~ in the
following.

We first discuss the contributions from the coupling
with gluons. To leading twist-2 order, the contribution
comes from diagrams represented by Fig. 2a. Direct calcu-
lation gives

8w 2 !
T, = —asfgg_Mjﬂ/(; dur dugdy+ (ur)dr- (uz)

)[1+O(as)+(9(/\/M)],
(7)

1
% <U1UQ + (1 —ul)(l —U2)

where ¢, is the twist-2 light-cone wave function of 7. u;
(i =1,2) is the momentum fraction carried by the anti-
quark in the meson. In the above, A can be any soft scale,
such as the quark mass, Aqcp and m,. The contribu-
tion from the coupling with quarks are nonzero if one
takes mg # 0. Clearly, 7, is not zero in the chiral limit
mg = 0.

The contribution from the coupling with quarks is given
by diagrams represented in Fig. 2b. It is zero if we only
take twist-2 light-cone wave functions. At twist-3 there are
two wave functions, but only one leads to nonzero contribu-

Fig. 2. a One of the two diagrams for the decay through the
coupling with gluons. b One of the four diagrams for the decay
through the coupling with quarks
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tions. This gives
2 1
Ta= _%%QS(N)/O duldu2{¢7\-+ (u1)Pr— (u2)
1 1
. {meu (U%(l — Ug) * ui(l— u2)2)
1 1 17172T
+mdfd<(1 s + a —ul)ugﬂ + i
3—U2 2+’U,2 [ ]
8 |:<u1(1 —ug)? Ju (1 —up)u3 fd) On- (u2)¢:+ (u1)

24u;
+ ot
<u%<1—u2>f

3—u1

(1_u1)2u2fd)¢£f1<U2)¢W+<u1>}(}8)_

¢£§7 I'is the twist-3 light-cone wave function. Definitions of
above light-cone wave functions can be found in [19]. It
should be noted that the above integration is divergent
because of end-point singularities. This is common in a
higher-twist calculation for exclusive processes; examples
can be found in B decay and form-factors [23—25]. These
singularities can be regularized as usual by introducing
a cut-off scale A, or e = A./M and by changing the integra-
tion range from [0, 1] to [¢, 1 — ¢]. In our later discussions we
will use the QCD scale A, = 300 MeV for illustration.

The amplitude for G; — K+ K~ decay can be obtained
by replacing the quantities related to m by those related
to K correspondingly. We now apply the above results to
analyze 777~ and KTK~ decays of fo(1710), which is
a candidate for a scalar glueball. For numerical calculations
we take the models for twist-2 light-cone wave functions at
the energy scale 1 GeV in [20—22] and the asymptotic form
of ¢lP!, which is 1, and take M = 1710 MeV, m,, = mg =
4.5MeV, mgs =120 MeV, fr =132MeV and fr = 1.27f;.
We have the following amplitudes in units of GeV with
A =300 MeV:

T(rtn™) =~ (—1.062f;, —0.602f, — 0.602f4)cs (GeV),
T(KTK™)~ (—1.796f, — 1.674f, — 1.671f)as (GeV).
(9)

With a smaller cut-off, T, becomes bigger. The qualitative
features do not change very much.

We note the difference in the coefficients in front of f,
for the amplitude of 77 and K K in (9). This is mainly due
to the difference between f, and fx. This tells us that the
decays into 7w and K K are already significantly different,
even if the glueball does not couple to ¢q, i.e., f; = 0. With
f4 =0 the ratio R=Br(rtn")/Br(KTK~) =~ f2/f& =
0.48, which is substantially different from 1. This suppres-
sion is much milder compared with the one at the quark
level. It should be noted that the result R~ f2/f# can
be derived without the effective Lagrangian in (4) if the
glueball is purely composed of gluons and the pQCD con-
tribution dominates. This is because that for a pure gluball
state, the amplitude of the decay G5 — 77~ can always
be written with QCD factorization as Ty = f2H, ® ¢t @
¢.—, where the higher-twist effects related to the = are
neglected and H, consists of some perturbative coefficient
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functions and some quantities related to the structure of
Gs. Hy does not depend on the hadrons in the final state.
Although H, is unknown, one can easily find the result of
R~ f2/f%. Hence, even the decay amplitude is not chi-
rally suppressed, and the difference of hadronization for
the G decays into 77 and KK already leads to a large
difference between Br(r*n~) and Br(K*K ™). It should
be noted that R ~ (.48 is close to the recent experimental
central value 0.41 70 ] obtained by BES [26]. From (9) the
terms proportional to f, are sizeable compared with the
other terms if f; and f; are similar in size. Since a glueball
should have a larger gluon content than quark content, f;
should not be too much larger than f, if fo(1710) can be
identified as a glueball.

If the ratio R is significantly smaller than f2/ f%, it is an
indication that there are other non-gluons in its contents.
Previous measurements [5, 6] gave smaller values compared
with recent BES data [26]. We therefore also studied the in-
fluence of a nonzero f, on R. In Fig. 3, we show the correla-
tion of f,,/ fy and f,/ f4 for several given values of R, where
we assume f,, = fg. From Fig. 3 we can see that the meas-
ured ratio R = 0.2 does not necessarily imply f,/fs < 1, or
the chiral suppression, as discussed after (4). The experi-
mental data on R can be explained even if f, is at the same
order of magnitude as fs, e.g., fs/fq = 2fu/fq~ 1. Since
the couplings f, are determined by the quark contents, the
current experimental data do not exclude the possibility
that fo(1710) has large quark contents. Combining the ex-
perimental data of decay and production in radiative decay
of J/1, the study in [27,28] also shows that fy(1710) not
only has gluon content but also a large s5-content and size-
able uu + dd-content. With the effective Lagrangian Lg one
can also approximate the total decay width by I' = I'(gg) +
>, I'(qq). If we take the ratio R to be known, the branch-
ing ratio Br(K K) can be expressed as a function of fs/f,
or f,/fy. In Fig. 4 we show the branching ratio as a func-
tion of f,/ fq for several different R. Reliable experimental
data on the branching ratios can provide crucial informa-
tion on the constituent contents in fo(1710).

Our results are different from those in [7]. In [7] it is
assumed that the decay of Gy into two light mesons goes

10
positive _
5l -
O,
_5,
—lO’ J
-1.5 -1 -0.5 0 0.5 1 1.5

Fig. 3. The solid, long-dashed, and short-dashed lines are
for fs/fq versus fu/fy with R =0.2, 0.1, 0.05, respectively.
Lines labeled ‘positive’ and ‘negative’ refer to the sign of

T(atn™)/T(KTK™)
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Fig. 4. The branching ratio of the decay into K™K~ as a func-

tion of fs/fg with cut-off Ac = 0.3 GeV

like the following: Gy first decays into a qg pair and then
the pair is hadronized into two light mesons. Because the
decay amplitude into one qq pair is chirally suppressed, it
can result in the chiral suppression at hadron level. The
hadronization is a complicated process; one should not
take directly the quark level picture. We have shown that
if the glueball is light, the low-energy theorems tell us that
there is no chiral suppression. For a heavy glueball, one can
use pQCD to study its decay. In this case the two-quark
decay picture is also problematic. In general one needs at
least two qq pairs to form two light mesons. Perturbatively
another ¢q pair can be produced, e.g., through emission of
an extra gluon from the quark line in Fig. 1a and the gluon
annihilates into the pair. In this case the decay amplitude
into two qq pairs is not chirally suppressed.

Using the methods in previous discussions, the coup-
ling of G5 to a proton—antiproton system can also be
studied. The coupling is fixed at a certain level by the
trace anomaly, the o-term and the strange-quark content
of proton. With this approximation we have considered the
possibility if the enhancement in J/v¢ — ypp at BES [29]
is due to a glueball. We find that it is unlikely that the
possible state X (1876) causing the enhancement is a scalar
glueball [29]. The coupling of a pseudoscalar glueball with
pp can also be related to the spin content of the proton as
an approximation [30]. A detailed analysis of the coupling
to the pp system will be presented elsewhere.

In conclusion, we have studied several two-body decay
modes of a scalar glueball. Without any assumption we
have shown that a pure spin-0 glueball cannot decay into
a qq pair in QCD if the chiral symmetry is exact. Hence
the decay is chirally suppressed. However, this chiral sup-
pression does not materialize itself at the hadron level such
as in Gy — 777~ and Gy — K1TK~. This can be shown
in the two cases with the glueball much lighter and much
heavier than the QCD scale. One expects that the decay
amplitude should not have drastic changes in between and
therefore that the chiral suppression is unlikely material-
ized in some intermediate range of the glueball mass. Using
QCD factorization based on an effective Lagrangian for
scalar glueball coupling to two gluons and a quark pair, we
have found that even if the decay amplitude is not chirally
suppressed, only from the difference of hadronization into
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n and K K, it already leads to a large difference between
Br(r"7~) and Br(K ™ K ). The current experimental data
of the small ratio Br(rt7~)/Br(K+tK ™) for fy(1710) do
not necessarily imply that fo(1710) is a pure glueball, but
they also allow for a sizeable ggq content. The gluon and
quark contents of fp(1710) can be better understood if re-
liable Br(n ™7~ , K* K ™) are measured.
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