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The scalar mesons have been established for a long time, but their nature is still an open question. In this
paper, we investigate the potential of categorizing their SUð3Þf representations via J=ψ → SV and γS,
offering a criterion that may illuminate this issue. Here, S (V) denotes scalar (vector) mesons. Using the
SUð3Þf symmetry with the current data, we find that f0ð500Þ and f0ð980Þ are mostly made of singlet and
octet SUð3Þf representations, respectively, with the singlet-octet mixing angle of θ ¼ ð82.9� 4.4Þ°. This
conclusion is consistent with the caculations of the quark-antiquark (qq̄) hypothesis. For the scalar mesons
in the range of 1–2 GeV, we discuss the mixings between qq̄ and glueballs. Our numerical results suggest
that f0ð1710Þ is likely composed of the scalar glueball. We urge our experimental colleagues to measure
J=ψ → ρa0ð980; 1450; 1710Þ, K�ð892Þ�K�ð700; 1430; 1950Þ∓, and ωf0ð500Þ, which provide useful
information in the SUð3Þf analysis.
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I. INTRODUCTION

Numerous attempts have been made to comprehend the
nature of scalar mesons (S) [1–4]. However, a satisfactory
solution remains elusive. In the case of the lightest scalar
mesons, the existence of a nonet SUð3Þf representation at
mass below 1 GeV has been intensively studied [5–15].
Nevertheless, its inverted mass spectrum deviates from a
simple quark-antiquark (qq̄) model, which is proven to be
successful in pseudoscalar and vector mesons. This dis-
crepancy poses a challenge to the conventional quark
model. Consequently, two primary interpretations have
emerged for this nonet: conventional qq̄ states [4–8] and
tetraquark structures of qqq̄ q̄ [2,10–18].
Above 1 GeV, it is commonly believed that there is

another nonet, regarded as qq̄ states. However, a contro-
versy arises regarding whether these mesons represent the
low-lying P-wave state of qq̄ or the first radial excited
states relative to the low-lying P-wave state [9]. The
situation gets more complex due to the following reasons:

(i) the large number of isoscalar mesons f0, (ii) the
existence of glueballs permitted by QCD [19,20], with
the lattice QCD (LQCD) predicting scalar glueball masses
in the range of 1 to 1.7 GeV [21–25], and (iii) the mixings
between glueballs and qq̄, known as hybrids. Generally,
f0ð1370; 1500; 1710Þ are considered as the components
of the nonet, corresponding to physical states that are
mixtures of nn̄, ss̄, and glueballs with nn̄¼ðuūþdd̄Þ= ffiffiffi

2
p

.
However, a consensus on the mixings has not been reached.
In Refs. [26,27], the authors proposed one type of the
mixing to explain the experimental data of fi0 decaying
to ππ, KK̄, ηη, and ηη0, which favors that f0ð1370Þ is
predominantlynn̄,f0ð1500Þ primarily a glueballmixedwith
nn̄ and ss̄, and f0ð1710Þ dominated by ss̄. Additionally,
based on the quenched LQCD calculations [28], f0ð1710Þ is
suggested to bemainly composed of the scalar glueball. This
result is also hinted by those in Refs. [29,30].
Theoretical expectations anticipate the discovery of

more isotriplet and isodoublet scalar mesons above
1 GeV [31–33]. Recently, the BABAR experiment reported
the observation of a0ð1710Þ [34], subsequently confirmed
by the BESIII experiment [35]. The presence of distinct
isotriples (a0) and strange isodoublets (K�) beyond 1 GeV
indicates the potential existence of additional SUð3Þf
nonets. However, a clear picture of the structures of the
nonets has not been achieved.
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The study of J=ψ decays is a useful tool for examining
hadronic nonets. Since J=ψ is an SUð3Þf singlet state, the
final states should exhibit SUð3Þf invariant character-
istics. Some attempts have been proposed to understand
J=ψ → PV processes [36–46], where P and V represent
light pseudoscalar and vector mesons, respectively. In
these studies, the dominant part of the amplitude involves
the annihilation of cc̄ into light hadrons through the
emission of three gluons, referred to as single-OZI (SOZI)
suppressed diagrams [Fig. 1(a)]. Subsequently, double-
OZI (DOZI) suppressed diagrams are introduced, as
depicted in Figs. 1(b) and 1(c), where an additional gluon
is exchanged between the final states. Furthermore, at
leading order, the contributions from the electromagnetic
(EM) diagrams shown in Fig. 1(c) are limited [43,44],
which can be safely disregarded. This approximation has
successfully explained J=ψ two-body decays. Along with
the radiative decays of J=ψ (Fig. 2), this approximation
effectively explains the mixing between η and η0 mesons
and provides a way to investigate the mixings between

qq̄ and glueballs. In this work, we extend the study to
J=ψ → SV processes to explore the mixing between
isoscalar mesons and glueballs.
This paper is organized as follows. In Sec. II, we present

the formalism of the decays in terms of SUð3Þf. In Sec. III,
we give our numerical results. We summarize this work
in Sec. IV.

II. FORMALISM

The SUð3Þf representation of vector mesons is given as

V ¼

0
BB@

ρ0ffiffi
2

p þ ωffiffi
2

p ρþ K�þ

ρ− −ρ0ffiffi
2

p þ ωffiffi
2

p K�0

K�− K̄�0 ϕ

1
CCA; ð1Þ

where ω and ϕ are the physical states of nn̄ and ss̄,
respectively. Analogous to the vector mesons, the scalar
meson nonet is defined as

S ¼

0
BBB@

1ffiffi
2

p a00 þ 1ffiffi
6

p S80 þ 1ffiffi
3

p S10 aþ0 K�þ
0

a−0 − 1ffiffi
2

p a00 þ 1ffiffi
6

p S80 þ 1ffiffi
3

p S10 K�0
0

K�−
0 K̄�0

0 − 2ffiffi
6

p S80 þ 1ffiffi
3

p S10

1
CCCA; ð2Þ

where S80 and S
1
0 are octet and singlet states in the singlet-octet basis, respectively. There is a widely used mix scheme, which

includes S80, S
1
0, and G0, given by

FIG. 1. Feynman diagrams of J=ψ → VS decays with (a) SOZI-suppressed, (b) DOZI-suppressed connected to mesons,
(c) DOZI-suppressed connected to a pure glueball state, and (d) EM.
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0
B@

f10
f20
f30

1
CA

i

¼ Uij

0
B@

S80
S10
G0

1
CA

j

¼

0
B@

c12c13 s12c13 s13
−s12c23 − c12s23s13 c12c23 − s12s23s13 s23c13
s12s23 − c12c23s13 −c12s23 − s12c23s13 c23c13

1
CA

ij

0
B@

S80
S10
G0

1
CA

j

; ð3Þ

with cij ¼ cos θij and sij ¼ sin θij. We choose Mf3
0
>

Mf2
0
> Mf1

0
.

The amplitudes for the SOZI suppressed diagrams are
expressed in terms of the SUð3Þf symmetry with the
coupling strength g. We assign the amplitude of the
DOZI suppressed diagram in Fig. 1(b) [Fig. 1(c)] restricted
by r (r0) of Oð10−1Þ comparing with the SOZI one.
Consequently, the effective Lagrangian density at leading
order can be given by

L0
SV ¼ g

2
TrðSfV; SggÞ þ rgTrðSSgÞTrðVSgÞ

þ r0gG0TrðVSgÞ; ð4Þ

where G0 is a pure scalar glueball field, the matrices of V
and S represent the vector and scalar mesons, respectively,
and Sg ¼ diagð1; 1; 1 − sÞ= ffiffiffi

3
p

is the matrix of spurious
fields corresponding to strong interactions. Meanwhile,
Fig. 2 depicts the dominant processes of J=ψ → γS.

The effective Lagrangian for J=ψ radiative decays is
expressed as [46]

L0
γS ¼ dTrðSSgÞ þ

r0

r
dG0 þ

f
2
TrðSgfS; SegÞ; ð5Þ

where Se ¼ diagð2;−1;−1Þ=3 are spurious fields corre-
sponding to electromagnetic interaction, and the first,
second, and third terms come from Figs. 2(a), 2(b),
and 2(c), respectively.
Finally, the decay widths of J=ψ → SV and γS are given

by [46]

ΓðJ=ψ → SV; γSÞ ¼ p3

12πm2
J=ψ

jAj2; ð6Þ

where p is the center-of-mass momentum of S. The
amplitudes for the decays J=ψ → VS and γS are tabulated
in Table I.

FIG. 2. Feynman diagrams of J=Ψ → γS decays with (a) two-gluon-annihilation connected to mesons, (b) two-gluon-annihilation
connected to a pure glueball state, and (c) three-gluon-annihilation.

TABLE I. Amplitudes for the decays of J=ψ → SV and γS.

Channels Amplitude

K�ðSÞK�ðVÞ 1ffiffi
3

p g

ρa0 1ffiffi
3

p ð1 − 1
2
sÞg

ωfi0 ð 1ffiffi
3

p gþ 2

3
ffiffi
3

p srgÞ ·Ui1 þ ð
ffiffi
2

p
3
gþ

ffiffi
2

pffiffi
3

p ð1 − sÞrgÞ ·Ui2 þ
ffiffi
2

pffiffi
3

p r0g ·Ui3

ϕfi0 ð−
ffiffi
2

p
3
gþ

ffiffi
2

p
3
ffiffi
3

p srgÞð1 − sÞ · Ui1 þ ð1
3
gþ 1ffiffi

3
p ð1 − 1

3
sÞrgÞð1 − sÞ · Ui2 þ 1ffiffi

3
p r0gð1 − sÞ ·Ui3

γfi0 ð 2ffiffi
3

p sdþ
ffiffi
2

p
6
ð1 − 1

3
sÞfÞ · Ui1 þ ðð1 − 1

3
sÞdþ 1

9
sfÞ · Ui2 þ r0

r d ·Ui3

γa0 1ffiffi
6

p f
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III. NUMERICAL RESULTS

The scalar meson spectroscopy, presented in Table II,
aids in identifying and classifying mesons into distinct
nonets based on the masses of the a0 mesons. We
determine the coupling strengths and the mixing angles
by using the experimental data for the J=ψ → SV and γS
decays. For J=ψ → SV, we rely on the data collected
from BESII [47–50]. Regarding J=ψ → γS, we use those
compiled in Ref. [51].

A. The nonet below 1 GeV

We start with the low mass scalar mesons, focusing on
the nonet denoted as Sð980Þ. To explain the experiment, the
mixings between qq̄ and glueballs are not considered. Our
results, along with the experimental data, are shown in
Table III.
The experimental upper limit ofBðJ=ψ → γa0→ γηπ0Þ<

2.5×10−6 [52], indicating that jfj < 0.52 × 10−3. In this
range of values, the impact of f on other decay channels is
minor. Consequently, this limitation is added to the param-
eter f. The obtained results are given by

g¼ð9.22�1.20Þ×10−3; r¼−ð0.166�0.083Þ;
s¼ 0.02�0.15; θ12¼ð82.9�4.4Þ°;
d¼ð3.41�0.37Þ×10−3; f¼−0.52×10−3; ð7Þ

with χ2 ¼ 0.72 for 2 degrees of freedom. This implies that
f0ð500Þ exhibits a strong tendency toward being a singlet

state, while f0ð980Þ is closer to an octet state, which is also
supported by the BESII data [50] of f0 → ππ; KK̄ [53].
We present our results of the mixing angle along with

those predicted in the literature in Table IV. Reference [7] is
based on the qq̄ model and an SUð3Þf analysis of meson
decays, yielding θ ¼ ð71� 5Þ°. In Ref. [9], the radiative
decays of J=ψ → γf0ð980; 500Þ were used and found
θ ¼ �ð82� 1.2Þ°. The LHCb Collaboration [54] inves-

tigated B0 → J=ψπþπ−. Reference [55] studied B0
s →

J=ψf0ð980Þ with θ ¼ ð89þ9
−15Þ°. Through Dalitz plot analy-

ses of B0 → D̄0πþπ−, Ref. [56] obtained θ ¼ ð77.7� 4Þ°.
In the tetraquark model, by studying S → PP, Ref. [15]

argued that the low-lying scalar mesons are tetraquark
states and determined the mixing angle to be
54.7° < θ < 59.7°. Reference [56] also provided a solution
within the tetraquark model, yielding θ ¼ ð66.7� 3.5Þ°.
The tetraquark hypothesis exhibits smaller mixing angles

that are insufficient to explain the experimental data.
Besides, we emphasize the need for further experimental
studies to reduce uncertainties of channels J=ψ →
ωf0ð500Þ and K�ð892Þ�K�ð700Þ∓.

B. The nonets in range of 1–2 GeV

In this section, f0ð1370; 1500; 1710Þ are considered as
members of Sð1450Þ and mixtures of S80, S

1
0, and G0 as

shown in Eq. (3). Given that the contribution from the
three-gluon-annihilation diagram is small, whether in γP
final states [46] or the γS processes mentioned above, we
assume that f possesses the same value as in Sð980Þ.
Additionally, the breaking terms fluctuate within the range
of −0.3 to 0.3, exerting an impact on the subsequent

TABLE II. Scalar meson menu. The mixing of qq̄ with glueball
in Sð1450Þ is under consideration. The existence of Sð1710Þ is
postulated as a natural consequence of the presence of a0ð1710Þ
and K�ð1950Þ.

Sð980Þ Sð1450Þ Sð1710Þ
a0ð980Þ a0ð1450Þ a0ð1710Þ
K�ð700Þ K�ð1430Þ K�ð1950Þ

f10 f0ð500Þ f0ð1370Þ 1f0ð1710Þ
f20 f0ð980Þ f0ð1500Þ f0ð1770Þ
f30 f0ð1710Þ

1The recurrence of fð1710Þ in Sð1450Þ and Sð1710Þ is
attributed to testing hypothesis.

TABLE III. The experimental and fitting branch ratios of
J=ψ → Sð980ÞV in units of 10−4.

Channels Data This work

ωf0ð980Þ 5.4� 1.8 [48] 4.3� 0.9
ϕf0ð980Þ 9.9� 1.7 10.0� 1.5
ωf0ð500Þ 11.7� 7.3 [49] 10.0� 7.0
ϕf0ð500Þ 1.8� 0.7 1.8� 0.7
K�ð892Þ�K�ð700Þ∓ 11þ10

−6 17.5� 2.8
ρa0ð980Þ � � � 17.5� 4.6
γf0ð980Þ 0.21� 0.04 0.21� 0.04
γf0ð500Þ 11.4� 2.1 11.5� 2.1

TABLE IV. The mixing angle of θ12 in Sð980Þ along with the ones in the literature.

This work qq̄ model Tetraquark model

ð82.9� 4.4Þ° 1ð71� 5Þ° [7], 1ð82� 1.2Þ° [9], 54.7 ∼ 71.7° [54], 59.7° [15]
ð88.7þ9

−15Þ° [55], ð77.7� 4Þ° [56] ð66.7� 3.5Þ° [56]
1The mixing angle reported is corresponded to θ ¼ 90° − θ0.
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numerical results of less than 10%. Since the breaking term
s ∼ 0 in Sð980Þ, we set it to 0 here. Consequently, we can
use seven available data points to determine seven para-
meters, obtained as

g¼ð1.14�0.18Þ×10−2; r¼−ð0.716�0.291Þ;
d¼ð4.52�1.07Þ×10−3; r0 ¼−ð0.633�0.132Þ;

θ12¼ð51.4�6.4Þ°; θ13¼ð−0.1�14.6Þ°;
θ23¼ð2.3�8.6Þ°: ð8Þ

The comparisons between our fitting results and the
experimental data are presented in Table V. It is important
to highlight that the parameter f can be determined by
the decay J=ψ → γa0ð1450Þ, which varies only on f.
Furthermore, we notice that r0=r ∼ 1, which implies that
the contributions in Figs. 1(c) and 1(c), as well as Figs. 2(b)
and 2(c), are of the same order, consistent with
Refs. [44,46].
The mixing angle tan θ12 ≈

ffiffiffi
2

p
implies that f0ð1370Þ

and f0ð1500Þ in Sð1450Þ play the roles of ω and ϕ in V.
Meanwhile, θ13;23 ≈ 0 suggest the nature of f0ð1710Þ being
a glueball. This interpretation aligns with the findings from
J=ψ radiative decays [51,57] and the BESIII data [58–60].
Recently, the BABAR collaboration reported the obser-

vation of the scalar meson a0ð1710Þ [34], subsequently
confirmed by the BESIII Collaboration [35]. Alongside the
discovery of f0ð1770Þ andK�ð1950Þ, an additional SUð3Þf
nonet is expected. For instance, we consider the grouping
of Sð1710Þ ∋ ff0ð1710Þ; f0ð1770Þ; a0ð1710Þ; K�ð1950Þg.
Under this grouping scenario, BðJ=ψ → γf0ð1710Þ;
γf0ð1770ÞÞ ¼ ð5.6 � 1.0; 18.1 � 2.6Þ × 10−4 implies
f0ð1710Þ and f0ð1770Þ belong to S80 and S10, respectively,

which conflicts with the BESII data [50,61,62]. The
discrepancy shows that f0ð1710Þ does not belong to
Sð1710Þ and is a plausible glueball candidate. However,
due to limited experimental data, a comprehensive analysis
containing the mixture of glueball and Sð1710Þ is not yet
available.
It is interesting to point out that the presence of

a0ð1950Þ, K�ð2130Þ, and several f0 particles implies the
existence of an SUð3Þf nonet around 2 GeV. In principle,
the method studied in this work can also apply to them.
Nevertheless, a numerical analysis cannot be carried out at
the current stage due to the limited data points. To further
understand the nature of these exotic states, we urge our
experimental colleagues to measure the decays of J=ψ with
f0 in the final states.

IV. CONCLUSION

We have examined the nonet of scalar mesons below
1 GeV using the data of J=ψ → SV; γS. The singlet-octet
mixing angle between f0ð500Þ and f0ð980Þ has been
determined as θ12 ¼ ð83.5� 1.0Þ°, which is consistent
with the calculations within the qq̄ hypothesis.
For the scalar mesons in the range of 1–2 GeV, we have

considered f0ð1370; 1500; 1710Þ are the mixture of qq̄ and
G0. With a0ð1450Þ and K�ð1430Þ, together they form an
SUð3Þf nonet plus a glueball. According to the data of J=ψ
decays, we have found that f0ð1370Þ, f0ð1500Þ, and
f0ð1710Þ are mainly nn̄, ss̄, and G0, respectively. In the
same mass range, we have studied the assumption of an
additional nonet, containing a0ð1710Þ, f0ð1710Þ, and
f0ð1770Þ as its components. We have found that this
assumption is not compatible with the current data. It
reinforces the conclusion of f0ð1710Þ containing a large
glueball component.
We recommend the future experiments tomeasure J=ψ →

ρa0ð980; 1450; 1710Þ, K�ð892Þ�K�ð700; 1430; 1950Þ∓,
and ωf0ð500Þ, as our SUð3Þf fit is sensitive to them.
Through thesemeasurements, more accurate determinations
of the mixing angles and the constituents of different nonets
can be obtained.
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TABLE V. The experimental and fitting branch ratios of J=ψ →
Sð1450ÞV; Sð1450ÞV in units of 10−4.

Channels Data This work

ωf0ð1370Þ � � � 0.7þ1.3
−0.7

ωf0ð1500Þ � � � 5.1� 3.5
ωf0ð1710Þ 6.6� 1.3 [47] 6.6� 1.3
ϕf0ð1370Þ 4.6� 1.4 4.6� 1.4
ϕf0ð1500Þ 2.5� 1.3 2.5� 1.3
ϕf0ð1710Þ 2.0� 0.7 2.0� 0.7
γf0ð1370Þ 6.9� 1.2 6.9� 1.2
γf0ð1500Þ 4.7� 0.9 4.7� 0.9
γf0ð1710Þ 5.6� 1.0 5.6� 1.0
K�ð892Þ�K�ð1430Þ∓ � � � 13.2� 4.3
ρa0ð1450Þ � � � 15.0� 4.9
γa0ð1450Þ � � � 0.024
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