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We study the pseudoscalar glueball and its first excited state by con-
structing three interaction Lagrangians. One produces the two- and three-
body decays of the pseudoscalar glueball, JPC = 0−+, into (axial-)vector
mesons, scalar glueball, and (pseudo)scalar mesons. The other two describe
the two- and three-body decays of the first excited pseudoscalar glueball,
JPC = 0∗−+, into (pseudo)scalar mesons, a scalar, and a pseudoscalar glue-
ball. We compute the decay widths by fixing the mass of the ground state of
a pseudoscalar glueball to 2.6 GeV and of its first excited state to 3.7 GeV,
as predicted by lattice QCD in the quenched approximation. We present
the results as branching ratios with a parameter-free prediction, which are
interesting and relevant for the PANDA experiment at the upcoming FAIR
facility experiment and running BESIII and Belle-II experiments.
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1. Introduction

Glueballs are hypothetical strongly interacting particles which are made
of gluons, the gauge bosons of Quantum Chromodynamics (QCD). The
non-Abelian structure of QCD is the reason for the expectation of such
fundamental objects in nature. That leads to the importance of studying
the ground-state pseudoscalar glueball and its excited states in hadronic
physics to help in understanding the structure of some experimentally ver-
ified resonances and the phenomenological description of low-energy QCD,
see Refs. [1–5] and references therein. Lattice QCD simulations predict [6]
a pseudoscalar glueball state with a mass of about 2.6 GeV and the first
excited pseudoscalar glueball state with a mass of 3.7 GeV.

The present framework of the decay properties of the pseudoscalar glue-
ball (denoted by G̃ ≡ gg) and its first excited state (denoted by G̃′) is
based on the chiral symmetric model of low-energy QCD, which is called the
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extended Linear Sigma Model (eLSM) [7]. The eLSM is used to successfully
study the vacuum properties of the light mesons [7], excited mesons [8],
charmed mesons [9, 10], and hybrids [11]. The hadronic decays of the pseu-
doscalar glueball and its first excited state have been also studied by using
the eLSM [2–5]. Subsequently, due to the construction of several interac-
tion Lagrangians which contain the relevant tree-level vertices necessary for
evaluating the corresponding decay widths, we compute the widths of this
pseudoscalar glueball for the decays: G̃ → PS, G̃ → PV , G̃ → PPP ,
G̃ → PPA, G̃ → PPV , G̃ → PSV , and the widths of its first excited
state for the decays: G̃′ → G̃PP , G̃′ → PS, where P , S, V , and A re-
fer to pseudoscalar, scalar, vector, and axial-vector quark–antiquark states,
respectively, for more details, see Refs. [3, 5].

The numerical results of the decay channels of the pseudoscalar glueball
and its first excited state are presented as branching ratios with a parameter-
free prediction. This work is interesting and relevant for running the Belle-II
and BESIII experiments and for the PANDA experiment at upcoming FAIR.

2. Chiral multiplets

We present the quark–antiquark fields which represent the ground-state
scalar, pseudoscalar, vector, and axial-vector mesons. Based on the eLSM,
the (pseudo)scalar and (axial-)vector field mesons are presented below by
taking into account the chiral combinations as seen in Ref. [7].

The multiplet of the scalar Sa and the pseudoscalar P a mesons

Φ =
1√
2


(σN+a00)+i(ηN+π0)√

2
a+0 + iπ+ K∗+

0 + iK+

a−0 + iπ− (σN−a00)+i(ηN−π0)√
2

K∗0
0 + iK0

K∗−
0 + iK− K̄∗0

0 + iK̄0 σS + iηS

 , (1)

transforms under UL(3)×UR(3) chiral transformations as Φ → ULΦU
†
R and

under the charge conjugation C as Φ → ΦT , as well as under the parity P
as Φ(t, x⃗) → Φ†(t, x⃗).

The left- and right-handed matrices, Lµ and Rµ, present the vector V a

and axial-vector Aa degree of freedom as

Lµ =
1√
2


ωN+ρ0√

2
+

f1N+a01√
2

ρ+ + a+1 K∗+ +K+
1

ρ− + a−1
ωN−ρ0√

2
+

f1N−a01√
2

K∗0 +K0
1

K∗− +K−
1 K̄∗0 + K̄0

1 ωS + f1S


µ

, (2)
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and

Rµ =
1√
2


ωN+ρ0√

2
− f1N+a01√

2
ρ+ − a+1 K∗+ −K+

1

ρ− − a−1
ωN−ρ0√

2
− f1N−a01√

2
K∗0 −K0

1

K∗− −K−
1 K̄∗0 − K̄0

1 ωS − f1S


µ

, (3)

which transform under UL(3) × UR(3) chiral transformations as Lµ →
ULLµU

†
L and Rµ → URLµU

†
R, respectively. In this investigation, we are

interested in studying the hadronic decays of the pseudoscalar glueball field
G̃ and its first excited state G̃′, which are chirally invariant and transform
under charge conjugation as G̃ → G̃, G̃′ → G̃′, and under the parity P as

G̃(t, x⃗) → −G̃(t,−x⃗) , G̃′(t, x⃗) → −G̃′(t,−x⃗) .

Consequently, these transformation properties of the multiplets Φ, Lµ, Rµ,
the glueballs G̃ and G̃′ have been used to construct the below effective
invariant Lagrangians for the ground state of the pseudoscalar glueball [5]
and for its first excited state [3].

Let us now proceed to the identification of the presented quark–antiquark
fields of this work with their physical resonances. In the pseudoscalar sector
P a: pion π⃗, kaon K [12], and the non-strange and strangeness fields ηN ≡∣∣ūu+ d̄d

〉
/
√
2 and ηS ≡ |s̄s⟩, respectively, represent mixing components

of the physical states η and η′ [12] with mixing angle φ ≃ −44.6◦ [7] as
η = ηN cosφ + ηS sinφ and η′ = −ηN sinφ + ηS cosφ. In the scalar sector
Sa: a⃗0 and kaon K∗

0 refer to the physical resonance a0(1450) and to the
physical isodoublet state K⋆

0 (1430), respectively. The scalar–isoscalar sector
contains the non-strange bare field σN, the bare strange field σS, and the
scalar glueball G mix, and generate the three physical resonances f0(1370),
f0(1500), and f0(1710), for more details, see Ref. [13]. In the vector sector
V a: the iso-triplet field ρ⃗, the kaon states K⃗∗, and the isoscalar states ωN

and ωS, are assigned to the ρ(770), K∗(892), ω, and ϕ mesons, respectively
[7]. Note that the mixing between the strange and non-strange isoscalars
is so small, as seen in Ref. [14], that they vanish in the extended linear
sigma model eLSM [7]. In the end, for the axial-vector sector Aa: the fields
a⃗1, f1N, and f1S refer to the resonances a1(1260), f1(1285), and f1(1420),
respectively. As a result of the mixing between the pseudovector states and
axial-vector states [15], the four kaon states K1 correspond predominantly
to the resonance K1(1200) and could also correspond to K1(1400).
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3. Decay of the pseudoscalar glueball into light mesons

The interaction between the ground-state pseudoscalar glueball G̃ ≡ |gg⟩
with quantum numbers JPC = 0−+ and the ordinary (pseudo)scalar and
(axial-)vector mesons is described by the Lagrangian [5]

Lint
eLSM, G̃

= i c G̃Tr
[
Lµ

(
∂µΦΦ† + Φ∂µΦ†

)
−Rµ

(
∂µΦ† Φ+ Φ† ∂µΦ

)]
,

(4)
where the unknown coupling constant c has a dimension of energy−3. The
effective Lagrangian (4) is invariant under U(3)R×U(3)L, C, and P transfor-
mations. In Ref. [5], one can find the details of this model construction. This
model contains the two- and three-body decays of the pseudoscalar glueball
into scalar, pseudoscalar, vector, and axial-vector mesons, the decay widths
of which are presented in Tables 1 and 2.

Table 1. Branching ratios for the decay of the pseudoscalar glueball G̃ with the
mass of MG̃ = 2.6 GeV into two and three pseudoscalar mesons.

Two-body decay quantity Value Three-body decay quantity Value
ΓG̃→KK∗

/
ΓG̃→ππη 0.00026 ΓG̃→ππη′

/
ΓG̃→ππη 0.4654

ΓG̃→a0π

/
ΓG̃→ππη 0.1913 ΓG̃→KKπ

/
ΓG̃→ππη 0.9126

ΓG̃→KKS

/
ΓG̃→ππη 0.1745 ΓG̃→KKη

/
ΓG̃→ππη 0.0038

ΓG̃→f0(1370)η

/
ΓG̃→ππη 0.0374 ΓG̃→KKη′

/
ΓG̃→ππη 0.13799

ΓG̃→f0(1500)η

/
ΓG̃→ππη 0.00399 ΓG̃→ηηη

/
ΓG̃→ππη 0.00012

ΓG̃→f0(1700)η

/
ΓG̃→ππη 0.00265 ΓG̃→ηηη′

/
ΓG̃→ππη 0.0253

ΓG̃→f0(1370)η′

/
ΓG̃→ππη 0.00837 ΓG̃→ηη′η′

/
ΓG̃→ππη 0.0000012

ΓG̃→f0(1500)η′

/
ΓG̃→ππη 0.00999

Table 2. Branching ratios for the decay of the pseudoscalar glueball G̃ into a scalar,
a pseudoscalar, a vector, and an axial-vector meson.

Quantity Value Quantity Value
ΓG̃→ππf1N

/
ΓG̃→ππη 0.00688 ΓG̃→ηηf1N

/
ΓG̃→ππη 0.000017

ΓG̃→KK1π

/
ΓG̃→ππη 0.0051 ΓG̃→KK1η

/
ΓG̃→ππη 0.000009

ΓG̃→K∗K∗
0π

/
ΓG̃→ππη 0.00007 ΓG̃→a0ρπ

/
ΓG̃→ππη 0.0012

ΓG̃→KKa1

/
ΓG̃→ππη 0.00061 ΓG̃→a1ηπ

/
ΓG̃→ππη 0.00289

ΓG̃→KKf1N

/
ΓG̃→ππη 0.00012 ΓG̃→a1η′π

/
ΓG̃→ππη 0.00019

ΓG̃→KKf1S

/
ΓG̃→ππη 0.000035
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4. Decay of an excited pseudoscalar glueball into a pseudoscalar
glueball, scalar–isoscalar, and (pseudo)scalar states

Consider two chiral Lagrangians coupling the excited pseudoscalar glue-
ball G̃′ ≡ |gg⟩ with quantum numbers JPC = 0−+: (i) to a pseudoscalar
glueball G̃ with the same quantum number and to the ordinary (pseudo)scalar
mesons [3] as

Lint
G̃G̃′ = cG̃G̃′G̃G̃′ Tr

(
Φ†Φ

)
, (5)

(ii) and a scalar glueball G ≡ |gg⟩ with quantum number JPC = 0++ to
scalar and pseudoscalar mesons [3] as

Lint
G̃G

= icG̃GΦG̃G
(
detΦ− detΦ†

)
, (6)

where cG̃G̃′ and cG̃GΦ are dimensionless coupling constants. The scalar glue-
ball (denoted by G̃) corresponds to the resonance f0(1710) [13]. The ef-
fective chiral Lagrangians (5) and (6) possess the symmetries of the QCD
Lagrangian, which is invariant under SU(3)R × SU(3)L symmetry, parity,
and charge conjugate, for more details, see Ref. [3].

From Lagrangian (5), we obtain the three-body decays of the excited
pseudoscalar glueball, G̃′, into one pseudoscalar glueball, G̃, and two pseu-
doscalar mesons [3] as

ΓG̃→G̃′ππ/Γ
tot
G̃

= 0.6154 ,

ΓG̃→G̃′KK/Γ tot
G̃

= 0.0176 , ΓG̃→G̃′ηη/Γ
tot
G̃

= 0.76× 10−5 ,

ΓG̃→G̃′η′η′/Γ
tot
G̃

= 0.365 , ΓG̃→G̃′ηη′/Γ
tot
G̃

= 0.0017 .

However, Lagrangian (6) gives the two- and three-body decays of the
excited pseudoscalar glueball, G̃′, into scalar glueball and scalar–isoscalar
states, f0(1370), f0(1500), and f0(1710), including the full mixing pattern
above 1 GeV, and (pseudo)scalar states [3]. The results of the two-body
decays are listed in Table 3.

Note that, in this work, the results are obtained as branching ratios due
to the unknown coupling constants. The presented channels are crucial to
understand the hadronic phenomenology and can be tested at the running
BESIII and Belle-II experiments and at the upcoming PANDA experiment
at the FAIR facility.
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Table 3. Branching ratios for the decays of the excited pseudoscalar glueball, G̃,
into PS and into η and η′ and one of the scalar–isoscalar states: f0(1370), f0(1500),
and f0(1710) which correspond to the scalar glueball [3].

Quantity Value Quantity Value
ΓG̃→a0π

/
Γ tot
G̃2

0.0325 ΓG̃→KKS

/
Γ tot
G̃2

0.032

ΓG̃→ηf0(1370)

/
Γ tot
G̃2

0.00004 ΓG̃→η′f0(1370)

/
Γ tot
G̃2

0.048

ΓG̃→ηf0(1500)

/
Γ tot
G̃2

0.0068 ΓG̃→η′f0(1500)

/
Γ tot
G̃2

0.0219

ΓG̃→ηf0(1710)

/
Γ tot
G̃2

0.0008 ΓG̃→η′f0(1710)

/
Γ tot
G̃2

0.001
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