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Ascribed as ρρ and K�K̄� molecular states, respectively, isoscalar f0ð1500Þ and f0ð1710Þ states are
expected to have isovector partners, potentially identified as a0ð1450Þ and a0ð1710Þ. The predicted
dominant decay modes for these two a0 resonances are a0ð1450Þ → ωππ and a0ð1710Þ → ωππ;ϕππ.
We estimate cross sections for two-photon production of these four resonances within hadronic molecular
picture, and demonstrate that SuperKEKB’s luminosity is sufficient for their observation and more precise
parameter measurements.
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I. INTRODUCTION

Understanding the hadron spectrum is one of the most
important challenges in hadron physics. There are various
models interpreting the observed states, and selecting the
right one is a key issue. Thesemodels can be differentiated by
examining their predictions of the complete spectrum, with
consideration of fundamental symmetries. For example, in
the physical depiction of KK̄ molecules, both isoscalar and
isovector states are symmetrically generated, corresponding
to the existing states f0ð980Þ and a0ð980Þ [1,2].
The f0ð1370Þ was previously considered to be an

isoscalar ρρ molecular state, dynamically generated by
the ρρ interaction [3,4]. However, the inclusion of coupled-
channels of pseudoscalar mesons suggests that the pole and
partial decay widths are more closely aligned with those of
the f0ð1500Þ listed in the Review of Particle Physics
(RPP) [5].
Similarly, f0ð1710Þ is interpreted as the isoscalar K�K̄�

molecular state, dynamically generated by the vector
meson-vector meson interaction [3,6]. Including the
coupled-channels of pseudoscalar mesons does not signifi-
cantly shift the pole, and the mass, width, and partial widths

are consistent with those of f0ð1710Þ reported in the
RPP [7].
However, the measurement as well as exploration of the

isovector partners of f0ð1500Þ and f0ð1710Þ as hadronic
molecules are less explicit. Given that ρρ cannot form an a0
state within the isospin formalism due to Bose-Einstein
statistics, which requires lþ Sþ I ¼ even, ρω emerges as
the most promising candidate for forming the isovector
partner of f0ð1500Þ. This partner is postulated to be the
a0ð1450Þ [8]. Meanwhile, the isovector partner of f0ð1710Þ
is still missing, potentially identifiable as a0ð1710Þ [8].
Therefore, to validate the vector meson-vector meson

molecule model of f0ð1500Þ and f0ð1710Þ, it is essential to
confirm the nature of both a0ð1450Þ and a0ð1710Þ.
However, up to now, different laboratories have not reached
a consensus on the measured masses of a0ð1450Þ and
a0ð1710Þ. The situation is even worse when it comes to the
measurement of the width. For a0ð1450Þ, measurements
vary across different experiments, while for a0ð1710Þ, only
two results have been reported so far.
A notable measurement of a0ð1450Þ is from Belle in the

study of the reaction γγ → ηπ0 [9]. The partial-wave
analysis of the differential cross section indicates the
presence of a resonance that could be possibly attributed
to a0ð1450Þ. However, its nominal fit mass is 1316.8 MeV,
with no corresponding peak for a0ð1450Þ in the total cross
section spectrum. In fact, if a0ð1450Þ is a hadronic
molecule, its dominant decay channel is predicted to be
ωππ [8], so investigating γγ → ωππ is crucial to find-
ing a0ð1450Þ.
The BABAR Collaboration observed a0ð1700Þ → ηπ

in their γγ → ηc → ηπþπ− analysis [10]. The BESIII
Collaboration also found evidence supporting the existence
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of an isovector partner of f0ð1710Þ [11], reinforcing the
existence of a0ð1710Þ with a mass close to that of
f0ð1710Þ. However, a newly observed a0-like state with
a mass of 1.817 GeV is also suspected to be a0ð1710Þ [12].
Therefore, it is important to identify suitable reactions

for the search of a0ð1450Þ and a0ð1710Þ to obtain more
accurate measurements. The two-photon production reac-
tion could be an ideal place to detect a0ð1450Þ, a0ð1710Þ,
as well as f0ð1500Þ and f0ð1710Þ. In this process, one can
exclude additional hadrons in the final state, except for the
decay products of the target resonance, such as observing
a0ð1450Þ in γγ → ωπþπ−; ηπ0. Moreover, with the full
upgrade of KEKB to SuperKEKB, it is expected to provide
40 times more two-photon production events compared to
KEKB [13].
In this paper, we calculate the cross sections for the two-

photon production of a0ð1450Þ, a0ð1710Þ, f0ð1500Þ, and
f0ð1710Þ, followed by their subsequent decays into main
decay channels, exemplified by γγ → a0ð1450Þ → ωππ.
We also present the expected Nps for these reactions at
SuperKEKB. The paper is organized as follows: In Sec. II,
we mainly present the formalism for the Lagrangians and
the double-photon luminosity function. In Sec. III, we show
the numerical results and discussions. Finally we conclude
with a summary in Sec. IV.

II. FORMALISM

A. The interaction vertices

The effective Lagrangians involved are as follows [14]:

LVVV ¼ ighð∂μVν − ∂νVμÞVμVνi; ð1Þ

LVγ ¼ −M2
V
e
g
AμhVμQi; ð2Þ

LVPP ¼ −ighVμ½P; ∂μP�i; ð3Þ

LV1V2a0 ¼ ga0V1V2
ϕa0V

μ
1V2μ; ð4Þ

LV1V2f0 ¼ gf0V1V2
ϕf0V

μ
1V2μ: ð5Þ

g ¼ MV=2f is the hidden gauge coupling constant, where
f ¼ 93 MeV the pion decay constant and MV is the mass
of the vector meson V; h…i denotes the trace in SU(3)
space;Q ¼ diagð2;−1;−1Þ=3, and e ¼ −jej is the electron
charge; ϕS is the field of the scalar resonance S; Vμ

i ,
with i ¼ 1, 2, are the fields of the vector mesons Vi.
Additionally, Vμ is the vector field matrix defined as
follows:

0
BB@

1ffiffi
2

p ρ0 þ 1ffiffi
2

p ω ρþ K�þ

ρ− − 1ffiffi
2

p ρ0 þ 1ffiffi
2

p ω K�0

K�− K̄�0 ϕ

1
CCA

μ

; ð6Þ

and P is the pseudoscalar field matrix defined as follows:

0
BB@

1ffiffi
2

p π0 þ 1ffiffi
6

p η πþ Kþ

π− − 1ffiffi
2

p π0 þ 1ffiffi
6

p η K0

K− K̄0 − 2ffiffi
6

p η

1
CCA: ð7Þ

According to theLagrangians,we can define the following
tensors corresponding to different vertex structures:

ðVSV1V2
Þμν ¼ gSV1V2

gμν; ð8Þ

VSP1P2
¼ gSP1P2

; ð9Þ

ðVV1V2V3
Þαμν ¼ gV1V2V3

fðkνV1
− kνV2

Þgαμ þ ðkαV2
− kαV3

Þgμν
þ ðkμV3

− kμV1
Þgναg; ð10Þ

ðVγVÞμν ¼ gγVgμν; ð11Þ

ðVVP1P2
Þμ ¼ gVP1P2

ðkμP1
− kμP2

Þ: ð12Þ

Note that we assume all particles in ðVV1V2V3
Þαμν to be

incident particles approaching the vertex. In practice, note
that for ðVρππÞμ we have

ðVρππÞμ ¼ ðVρ0πþπ−Þμ þ ðVρþπ0πþÞμ þ ðVρ−π0π−Þμ: ð13Þ

FIG. 1. Feynman diagrams for two-photon production of
f0ð1500Þ.

YANG, WANG, WU, and ZOU PHYS. REV. D 110, 036020 (2024)

036020-2



Based on these vertices, we can construct the corresponding
Feynman diagrams, as shown in Figs. 1–4. P refers to
pseudoscalar meson and V refers to vector meson. All the
detailed involved channels can be found in Sec. III.

B. Propogators

The propogators for spin 0 resonance and vector meson
are defined as follows:

GRðkÞ ¼
1

k2 −m2
R þ imRΓR

; ð14Þ

ðGVðkÞÞμν ¼
−g̃μν

k2 −m2
V þ imVΓV

; ð15Þ

where k is the 4-momentum, and m, Γ are the mass and
total decay width of the particle. Particularly, in the case of
a vector meson in γV vertex, where the 4-momentum
satisfies k2 ¼ 0, the propagator is as follows:

ðG0
VÞμν ¼

gμν
m2

V
: ð16Þ

Definition of g̃μν is as follows [15]:

X3
m¼1

ϵμðmÞϵ�νðmÞ ¼ −gμν þ
pμpν

p2
≡ −g̃μνðpÞ; ð17Þ

where ϵμðmÞ is the polarization vector for a massive vector
meson with its 4-momentum to be pμ and its third
component of spin in its rest frame to be m.
Next, consider the photon polarization vector Aμ with

4-momentum qμ. We take into account both the Lorentz
orthogonality condition Aμqμ ¼ 0 and an additional gauge
invariance condition. We assume the Coulomb gauge
AμQμ ¼ 0 in the c.m. frame, where Qμ is the summation
of the momentum of two incoming photons. Let
Kμ ¼ Qμ − qμ, the 4-momentum of the other incoming
photon. The summation of polarization vectors is then
given as follows [15]:

X
m

AμðmÞA�
νðmÞ ¼ −gμν þ

qμKν þ Kμqν
q · K

≡ −g⊥⊥
μν : ð18Þ

C. Form factors

For each triangle loop in the Feynman diagram as shown
in Figs. 2 and 5, we introduce two types of form factors.
The first type is a form factor with a smooth cutoff that
serves to regularize the loop integration:

fΛðkÞ ¼ exp

�
−

jk⃗j2
ðΛ1Þ2

�
; ð19Þ

FIG. 2. Feynman diagrams for two-photon production of
f0ð1710Þ.

FIG. 3. Feynman diagrams for two-photon production of
a0ð1450Þ.
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where Λ1 ¼ 1.0 GeV [7]. The second type is a dipole form
factor for the off-shell exchanged meson K̄�

FK� ðkÞ ¼ ðΛ2Þ4
ðΛ2Þ4 þ ðk2 −m2

K�Þ2 ; ð20Þ

whereΛ2 ¼ 1.0 GeV. Note that the empirical values for the
cutoff parameters in such hadronic form factors range from
0.5 to 2.0 GeV. For simplicity, we take bothΛ1 andΛ2 to be
1.0 GeV in our calculation of the triangle hadronic loops.
For the off-shell mesons ρ, ω, and ϕ in the γV vertex, we

also introduce a dipole form factor

F0
VðpÞ ¼

ðΛ3Þ4
ðΛ3Þ4 þ ðp2 −m2

VÞ2
; ð21Þ

where Λ3 ¼ 0.63–0.83 GeV. The determination of Λ3 will
be discussed in Sec. II F. Besides, notice that p2 ¼ 0 for the
mesons coupling to the incoming photons, and we shall
simply denote F0

VðpÞ as F0
V .

D. The scattering amplitudes

We can define a function Gðk1; k2; k5Þ, which combines
the propagators in the loop with the aforementioned form
factors, to calculate the triangle loop K�ðk3Þ − K̄�ðk4Þ−
K̄�ðk5Þ, where K̄�ðk5Þ is the exchanged meson, and
k3 ¼ k1 þ k5, k4 ¼ k2 − k5:

Gðk1;k2;k5Þ¼FK� ðk5Þ
1

k25−m2
K̄� þ iϵ

×
1

ðk1þk5Þ2−m2
K� þ iϵ

1

ðk2−k5Þ2−m2
K̄� þ iϵ

×
ðΛ2Þ4

ðΛ2Þ4þðk25−m2
K̄� Þ2 exp

�
−
jk⃗5j2
ðΛ1Þ2

�
: ð22Þ

Next, we proceed to write down the scattering amplitude.
In this section, we present one scattering amplitude as an
example, while the remaining scattering amplitudes can be
found in Appendix B.
For the Feynman diagram as shown in Fig. 2(a), the

corresponding scattering amplitude of γðk1Þγðk2Þ →
f0ð1710Þ → Pðp1ÞPðp2Þ is as follows:

M2a ¼ A1μðm1; k1ÞA2ξðm2; k2ÞðF0
ρÞ2

× ðVγðk1ÞρÞμνðVγðk2ÞρÞξσðG0
ρÞναðG0

ρÞσκ
× ðVf0K�K̄� ÞδηGf0ðk1 þ k2ÞVf0PP

×
Z

id4k5
ð2πÞ4 ð−g̃βδðk3ÞÞð−g̃ληðk4ÞÞð−g̃γθðk5ÞÞ

×Gðk1; k2; k5ÞfðVρK�þK�−ÞαβγðVρK�−K�þÞκλθ
þ ðVρK�−K�þÞαβγðVρK�þK�−Þκλθ
þ ðVρK�0K̄�0ÞαβγðVρK̄�0K�0Þκλθ
þ ðVρK̄�0K�0ÞαβγðVρK�0K̄�0Þκλθg; ð23Þ

where A1μ; A2ξ are the polarization vectors of the two
incoming photons.

E. Coupling constants

The coupling constants gγV involved in the tensor
ðVγVÞμν are given as follows:

gγρ ¼ −
1ffiffiffi
2

p M2
ρ
e
g
; ð24Þ

gγω ¼ −
1

3
ffiffiffi
2

p M2
ω
e
g
; ð25Þ

FIG. 4. Feynman diagrams for two-photon production of
a0ð1710Þ.

FIG. 5. Feynman diagram for γγ → f0ð1710Þ → ϕω.
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gγϕ ¼ 1

3
M2

ϕ

e
g
: ð26Þ

The coupling constants gV1V2V3
involved in the tensor

ðVV1V2V3
Þμνα are given as follows:

gρ0K�þK�− ¼ gρ0K�−K�þ ¼ 1ffiffiffi
2

p ig; ð27Þ

gρ0K�0K̄�0 ¼ gρ0K̄�0K�0 ¼ −
1ffiffiffi
2

p ig; ð28Þ

gωK�þK�− ¼ gωK�−K�þ ¼ 1ffiffiffi
2

p ig; ð29Þ

gωK�0K̄�0 ¼ gωK̄�0K�0 ¼ 1ffiffiffi
2

p ig; ð30Þ

gϕK�þK�− ¼ gϕK�−K�þ ¼ ig; ð31Þ

gϕK�0K̄�0 ¼ gϕK̄�0K�0 ¼ ig: ð32Þ

The coupling constant gρππ involved in the tensor
ðVρππÞμ is given as follows:

gρππ ¼ −
ffiffiffi
2

p
ig: ð33Þ

We now come to discuss the coupling constants involved
in the tensors ðVSV1V2

Þμν and VSP1P2
.

For a pure molecular state composed of two constituent
particles, its coupling constant with the constituent particles
is given by the following formula [16]:

g2RV1V2

4π
¼ ðm1 þm2Þ52

ðm1m2Þ12
ffiffiffiffiffiffiffi
32ϵ

p
; ð34Þ

where m1, m2 are the masses of the two component
particles V1, V2, and ϵ is the binding energy. With this
formula we can obtain ga0ð1450Þρω, ga0ð1710ÞK�K̄� , ga0ð1710Þρϕ,
gf0ð1500Þρρ, and gf0ð1710ÞK�K̄� . Note that gf0ð1500Þρρ gives the
coupling constant of f0ð1500Þ to both ρ0ρ0 and ρþρ−.
Specifically, we have gf0ð1500Þρ0ρ0 ¼ 1ffiffi

2
p gf0ð1500Þρþρ− ¼

1ffiffi
3

p gf0ð1500Þρρ.
The other coupling constants are deduced from the

relevant partial decay widths. For two-body decays,
this determination can be performed using the following
formula [17]:

Γ ¼ 1

8π
jMj2 jp⃗1j

M2
: ð35Þ

For our calculations, the partial widths of f0ð1500Þ
are based on the RPP recommended values or average
values [17], whereas the partial widths of f0ð1710Þ are

derived using the unitary coupled channel approach, as
predicted in [7]. Similarly, the partial widths for a0ð1450Þ
and a0ð1710Þ, given by the same approach, are taken
from [7,8], respectively. All the necessary partial widths
and the coupling constants obtained using this method are
listed in Tables I and II.
Additionally, it is worth mentioning that the mass and

total width of the resonances f0ð1500Þ, f0ð1710Þ,
a0ð1450Þ, and a0ð1710Þ, used for cross section calculations
in Sec. III, are presented in Table III. The data for f0ð1500Þ
and f0ð1710Þ come from the RPP [17], while the data for
a0ð1450Þ and a0ð1710Þ are taken from [8].

F. Cutoff parameter Λ3

Belle has investigated γγ → VV and presented the cross
section spectrum for γγ → ϕω [18]. The phase space is
expected to drop significantly near the threshold, leading to
a decrease in the cross section. However, the contribution
from the 0þ state does not seem to decrease near 2.0 GeV,
likely due to the contribution from f0ð1710Þ. Therefore, by
fitting the partial wave data of 0þ contribution from Belle
for γγ → ϕω [18], we can determine the value of Λ3, which
represents the cutoff parameter applied in the dipole form

TABLE I. Partial widths and coupling constants relevant to
f0ð1500Þ and f0ð1710Þ.

Partial width [MeV] Coupling constant [GeV]

Channels f0ð1500Þ f0ð1710Þ f0ð1500Þ f0ð1710Þ
ππ 37.3 12.7 1.70 1.06
KK̄ 9.2 44.0 0.96 2.16
ηη � � � 12.9 � � � 1.21

TABLE II. Partial widths and coupling constants relevant to
a0ð1450Þ and a0ð1710Þ.

Partial width [MeV] Coupling constant [GeV]

Channels a0ð1450Þ a0ð1710Þ a0ð1450Þ a0ð1710Þ
ρω � � � 61.0 � � � 3.50
ηπ 14.7 66.9 1.14 2.55
KK̄ 13.2 74.4 1.15 2.81

TABLE III. Mass and total width of f0 and a0 resonances.

Resonances Mass [GeV] Total width [GeV]

f0ð1500Þ 1.522 0.108
f0ð1710Þ 1.733 0.150
a0ð1450Þ 1.500 0.128
a0ð1710Þ 1.720 0.220

TWO-PHOTON PRODUCTION OF f0 AND a0 … PHYS. REV. D 110, 036020 (2024)

036020-5



factor for the vector mesons ρ;ω;ϕ in the γV vertex. The
corresponding Feynman diagram is shown in Fig. 5.
Note that the two vector mesons ðVðk1Þ; Vðk2ÞÞ repre-

sented at the γV vertex in Fig. 5 include the following
pairs: ðρ0ðk1Þ; ρ0ðk2ÞÞ, ðϕðk1Þ;ϕðk2ÞÞ, ðωðk1Þ;ωðk2ÞÞ,
ðϕðk1Þ;ωðk2ÞÞ, ðωðk1Þ;ϕðk2ÞÞ. The corresponding scatter-
ing amplitude is presented in Appendix B. The total width
of f0ð1710Þ is taken to be 0.150 GeV [17]. As for the mass,
we adopt a range from 1.71 GeV [7] to 1.78 GeV, which is
the mass threshold of K�K̄�.
Through data fitting, we obtained Λ3 ¼ 0.63 GeV when

themass off0ð1710Þ is 1.71GeV, andΛ3 ¼ 0.83 GeVwhen
themass is 1.78GeV.Note that hereΛ3 is especially sensitive
to mass variations. This sensitivity arises because the
coupling constant gf0K�K̄� , calculated with Eq. (34),
decreases significantly as the binding energy ϵ approaches 0.

G. Double-photon luminosity function

If the cross section σγγ for a two-photon production
reaction is known, and the integrated luminosity

R
Ldt for

eþe− scattering is provided, then we can obtain the event
yield for the two-photon production as follows:

YγγðWÞ ¼ σγγðWÞLγγðWÞ
Z

LdtΔW; ð36Þ

where W is the c.m. energy of the two incident photons.
LγγðWÞ is the double-photon luminosity function. ΔW is
the bin width. YγγðWÞ represents the event yield for two-
photon production in a W range between W and W þ ΔW.
LetE0 be the initial energy of the electron in the eþe− c.m.

frame. In the same frame, assume two photons with energies
E1 and E2, and four-momentum squares −Q2 and −P2, are
produced in the eþe− scattering. For Q2 → 0 and P2 → 0,
the luminosity function Lγγ is given as follows [19]:

LγγðWÞ ¼
Z

fγ=eðy;W;Q2
maxÞfγ=eðz;W;Q2

maxÞ
W
2E2

0

1

2r
dr;

ð37Þ

where y ≈ E1=E0, z ¼ E2=E0, and r ¼ y=z.
The definition of fγ=e is given as follows [9]:

fγ=eðz;W;Q2
maxÞ ¼

α

πz

�
ð1þ ð1 − zÞ2Þ 1

2

×
Z

lnQ2
max

ln ðm2
ez2=ð1−zÞÞ

Fðeν;WÞdν − 1þ z

�
;

ð38Þ
where α ≈ 1

137
is the fine-structure constant. ν ¼ lnQ2 and

FðQ2;WÞ ¼ 1=ð1þQ2=W2Þ2 [9].Q2
max ¼ 1 GeV2 gives a

maximum virtuality of the incident photons. Details on the

derivation of the expression for Lγγ can be found in
Appendix A.

III. NUMERICAL RESULTS AND DISCUSSION

Figure 6 shows the distribution of cross sections as a
function of the c.m. energy W of the incoming γγ system
for the two-photon production of a0ð1450Þ, a0ð1710Þ,
f0ð1500Þ, and f0ð1710Þ.
In this work, we use a fixed eþe− c.m. energy of

10.58 GeV for the double-photon luminosity function
calculation. The total integrated luminosity is set to be
8000 fb−1 for the prediction of Nps at SuperKEKB, which
is about 40 times the luminosity of Belle’s 223 fb−1 in their
γγ → ηπ0 analysis [9].
Tables IV–VII present the peak information for Ep (peak

energy in GeV), σp (peak cross section in nb), andNp (peak
event yield in 105=ð10 MeVÞ) across reactions, with the
values varying based on Λ3. To avoid any confusion, it
should be noted that the previously determined range forΛ3,
based on two sets of f0ð1710Þ masses at 1.71 GeV and
1.78 GeV, serves as a foundation for our calculations.
However, the specific mass of f0ð1710Þ employed in our
cross section calculations is the average value in RPP, which
is 1.733 GeV, situated between these two mass values.
Furthermore, given that the partial widths of f0ð1710Þ used
in our calculations are derived from the unitary coupled
channel approach, we have also adopted a set of mass and
width values forf0ð1710Þ from [7]. Consequently, the results
are approximately 2.4 times those presented in Table VII, yet
they remain within the same order of magnitude.
In Belle’s analysis of γγ → ηπ0, the efficiency η for

W ∈ ½1.0; 2.0� GeV generally lies between 0.01 and 0.02
[9]. The event yield of γγ → a0ð980Þ=a0ðYÞ → ηπ0 dis-
plays a notable peak atW0 ¼ 0.9823 GeV with event yield
about 2000=ð10 MeVÞ, denoted as N0.

1 Here a0ðYÞ rep-
resents an unidentified scalar resonance.
For comparison, the calculated Np for the reaction

γγ → a0ð1450Þ → ωππ at SuperKEKB ranges between
76.5–940N0. By setting η ¼ 0.01, the range of Np narrows
to 0.8–9.4N0, still at or above the order of magnitude
of N0. Hence, Belle-II is expected to clearly observe
the resonance peak of a0ð1450Þ through the reaction γγ →
ωππ at SuperKEKB. Similarly, the calculated Np for
the reaction γγ → a0ð1450Þ → ηπ at SuperKEKB ranges
between 8.5–107.5N0. Setting η ¼ 0.01, Np narrows to

1N0 is not directly presented in the Ref. [9], but we can
estimate it with the following facts: Consider only the S-wave, the
total cross section contributed by these two a0 resonances is
around 10 nb, while the total cross section including background
is around 36 nb at W0, both integrated over j cos θ�j < 0.8. The
total event yield for j cos θ�j < 0.05 is around 900=20 MeV at
W0, and note that the S-wave contribution should be evenly
distributed over 0 < j cos θ�j < 0.8. Therefore, we have
N0¼ð1

2
0.8
0.05

10
36
900Þ=10MeV¼2000=10MeV.
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0.1–1.1N0, which approaches or reaches the order of
magnitude of N0. This suggests that observing the
a0ð1450Þ resonance peak through the reaction γγ → ηπ0

at SuperKEKB is likely. Similarly, the expected Np of
8–96N0 for the reaction γγ → KK̄ indicates a similar
potential for observation.
From analogous analyses, the observation prospects for

other resonances at SuperKEKB can be inferred. Table V
indicates that a0ð1710Þ is possibly observable via the
reactions γγ → ϕππ;ωππ; ηπ; KK̄, with expected Np

ranging between 9–154N0, 10–167.5N0, and 3.5–60N0,
4–67N0, respectively. Table VI indicates that f0ð1500Þ is
observable via the reactions γγ → ππ; 4π, with expectedNp

ranging between 27.5–322N0, 59–695N0, and suggests a
possible observation in the KK̄ channel, estimated at
6.5–79N0. Table VII indicates a modest likelihood of
observing f0ð1710Þ in the reactions γγ → ππ; KK̄; ηη, with
expected Np ranging between 2.5–8N0, 9.5–27N0, 3–8N0.
Transitioning from Belle II’s potential observations at

SuperKEKB, we now consider the scenario at KEKB’s
original integrated luminosity. By setting the integrated
luminosity to 223 fb−1, the expected Np for γγ →
a0ð1450Þ → ηπ falls within 0.005–0.06N0 at η¼0.02.
For context, Belle has documented a resonance peak for
a0ð980Þ, a0ðYÞ with an event yield of N0, and the number
of all candidate events at the peak is approximately 2.5N0.
Thus, Belle’s failure to observe an a0ð1450Þ resonance
peak in the reaction γγ → ηπ0 aligns with our projection.
We proceed to compare our calculations with Belle’s

measurements on f0ð1500Þ and f0ð1710Þ. In a detailed
analysis of the reaction γγ → π0π0, Belle found no distinct
resonance peak for the f0ð1500Þ around 1.5 GeV [20].
Nevertheless, the nominal fit suggests a possible contribu-
tion from f0ð1370Þ, f0ð1500Þ, or a mixed contribu-
tion from both, denoted as f0ðYÞ. This fit yields a
mass of 1469.7� 4.7 MeV=c2, a total decay width of
89.7þ8.1

−6.6 MeV, and ΓγγBðf0ðYÞ → π0π0Þ ¼ 11.2þ5.0
−4.0 eV.

Now we could estimate the cross section for the reaction
γγ → f0ðYÞ → π0π0 with these parameters. First, note that
Belle adopts the relativistic Breit-Wigner resonance ampli-
tude, denoted as ARðWÞ, to fit the peak of a spin-J
resonance R with mass mR, as described in the following
equation [20]:

AJ
RðWÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8πð2J þ 1ÞmR

W

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΓγγðWÞΓπ0π0ðWÞp

m2
R −W2 − imRΓtotðWÞ : ð39Þ

Then we could obtain σp ¼ 0.71 nb at W ¼ 1.47 GeV
with the following formula:

σðWÞ ¼
Z

dΩjAf0ðYÞðWÞj2jY0
0j2; ð40Þ

where Y0
0 ¼

ffiffiffiffi
1
4π

q
, and Af0ðYÞðWÞ is given by Eq. (39).

FIG. 6. Cross sections for two-photon production of a0ð1450Þ
(Log scale),a0ð1710Þ,f0ð1500Þ, andf0ð1710Þ vs. c.m. energyW. In
each figure, the lower group of lines corresponds toΛ3 ¼ 0.63 GeV,
and the upper group corresponds to Λ3 ¼ 0.83 GeV.
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From our calculations, the σp for the reaction γγ →
f0ð1500Þ → ππ is 0.13–1.59 nb at W ¼ 1.52 GeV.
Therefore, the σp for the reaction γγ → f0ð1500Þ →
π0π0 would be 0.04–0.53 nb, which is possibly comparable
to the fit result 0.71 nb.
Belle has performed an analysis on the reaction γγ →

KK̄ to check the existence of the f0ð1710Þ resonance
within two fixed resonances a2ð1320Þ, f2ð1270Þ and a
floating resonance f02ð1525Þ [21]. Six acceptable fits were
identified for the f0ð1710Þ resonance in this analysis. For
the first four solutions, Belle performed a fit for the c.m.
energy region 1.2 GeV ≤ W ≤ 2.0 GeV by floating the
mass, width, ΓγγBðKK̄Þ and the relative phase of both the
f02ð1525Þ and fJð1710Þ (J ¼ 0 or J ¼ 2). This approach is
referred to as Fit-All, with the four solutions denoted as fit-
1, fit-2, fit-3, and fit-4. Belle provided another two fits with
different approach. For these two solutions, Belle first
obtained the f02ð1525Þ parameters by fitting in the range
1.15 GeV ≤ W ≤ 1.65 GeV and ignoring the contribution
of the fJð1710Þ. Then Belle included the contribution of

the f0ð1710Þ and fitted the region 1.2 GeV ≤ W ≤
2.0 GeV by fixing the f02ð1525Þ parameters. This approach
is referred to as fit-part, with the two solutions denoted as

fit-H and fit-L. We estimate the σp for the reaction γγ →

f0ð1710Þ → KK̄ based on these parameters, as detailed in
Table VIII.
From our calculations, the σp for the reaction γγ →

f0ð1710Þ → KK̄ is 0.17 nb when Λ3 ¼ 0.83 GeV, which
falls within the same order of magnitude as the estimates
from fit-2, fit-4, fit-H, and fit-L.
The two-photon decay width of f0ð1710Þ could offer

another valuable perspective. Belle [21] and CELLO [22]
both measured ΓKK̄Γγγ=Γtot in the reaction γγ → K0

SK
0
S.

Utilizing ΓKK̄=Γtot ¼ 0.38þ0.09
−0.19 [23], we could obtain

the corresponding Γγγ , as listed in Table. IX. On the other
hand, f0ð1710Þ has been considered to be dynamically
generated by the vector meson-vector meson interaction
within the hidden gauge formalism, and calculations of the
two-photon decay width of f0ð1710Þ as well as its isovector

TABLE IV. Peak information related to a0ð1450Þ.
ωππ ηπ KK̄

Ep (Peak energy) [GeV] 1.54 1.50 1.50
σp (Peak cross section) [nb] 0.39–4.77 0.04–0.52 0.04–0.46
Np (Peak event yield) [105=ð10 MeVÞ] 1.53–18.8 0.17–2.15 0.16–1.92

TABLE V. Peak information related to a0ð1710Þ.
ϕππ ωππ ηπ KK̄

Ep (Peak energy) [GeV] 1.84 1.74 1.71 1.71
σp (Peak cross section) [nb] 0.06–1.10 0.06–1.07 0.02–0.37 0.02–0.41
Np (Peak event yield) [105=ð10 MeVÞ] 0.18–3.08 0.20–3.35 0.07–1.20 0.08–1.34

TABLE VI. Peak information related to f0ð1500Þ.
ππ KK̄ 4π

Ep (Peak energy) [GeV] 1.52 1.52 1.52
σp (Peak cross section) [nb] 0.13–1.59 0.03–0.39 0.29–3.43
Np (Peak event yield) [105=ð10 MeVÞ] 0.55–6.44 0.13–1.58 1.18–13.9

TABLE VII. Peak information related to f0ð1710Þ.
ππ KK̄ ηη

Ep (Peak energy) [GeV] 1.74 1.74 1.74
σp (Peak cross section) [nb] 0.02–0.05 0.06–0.17 0.02–0.05
Np (Peak event yield) [105=ð10 MeVÞ] 0.05–0.16 0.19–0.54 0.06–0.16
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partner are presented in [24]. The results are listed along-
side ours in Tables IX and X.
The error in Belle’s measurement might be too large to

be convincing, yet both our calculations and those pre-
sented in [24] align with the CELLO data, despite our
results being one to two orders of magnitude lower. This
difference may in part be due to the form factor for the ρ0,
ω, and ϕ mesons’ coupling to photons introduced in
our work. As shown in Eq. (41), such a fourth power of
the form factor, which participates in the calculation
of the cross section and width, could notably reduce the
two-photon decay width by a factor r, ranging between
0.006–0.08.

r ¼
� ðΛ3Þ4
ðΛ3Þ4 þm4

V

�
4

; ð41Þ

where we have assumed a general mass of vector mes-
ons, mV ¼ 0.8 GeV.
The situation is similar for the f0ð1500Þ. Reference [25]

initially considered the f0ð1370Þ to be dynamically gen-
erated by the ρρ interaction, providing its two-photon
decay width as 1.62 keV, without considering the form
factor of the ρ0, ω, and ϕ mesons that couple to the

photon, either. This identification of f0ð1370Þ shifts to
f0ð1500Þ after including the coupled-channel effects of
pseudoscalar mesons [5]. In comparison, our results for the
two-photon decay width of f0ð1500Þ are in the range of
0.01–0.12 keV, which are also one to two orders of
magnitude lower.
It should be noted that omitting the form factor would

lead to even larger predictions for the cross section of the
two-photon production process, thereby increasing the
potential for observing the aforementioned a0 and f0
resonances.

IV. SUMMARY

We consider a0ð1450Þ and a0ð1710Þ as hadronic mol-
ecules and calculate the cross sections for the two-photon
production reactions γγ → a0ð1450Þ → ωππ; ηπ0; KK̄,
γγ → a0ð1710Þ → ϕππ;ωππ; ηπ0; KK̄, γγ → f0ð1500Þ →
ππ; KK̄; 4π, and γγ → f0ð1710Þ → ππ; KK̄; ηη, along with
the expected peak event yields at SuperKEKB.
Based on our calculations, the peak cross sections for the

reactions γγ → f0ð1500Þ → ππ and γγ → f0ð1710Þ → KK̄
might be comparable to the experimental values reported
by Belle in their γγ → π0π0 and γγ → K0

SK
0
S analysis

[20,21]. Moreover, our calculations indicate that the event
yield for γγ → a0ð1450Þ → ηπ0 is not sufficient to form an
observable peak in KEKB, which is consistent with the
observation by Belle [9].
Based on our predictions, a0ð1450Þ can be observed in

the reaction γγ → ωππ and may be possibly observed in
γγ → ηπ0. a0ð1710Þ could be possibly observed in γγ →
ϕππ;ωππ; ηπ0; KK̄ at SuperKEKB. Furthermore, observa-
tion of a0ð1710Þ in reaction γγ → ϕππ could serve as
confirmation of its hidden strange quark content.
The reaction γγ → ωππ is expected to be the most

suitable for observing a0ð1450Þ, while γγ → ϕππ is
expected to be most suitable for observing a0ð1710Þ. If
Belle-II successfully utilizes SuperKEKB to observe these
reactions and measure the masses and decay widths of
a0ð1450Þ and a0ð1710Þ more accurately, it will help us
verify their hadronic molecule interpretations as ρω and
K�K̄� molecular states, respectively.

TABLE VIII. Peak cross sections for the reaction γγ → f0ð1710Þ → KK̄ in different fits. Mass is given in
MeV=c2, total width in MeV, and ΓγγBðKK̄Þf0 in eV.

Fit-all Fit-part

Sol. Fit-1 Fit-2 Fit-3 Fit-4 Fit-H Fit-L

Mass (f0) 1781 1780 1783 1761 1750þ5þ29
−6−18 1749þ5þ31

−6−42
Γtot ðf0Þ 99 110 96 119 138þ12þ96

−11−50 145þ11þ31
−10−54

ΓγγB ðKK̄Þf0 216 6.3 189 10.3 12þ3þ227
−2−8 21þ6þ38

−4−26

σp [nb] 6.7 0.2 6.1 0.3 0.3þ0.07þ5.3
−0.05−0.2 0.5þ0.14þ0.8

−0.09−0.6

TABLE IX. Γγγ for f0ð1710Þ from experimental and theoretical
studies.

Source ΓγγBðKK̄Þ [eV] Γγγ [eV]

Exp BELLE 12þ3þ227
−2−8 32þ8þ597

−5−21
CELLO <110 <289

Th Ref. [24] � � � 50
Present work � � � 2–8

TABLE X. Γγγ for a0ð1710Þ from theoretical studies.

Source Γγγ [keV]

Th Ref. [24] 1.61
Present work 0.03–0.57
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The f0ð1500Þ and f0ð1710Þ were previously considered
as glueball candidates [26–28]. As isoscalar glueballs, they
would have no isovector partners. Therefore, confirming
a0ð1450Þ and a0ð1710Þ as the isovector partners of
f0ð1500Þ and f0ð1710Þ is crucial in determining their
nature.
If the above hypotheses are successfully verified, it could

be confirmed that the resonances f0ð980Þ, f0ð1500Þ,
and f0ð1710Þ in the I ¼ 0 sector are KK̄, ρρ, and K�K̄�
isoscalar molecular states, respectively. Similarly, the
resonances a0ð980Þ, a0ð1450Þ, and a0ð1710Þ in the
I ¼ 1 sector are KK̄, ρω, and K�K̄� isovector molecular
states, respectively. These results are summarized in
Table XI.
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APPENDIX A: SUPPLEMENT TO DOUBLE-
PHOTON LUMINOSITY FUNCTION

In this appendix we detail the derivation of the double-
photon luminosity function.
LγγðWÞ is the probability distribution function of a two-

photon production with a total energy of W from a pair of
beamparticles,which refer toeþe− in the context. Its physical
significance can be seen from the following equation [29]:

σeþe− ¼
Z

σγγðWÞLγγðWÞdW: ðA1Þ

Here, σeþe− denotes the cross section for the reaction
eþe− → eþe−X, where X can represent any final-state
particles.
To obtain the expression for Lγγ, we first need to derive

the expression for σeþe−. Under the condition that the two

incident photons are nearly on-shell (Q2 → 0, P2 → 0),
Eq. (2.29) in [19] provides a simplified equation:

σeþe− ¼
Z

fγ=eðy;W;Q2
maxÞfγ=eðz;W;Q2

maxÞσγγðWÞdydz:

ðA2Þ

Define s ¼ yz ¼ W2=4E2
0 and recall that r ¼ y=z. To

simplify calculations, we can perform the integration
variable transformation as follows: dydz → Jrsdrds and
subsequently ds → JsWdW. This introduces two Jacobian
factors:

Jrs ¼
				 ∂ðy; zÞ
∂ðr; sÞ

				 ¼ 1

2r
; ðA3Þ

and

JsW ¼
				 ∂s
∂W

				 ¼ W
2E2

0

: ðA4Þ

Thus, we have:

LγγðWÞ ¼
Z

fγ=eðy;W;Q2
maxÞfγ=eðz;W;Q2

maxÞ
W
2E2

0

1

2r
dr;

ðA5Þ

as have shown in Sec. II.
The original formula of Eq. (38) is from Eq. (2.19) in

[19], and ln Eð1−zÞ
mz θ2;max in Eq. (2.19) has been replaced

with the integral [9]:

1

2

Z
lnQ2

max

ln ðm2
ez2=ð1−zÞÞ

Fðeν;WÞdν: ðA6Þ

FðQ2;WÞ is introduced to describe the factorized rela-
tion between the cross sections for virtual photons and the
real photons:

σγ�γ� ðWÞ ¼ FðQ2
1;WÞFðQ2

2;WÞσγγðWÞ; ðA7Þ

where σγ�γ� is the cross section for virtual photons, and σγγ
is the cross section for real photons.

APPENDIX B: SUPPLEMENT
TO SCATTERING AMPLITUDES

In this appendix we present all the scattering amplitudes
for each Feynman diagram given in Sec. II. For the reaction
γðk1Þγðk2Þ→f0ð1500Þ→Pðp1ÞPðp2Þ as shown in Fig. 1(a),

TABLE XI. Hadronic molecule table of f0 and a0 resonances.

KK̄ ρρ=ρω K�K̄�

I ¼ 0 f0ð980Þ f0ð1500Þ f0ð1710Þ
I ¼ 1 a0ð980Þ a0ð1450Þ a0ð1710Þ
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M1a ¼ A1μðm1; k1ÞA2ξðm2; k2ÞðF0
ρÞ2

× ðVγðk1ÞρÞμνðVγðk2ÞρÞξσðG0
ρÞναðG0

ρÞσβ
× ðVf0ρρÞαβGf0ðk1 þ k2ÞVf0PP: ðB1Þ

For the reaction γðk1Þγðk2Þ → f0ð1500Þ → πðp1Þ×
πðp2Þπðp3Þπðp4Þ as shown in Fig. 1(b),

M1b ¼ A1μðm1; k1ÞA2ξðm2; k2ÞðF0
ρÞ2

× ðVγðk1ÞρÞμνðVγðk2ÞρÞξσðG0
ρÞναðG0

ρÞσβ
× ðVf0ρρÞαβGf0ðk1 þ k2ÞðVf0ρρÞκλ
× ðGρðp5ÞÞκδðGρðp6ÞÞλθðVρππÞδðVρππÞθ: ðB2Þ

For the reactions γðk1Þγðk2Þ→f0ð1710Þ→Pðp1ÞPðp2Þ
as shown in Figs. 2(a) and 2(b), the scattering amplitudes
M2a and M2b are nearly identical, with the exception that
the γV vertex mesons ðρðk1Þ; ρðk2ÞÞ in M2a are replaced
by ðϕðk1Þ;ϕðk2ÞÞ, ðϕðk1Þ;ωðk2ÞÞ, ðωðk1Þ;ϕðk2ÞÞ, and
ðωðk1Þ;ωðk2ÞÞ in M2b.
For the reaction γðk1Þγðk2Þ → a0ð1450Þ → Pðp1ÞPðp2Þ

as shown in Fig. 3(a),

M3a ¼ A1μðm1; k1ÞA2ξðm2; k2ÞF0
Vðk1ÞF

0
Vðk2Þ

× ðVγðk1ÞVðk1ÞÞμνðVγðk2ÞVðk2ÞÞξσðG0
Vðk1ÞÞναðG0

Vðk2ÞÞσβ
× ðVa0VVÞαβGa0ðk1 þ k2ÞVa0PP; ðB3Þ

where ðVðk1Þ; Vðk2ÞÞ includes ðρðk1Þ;ωðk2ÞÞ, ðωðk1Þ;
ρðk2ÞÞ.
For the reaction γðk1Þγðk2Þ → a0ð1450Þ → πþðp1Þ×

π−ðp2Þωðp3Þ as shown in Fig. 3(b),

M3b ¼ A1μðm1; k1ÞA2ξðm2; k2ÞF0
Vðk1ÞF

0
Vðk2Þ

× ðVγðk1ÞVðk1ÞÞμνðVγðk2ÞVðk2ÞÞξσðG0
Vðk1ÞÞναðG0

Vðk2ÞÞσβ
× ðVa0VVÞαβGa0ðk1 þ k2ÞðVa0ρωÞκλ
× ϵκðm3; p3ÞðGρ0ðp4ÞÞλδðVρ0πþπ−Þδ; ðB4Þ

where ϵκðm3; p3Þ is the polarization vector of the meson ω.
For the reaction γðk1Þγðk2Þ → a0ð1710Þ → Pðp1ÞPðp2Þ

as shown in Fig. 4(a),

M4a ¼ A1μðm1; k1ÞA2ξðm2; k2ÞF0
Vðk1ÞF

0
Vðk2Þ

× ðVγðk1ÞVðk1ÞÞμνðVγðk2ÞVðk2ÞÞξσðG0
Vðk1ÞÞναðG0

Vðk2ÞÞσβ
× ðVa0VVÞαβGa0ðk1 þ k2ÞVa0PP; ðB5Þ

where ðVðk1Þ; Vðk2ÞÞ includes ðρðk1Þ; ρðk2ÞÞ, ðρðk1Þ;
ϕðk2ÞÞ, ðϕðk1Þ; ρðk2ÞÞ, ðρðk1Þ;ωðk2ÞÞ, ðωðk1Þ; ρðk2ÞÞ.
For the reaction γðk1Þγðk2Þ → a0ð1710Þ → πþðp1Þ×

π−ðp2Þωðp3Þ as shown in Fig. 4(b),

M4b ¼ A1μðm1; k1ÞA2ξðm2; k2ÞF0
Vðk1ÞF

0
Vðk2Þ

× ðVγðk1ÞVðk1ÞÞμνðVγðk2ÞVðk2ÞÞξσðG0
Vðk1ÞÞναðG0

Vðk2ÞÞσβ
× ðVa0VVÞαβGa0ðk1 þ k2ÞðVa0ρωÞκλ
× ϵκðm3; p3ÞðGρ0ðp4ÞÞλδðVρ0πþπ−Þδ; ðB6Þ

where ϵκðm3; p3Þ is the polarization vector of the mesons ϕ
or ω.
For the reaction γðk1Þγðk2Þ → f0ð1710Þ → ϕðp1Þωðp2Þ

as shown in Fig. 5,

M5 ¼ A1μðm1; k1ÞA2ξðm2; k2ÞF0
Vðk1ÞF

0
Vðk2ÞðVγðk1ÞVðk1ÞÞμνðVγðk2ÞVðk2ÞÞξσðG0

Vðk1ÞÞναðG0
Vðk2ÞÞσκðVf0K�K̄� Þδη

×Gf0ðk1 þ k2ÞðVf0K�K̄� Þδ0η0ϵα0 ðm0
1; p1Þϵκ0 ðm0

2; p2Þ
Z

id4k5
ð2πÞ4 ð−g̃βδðk3ÞÞð−g̃ληðk4ÞÞð−g̃γθðk5ÞÞ

×Gðk1; k2; k5ÞfðVVðk1ÞK�þK�−ÞαβγðVVðk2ÞK�−K�þÞκλθ þ ðVVðk1ÞK�−K�þÞαβγðVVðk2ÞK�þK�−Þκλθ
þ ðVVðk1ÞK�0K̄�0ÞαβγðVVðk2ÞK̄�0K�0Þκλθ þ ðVVðk1ÞK̄�0K�0ÞαβγðVVðk2ÞK�0K̄�0Þκλθg

×
Z

id4p5

ð2πÞ4 ð−g̃β0δ0 ðp3ÞÞð−g̃λ0η0 ðp4ÞÞð−g̃γ0θ0 ðp5ÞÞGðp1; p2; p5ÞfðVϕK�þK�−Þα0β0γ0 ðVωK�−K�þÞκ0λ0θ0

þ ðVϕK�−K�þÞα0β0γ0 ðVωK�þK�−Þκ0λ0θ0 þ ðVϕK�0K̄�0Þα0β0γ0 ðVωK̄�0K�0Þκ0λ0θ0 þ ðVϕK̄�0K�0Þα0β0γ0 ðVωK�0K̄�0Þκ0λ0θ0g ðB7Þ

where ϵα0 ðm0
1; p1Þ and ϵκ0 ðm0

2; p2Þ are the polarization vectors of the mesons ϕ and ω.
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