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I. INTRODUCTION

Investigation of the electromagnetic form factors of the
scalar mesons is one of the most useful tools for uncover-
ing their mysterious structures. Generally, having knowl-
edge of the electromagnetic form factors of the mesons
plays an important role in our understanding of their struc-
ture, the way they respond to the electromagnetic fields, as
well as their geometric shapes and charge distributions.
Moreover, these form factors can be used in the calculation
of their multipole moments, such as the electric and mag-
netic dipole, quadrupole and octupole moments.

In the literature there have been several studies on the
electromagnetic properties of the vector, axial vector and
pseudoscalar mesons and also baryons via different models
[1–11]. However, there are relatively few works devoted to
the electromagnetic properties of the scalar mesons. In the
present work, making use of their distribution amplitudes,
we calculate the electromagnetic form factors of the scalar
K�

0ð1430Þ, f0ð1500Þ and a0ð1450Þ mesons in the frame-

work of the light-cone QCD sum rules, a fruitful hybrid of
the Shifman-Vainshtein-Zakharov technique [12] and the
theory of a hard exclusive process. In this model, the basic
idea is to expand the products of the currents near the light
cone. This approach has been very useful for many years in
calculating various hadronic transition form factors.

The layout of the article is as follows. In Sec. II, we
obtain the light-cone QCD sum rules for the electromag-
netic form factors of the scalar mesons under considera-
tion. Section III is devoted to the numerical analysis of the
form factors and a discussion of the results obtained.

II. THEORETICAL FRAMEWORK

In order to obtain the sum rules for the electromagnetic
form factors of the scalar meson (M) with momentum p,
we start by considering the correlation function

��ðp; qÞ ¼ i
Z

d4xeiqxhMðpÞjjel�ðxÞjMð0Þj0i; (2.1)

where q is the momentum of the electromagnetic current
and jM stands for the interpolating currents of the scalar
mesons. Considering these mesons as the regular quark-
antiquark states, the interpolating currents for the members
under consideration are given by [13–16]

jK
�
0 ðxÞ ¼ �sðxÞdðxÞ;

jf0ðxÞ ¼ 1ffiffiffi
2

p
�
�uðxÞuðxÞ þ �dðxÞdðxÞffiffiffi

2
p � �sðxÞsðxÞ

�
;

ja0ðxÞ ¼ 1ffiffiffi
2

p
�� �uðxÞuðxÞ þ �dðxÞdðxÞffiffiffi

2
p þ �sðxÞsðxÞ

�
:

(2.2)

In the following, some remarks about the interpolating
currents of the scalar mesons under consideration and their
structures are in order. The above current for the K�

0 is

exact; however, the interpolating currents in Eq. (2.2) for
the f0 and a0 are special cases of the following general
interpolating currents [17]:

jf0ðxÞ ¼ cos�
j �dðxÞdðxÞi þ j �uðxÞuðxÞiffiffiffi

2
p � sin �j�sðxÞsðxÞi;

ja0ðxÞ ¼ sin �
j �dðxÞdðxÞi � j �uðxÞuðxÞiffiffiffi

2
p þ cos �j�sðxÞsðxÞi:

(2.3)

The light scalar mesons can also be considered as diquark-
antidiquark (tetraquarks) states bound by color forces [18].
In this picture, the diquarks are considered in color �3, spin
S ¼ 0 and flavor �3; and antidiquarks are considered in the
conjugate representations. The diquark-antidiquark bound
states naturally reproduce the SU(3) nonet structure. In this
scenario, the f0 and a0 mesons are indicated by the explicit
quark composition:

f0 ¼ ½su�½�s �u� þ ½sd�½�s �d�ffiffiffi
2

p ;

a0 ¼ ½su�½�s �d�; ½su�½�s �u� � ½sd�½�s �d�ffiffiffi
2

p ; ½sd�½�s �u�:
(2.4)

In some other scenarios, the scalar mesons are considered
as good candidates for the scalar glueball and hybrids [19],
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as well as hadron molecules [20]. We will consider the
currents in Eqs. (2.2) and (2.3) representing the scalar
mesons as quark-antiquark mesons but not the tetraquark,
glueball, hybrid and hadron molecule representations in
the present work. Note that, in the following, we will only
give the steps of our calculations for the currents of
Eqs. (2.2); however, we will consider the currents of
Eqs. (2.3) with different angles when we discuss the de-
pendence of the electromagnetic form factors on Q2.

We also take the electromagnetic current as

jel�ðxÞ ¼
X

q¼u;d;s

eq �qðxÞ��qðxÞ: (2.5)

From the general philosophy of the QCD sum rules, we
calculate the aforesaid correlation function in two different
languages. First, on the physical side, we calculate it in
terms of the hadronic parameters as well as the electro-
magnetic form factors. Next, on the QCD side, we evaluate
it in terms of the QCD degrees of freedom and distribution
amplitudes using the operator product expansion in the
deep Euclidean region. We then match these two different
representations to each other and apply the Borel trans-
formation as well as continuum subtraction. This proce-
dure leads to the QCD sum rules for the form factors.

On the physical side, by inserting a complete set of
intermediate mesonic states between the currents in
Eq. (2.1), we get

�� ¼ hMðpÞjjel�jMðpþ qÞihMðpþ qÞjjMj0i
ðpþ qÞ2 �m2

M

: (2.6)

The matrix elements entering Eq. (2.6) are defined as

hMðpÞjjel�jMðqþ pÞi ¼ Fel
Mð2pþ qÞ�;

hMðpþ qÞjjMj0i ¼ mM
�fM;

(2.7)

where Fel
M is the electromagnetic form factor and �fM is the

scalar meson’s decay constant. By substituting Eq. (2.7)
into Eq. (2.6) we end up with the following relation for the
phenomenological part of the correlation function:

��ðp; qÞ ¼ mM
�fMF

el
M

2p� þ q�

ðpþ qÞ2 �m2
M

: (2.8)

This relation shows that��ðp; qÞ can be decomposed into

two different structures,

��ðp; qÞ ¼ �1ðq2Þp� þ�2ðq2Þq�; (2.9)

where

�1ðq2Þ ¼ 2mM
�fM

Fel
M

ðpþ qÞ2 �m2
M

;

�2ðq2Þ ¼ mMfM
Fel
M

ðpþ qÞ2 �m2
M

:

(2.10)

The results are independent of which structure, q� or p�, is

selected, so for convenience, we will focus only on the p�

structure.
On the QCD side, we write each invariant amplitude

�iðq2Þ as a dispersion relation of the form

�iðq2Þ ¼
Z

ds
�iðs; q2Þ

s� ðpþ qÞ2 þ subtraction terms; (2.11)

where �iðs; q2Þ are spectral densities. Our main task in the
following is to calculate the spectral density corresponding
to the structure p� for each scalar meson. For this purpose,

by putting the interpolating and electromagnetic currents
in Eq. (2.1) and contracting the quark pairs using the Wick
theorem (for instance, for the K�

0 meson), we get

��ðp; qÞ ¼ i
Z

d4xeiqxfhMðpÞjes �sðxÞ��SsðxÞdð0Þj0i
þ ed �sð0Þ��Sdð�xÞdðxÞj0ig; (2.12)

where SqðxÞ is the propagator of the light quark and it is

given by

SqðxÞ ¼ i6x
2�2x4

� mq

4�2x2
�h �qqi

12

�
1� i

mq

4
6x
�

� x2

192
m2

0h �qqi
�
1� i

mq

6
6x
�

� igs
Z 1

0
du

� 6x
16�2x2

G��ðuxÞ���

�ux�G��ðuxÞ�� i

4�2x2

� i
mq

32�2
G���

��

�
ln

��x2�2

4

�
þ 2�E

��
: (2.13)

Before substituting the expression of the propagator into
Eq. (2.12), we use the expansion

��Sq ¼ 1

4

X
i

�iTr½��Sq�i�; (2.14)

where �i ¼ ðI; �5; ��0 ; ��0�5; ��0	0 Þ is a complete set of

Dirac matrices.
To proceed, we substitute the expression of the light-

quark propagator and define the matrix elements of the
nonlocal operators between the vacuum and the mesonic
state in terms of the ‘‘wave functions’’ or ‘‘light-cone
distribution amplitudes’’ of the scalar mesons as [21–23]

hMðpÞj �q2ðxÞ��q1ðyÞj0i¼p�

Z 1

0
dueiðup�xþ �up�yÞ
Mðu;�Þ;

hMðpÞj �q2ðxÞq1ðyÞj0i¼mM

Z 1

0
dueiðup�xþ �up�yÞ
s

Mðu;�Þ;
hMðpÞj �q2ðxÞ���q1ðyÞj0i¼�mMðp�z��p�z�Þ

�
Z 1

0
dueiðup�xþ �up�yÞ
�

Mðu;�Þ;
(2.15)
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where u is the momentum fraction carried by the quark q,
�u ¼ 1� u and z ¼ x� y. Here 
Mðu;�Þ is the leading
twist-2 wave function, while 
s

Mðu;�Þ and 
�
Mðu;�Þ are

the twist-3 wave functions. The function 
Mðu;�Þ is anti-
symmetric, while 
s

Mðu;�Þ and 
�
Mðu;�Þ are symmetric

under the replacement of u ! 1� u. The renormalizations
of 
Mðu;�Þ, 
�

Mðu;�Þ and 
�
Mðu;�Þ are given by the

following equations:

Z 1

0
du
Mðu;�Þ ¼ fM;

Z 1

0
du
s

Mðu;�Þ ¼
Z 1

0
du
�

Mðu;�Þ ¼ �fM;

(2.16)

wherein


Mðu;�Þ ¼ �fMð�Þ6uð1� uÞ
�
B0ð�Þ

þ X1
m¼1

Bmð�ÞC3=2
m ð2u� 1Þ

�
; (2.17)


s
Mðu;�Þ¼ �fMð�Þ

�
1þ X1

m¼1

amð�ÞC1=2
m ð2u�1Þ

�
; (2.18)


�
Mðu;�Þ¼ �fMð�Þ6uð1�uÞ

�
1þ X1

m¼1

bmð�ÞC3=2
m ð2u�1Þ

�
:

(2.19)

The vector-current and the scalar-current decay constants
ðfM; �fMÞ of the scalar mesons can be joined by

�f M ¼ �MfM; �M ¼ mM

m2ð�Þ �m1ð�Þ ; (2.20)

with m1 and m2 being the masses of the quark content of
the meson. The Gegenbauer moments for the twist-2 and
twist-3 distribution amplitudes of the scalar K�

0 , f0 and a0
at the scale � ¼ 1 GeV are given in Tables I, II, and III
[21–23]. The zeroth Gegenbauer moment B0ð�Þ for the
twist-2 distribution amplitude 
Mðu;�Þ is also given by
B0 ¼ ��1

M .
The next step is to apply the Borel transformation as

well as continuum subtraction in order to suppress the
contributions of the higher states and the continuum and
also eliminate the subtraction terms. For this we need to
define

1

ðqþ upÞ2 ¼ 1

u

�
1

sðuÞ � uðpþ qÞ2
�
; (2.21)

where

sðuÞ ¼
�
u� 1

u

�
q2 þ ð1� uÞp2 ¼ �u

u
ðm2

MuþQ2Þ;
(2.22)

with Q2 ¼ �q2, and use the Borel transformations with
respect to ðpþ qÞ2 via the relations

BM2ððpþ qÞ2Þk ¼ 0; k > 0;

BM2

�
1

½m2
M � ðpþ qÞ2�k

�
¼ 1

�ðkÞ
e�m2

M=M
2

M2ðk�1Þ ;

(2.23)

where M2 is the Borel parameter. The contributions of the
higher states and continuum are subtracted using the quark
hadron duality assumption (for details see [12,24]), which
converts the range of the integrals to u0 � u � 1, where

u0 ¼ � 1

2m2
M

½ðs0 þQ2 �m2
MÞ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs0 þQ2 �m2

MÞ2 þ 4m2
MQ

2
q

�; (2.24)

and s0 is the threshold of the lowest continuum state.
Finally, as it was mentioned before, by matching the

results of the physical and the QCD sides of the correlation
function, the electromagnetic form factors of the scalar
mesons under consideration are found as

TABLE III. The Gegenbauer moments for the twist-3
distribution amplitude 
�

M at the scale � ¼ 1 GeV.

Meson b1ð�10�2Þ b2 b4

K�
0 3:7� 5:5 0� 0:15 � � �

f0ð1500Þ 0 �0:15��0:088 0:044� 0:16
a0ð1450Þ 0 0� 0:058 0:070� 0:20

TABLE II. The Gegenbauer moments for the twist-3
distribution amplitude 
s

M at the scale � ¼ 1 GeV.

Meson a1ð�10�2Þ a2 a4

K�
0 1:8� 4:2 �0:33��0:025 � � �

f0ð1500Þ 0 �0:33��0:18 0:28� 0:79
a0ð1450Þ 0 �0:33��0:18 �0:11� 0:39

TABLE I. The Gegenbauer moments for the twist-2 distribu-
tion amplitude 
M at the scale � ¼ 1 GeV.

Meson B1 B3

K�
0 �0:57� 0:13 �0:42� 0:22

f0ð1500Þ �0:48� 0:11 �0:37� 0:20
a0ð1450Þ �0:58� 0:12 �0:49� 0:15
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Q2FK�
0
ðQ2Þ ¼ e

m2
K�
0

=M2 Q2

mK�
0

�
1

4

Z 1

u0

due
�sðu;Q2Þ

M2
1

u

h
esms
K�

0
ðuÞ þ edmd
K�

0
ð �uÞ

i

� 1

2

Z 1

u0

due
�sðu;Q2Þ

M2
1

u2M2
�2

h
eshs�si
K�

0
ðuÞ þ edhd �di
K�

0
ð �uÞ

i

þ 5

16

Z 1

u0

due
�sðu;Q2Þ

M2
m2

0

u3M4
�2

h
eshs�si
K�

0
ðuÞ þ edhd �di
K�

0
ð �uÞ

i�

þ e
m2

K�
0

=M2

Q2

�
� 1

2

Z 1

u0

due
�sðu;Q2Þ

M2

h
es


s
K�

0
ðuÞ � ed


s
K�

0
ð �uÞ

i

þ 1

4

Z 1

u0

due
�sðu;Q2Þ

M2 �2 1

u2M4

h
esmshs�si
s

K�
0
ðuÞ � edmdhd �di
s

K�
0
ð �uÞ

i

� 5

12

Z 1

u0

due
�sðu;Q2Þ

M2 �2 m2
0

u3M6

h
esmshs�si
s

K�
0
ðuÞ � edmdhd �di
s

K�
0
ð �uÞ

i�

� 2e
m2

K�
0

=M2

Q2
Z 1

u0

due
�sðu;Q2Þ

M2

h
es


�
K�
0
ðuÞ � ed


�
K�
0
ð �uÞ

i
:

þ 5

2
e
m2

K�
0

=M2

Q2
Z 1

u0

due
�sðu;Q2Þ

M2
�2

u3M4

h
esmshs�si
�

K�
0
ðuÞ � edmdhd �di
�

K�
0
ð �uÞ

i
; (2.25)

Q2Ff0ðQ2Þ ¼ 1ffiffiffi
2

p e
m2

f0
=M2 Q2

mf0

�
1

4

Z 1

u0

due
�sðu;Q2Þ

M2
1

u

�
�ðesms
f0ðuÞ þ esms
f0ð �uÞÞ þ

1ffiffiffi
2

p ðeumu
f0ðuÞ þ eumu
f0ð �uÞ

þ edmd
f0ðuÞ þ edmd
f0ð �uÞÞ
�
� 1

2

Z 1

u0

due
�sðu;Q2Þ

M2
1

u2M2
�2

�
�ðeshs�si
f0ðuÞ þ eshs�si
f0ð �uÞÞ

þ 1ffiffiffi
2

p ðeuhu �ui
f0ðuÞ þ euhu �ui
f0ð �uÞ þ edhd �di
f0ðuÞ þ edhd �di
f0ð �uÞÞ
�

þ 5

8

Z 1

u0

due
�sðu;Q2Þ

M2
m2

0

u3M4
�2

�
�ðeshs�si
f0ðuÞ þ eshs�si
f0ð �uÞÞ þ

1ffiffiffi
2

p ðeuhu �ui
f0ðuÞ þ euhu �ui
f0ð �uÞ

þ edhd �di
f0ðuÞ þ edhd �di
f0ð �uÞÞ
��

þ 1ffiffiffi
2

p e
m2

f0
=M2

Q2

�
� 1

2

Z 1

u0

due
�sðu;Q2Þ

M2

�
�ðes
s

f0
ðuÞ � es


s
f0
ð �uÞÞ

þ 1ffiffiffi
2

p ðeu
s
f0
ðuÞ � eu


s
f0
ð �uÞ þ ed


s
f0
ðuÞ � ed


s
f0
ð �uÞÞ

�

þ 1

4

Z 1

u0

due
�sðu;Q2Þ

M2 �2 1

u2M4

�
�ðesmshs�si
s

f0
ðuÞ � esmshs�si
s

f0
ð �uÞÞ þ 1ffiffiffi

2
p ðeumuhu �ui
s

f0
ðuÞ

� eumuhu �ui
s
f0
ð �uÞ þ edmdhd �di
s

f0
ðuÞ � edmdhd �di
s

f0
ð �uÞÞ

�

� 5

12

Z 1

u0

due
�sðu;Q2Þ

M2 �2m2
0

1

u3M6

�
�ðeshs�si
s

f0
ðuÞ � eshs�si
s

f0
ð �uÞÞ þ 1ffiffiffi

2
p ðeuhu �ui
s

f0
ðuÞ

� euhu �ui
s
f0
ð �uÞ þ edhd �di
s

f0
ðuÞ � edhd �di
s

f0
ð �uÞÞ

��

þ 1ffiffiffi
2

p e
m2

f0
=M2

Q2

�
�2

Z 1

u0

due
�sðu;Q2Þ

M2

�
�ðes
�

f0
ðuÞ � es


�
f0
ð �uÞÞ þ 1ffiffiffi

2
p ðeu
�

f0
ðuÞ � eu


�
f0
ð �uÞ

þ ed

�
f0
ðuÞ � ed


�
f0
ð �uÞÞ

�
þ 5

2

Z 1

u0

due
�sðu;Q2Þ

M2
�2

u3M4

�
�ðesmshs�si
�

f0
ðuÞ � esmshs�si
�

f0
ð �uÞÞ

þ 1ffiffiffi
2

p ðeumuhu �ui
�
f0
ðuÞ � eumuhu �ui
�

f0
ð �uÞ þ edmdhd �di
�

f0
ðuÞ � edmdhd �di
�

f0
ð �uÞÞ

��
; (2.26)

and
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Q2Fa0ðQ2Þ ¼ 1ffiffiffi
2

p em
2
a0
=M2 Q2

ma0

�
1

4

Z 1

u0

due
�sðu;Q2Þ

M2
1

u

�
ðesms
a0ðuÞ þ esms
a0ð �uÞÞ þ

1ffiffiffi
2

p ðeumu
a0ðuÞ þ eumu
a0ð �uÞ

� edmd
a0ðuÞ � edmd
a0ð �uÞÞ
�
� 1

2

Z 1

u0

due
�sðu;Q2Þ

M2
1

u2M2
�2

�
ðeshs�si
a0ðuÞ þ eshs�si
a0ð �uÞÞ

þ 1ffiffiffi
2

p ðeuhu �ui
a0ðuÞ þ euhu �ui
a0ð �uÞ � edhd �di
a0ðuÞ � edhd �di
a0ð �uÞÞ
�

þ 5

8

Z 1

u0

due
�sðu;Q2Þ

M2
m2

0

u3M4
�2

�
�ðeshs�si
a0ðuÞ þ eshs�si
a0ð �uÞÞ þ

1ffiffiffi
2

p ðeuhu �ui
a0ðuÞ þ euhu �ui
a0ð �uÞ

� edhd �di
a0ðuÞ � edhd �di
a0ð �uÞÞ
��

þ 1ffiffiffi
2

p em
2
a0
=M2

Q2

�
� 1

2

Z 1

u0

due
�sðu;Q2Þ

M2

�
ðes
s

a0ðuÞ � es

s
a0ð �uÞÞ

þ 1ffiffiffi
2

p ðeu
s
a0ðuÞ � eu


s
a0ð �uÞ � ed


s
a0ðuÞ þ ed


s
a0ð �uÞÞ

�

þ 1

4

Z 1

u0

due
�sðu;Q2Þ

M2 �2 1

u2M4

�
ðesmshs�si
s

a0ðuÞ � esmshs�si
s
a0ð �uÞÞ þ

1ffiffiffi
2

p ðeumuhu �ui
s
a0ðuÞ

� eumuhu �ui
s
a0ð �uÞ � edmdhd �di
s

a0ðuÞ þ edmdhd �di
s
a0ð �uÞÞ

�

� 5

12

Z 1

u0

due
�sðu;Q2Þ

M2 �2m2
0

1

u3M6

�
ðeshs�si
s

a0ðuÞ � eshs�si
s
a0ð �uÞÞ þ

1ffiffiffi
2

p ðeuhu �ui
s
a0ðuÞ

� euhu �ui
s
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: (2.27)

III. NUMERICAL ANALYSIS

Having explicit expressions for the electromagnetic form factors of the scalar K�
0 , f0 and a0 mesons, we numerically

analyze these form factors in this section. The main input parameters that entered the sum rules are distribution amplitudes
of the scalar mesons which are parametrized in terms of the Gegenbauer moments presented in the previous section as well
as the Gegenbauer polynomials Ck

nð�Þ. The first four polynomials are given as [21,22,25]

C1=2
0 ð�Þ ¼ 1; C1=2

1 ð�Þ ¼ �; C1=2
2 ð�Þ ¼ 1

2
ð3�2 � 1Þ; C1=2

3 ð�Þ ¼ 1

2
�ð5�2 � 3Þ;

C3=2
0 ð�Þ ¼ 1; C3=2

1 ð�Þ ¼ 3�; C3=2
2 ð�Þ ¼ 3

2
ð5�2 � 1Þ; C3=2

3 ð�Þ ¼ 5

2
�ð7�2 � 3Þ:

For the other required input parameters we choose

mK�
0ð1430Þ ¼ 1425 MeV; mf0ð1500Þ ¼ 1505 MeV; h �uui ¼ �ð0:243Þ3 GeV3; h �ssi ¼ 0:8h �uui;

m2
0 ¼ ð0:8� 0:2Þ GeV2; ms ¼ 142 MeV; �fK�

0
¼ ð445� 50Þ MeV; �ff0 ¼ ð490� 50Þ MeV:

�fa0 ¼ ð460� 50Þ MeV; ma0ð1450Þ ¼ 1474 MeV: (3.1)

Besides the above input parameters, the sum rules for the
electromagnetic form factors also include two auxiliary
parameters: the Borel mass parameter M2 and the contin-
uum threshold s0. The continuum threshold is not totally
arbitrary, but it is correlated with the energy of the first
excited state. Our numerical results depict that in the

intervals s0 ¼ ð3:5–4:5Þ GeV2, s0 ¼ ð3:2–4:2Þ GeV2 and
s0 ¼ ð3–4Þ GeV2, respectively, for the scalar f0ð1500Þ,
a0ð1450Þ and K�

0ð1430Þmesons, our results weakly depend

on the continuum threshold.
The working region for M2 is found by demanding

not only that the contributions of the higher states and
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continuum are suppressed but also that the highest twist
constitutes a small percentage of the total results; i.e., the
series of light-cone sum rules are convergent. Our numeri-
cal calculations lead to the working region 1:2 GeV2 �
M2 � 1:7 GeV2 for all the scalar mesons under
consideration.

We present the dependence of the electromagnetic form
factors of the mesons under consideration on the Borel
mass parameters in Figs. 1–3 at different fixed values of the
Q2 and s0. From these figures we see that the results
weakly depend on the auxiliary parameters M2 and s0 in
their working regions. We also conclude that the absolute
values of the electromagnetic form factors of the scalar K�

0

meson differ from those of the f0 and a0 by an order of
magnitude at any fixed values of the Q2 and s0.

We finally depict the dependence of the electromagnetic
form factors of the K�

0 , f0 and a0 scalar mesons on Q2 in

Fig. 4 at different values of the Borel mass square and
continuum threshold. As it is also clear from these figures,
the light-cone QCD sum rules do not give reliable results
near Q2 ¼ 0. Starting from Q2 ¼ 1 GeV2, the absolute

value of the Q2 times electromagnetic form factor of the
K�

0 grows increasing the values of Q2 up to Q2 ¼ 4 GeV2

then becomes approximately unchanged after this point. In
the case of f0 and a0 scalar mesons, which show similar
behavior, the absolute values of the Q2 times electromag-
netic form factors first decrease starting from Q2 ¼
1 GeV2; then after reaching a minimum, they grow.
From these figures we also see that, in the case of the K�

0

meson, the dependence of the results on s0 is sensible at
higher values of Q2, while for the f0 and a0 scalar mesons
we see the inverse situation. This can be related to the
internal structure of these mesons. In order to compare the
above results with the predictions of the currents in
Eq. (2.3), we plot the dependence of the electromagnetic
form factors on Q2 at different angles in Fig. 5 at the same
fixed values of auxiliary parameters as in Fig. 4. From this
figure we see that the results considerably depend on the
choices of the interpolating currents.
In summary, we have studied the electromagnetic form

factors of the K�
0 , f0 and a0 scalar mesons by considering

them as the regular quark-antiquark states using their
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FIG. 1. Dependence of the K�
0ð1430Þ electromagnetic form factor on the Borel mass parameter at s0 ¼ 3 GeV2 (left panel) and at

s0 ¼ 4 GeV2 (right panel).
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distribution amplitudes via light-cone QCD sum rules. We
observed that different interpolating currents lead to differ-
ent results that considerably differ from each other. For a
long time, the understanding of the scalar mesons has been
problematic and still a subject of debate from both theo-
retical and experimental sides. To complete the
analysis from the phenomenological and theoretical points
of view, one may calculate the electromagnetic properties

of these mesons by also considering them as tetra-
quarks, glueballs, hybrids or hadron molecules. From the
experimental side, the studies of the identification and
spectroscopy of the scalar mesons are continued [26].
Considering the developments at the LHC, we hope we
will be able to complete the experimental studies on the
spectroscopy of these mesons. Although the experimental
measurement of the electromagnetic form factors of the

1.2 1.3 1.4 1.5 1.6 1.7
0.00

0.05

0.10

0.15

0.20

M2 GeV2

Q
2
F

a 0
Q

2

Q2 7 GeV2

Q2 4 GeV2

Q2 2 GeV2

1.2 1.3 1.4 1.5 1.6 1.7
0.00

0.05

0.10

0.15

0.20

M2 GeV2

Q
2
F

a 0
Q

2

Q2 7 GeV2

Q2 4 GeV2

Q2 2 GeV2

FIG. 3. Dependence of the a0ð1450Þ electromagnetic form factor on the Borel mass parameter at s0 ¼ 3:5 GeV2 (left panel) and at
s0 ¼ 4 GeV2 (right panel).
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FIG. 4. Dependence of the electromagnetic form factors of the scalar mesons on Q2 at M2 ¼ 1:2 GeV2.
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scalar mesons seems to be difficult in the near future, we
hope to accomplish this goal; we have made good progress
in measuring the electromagnetic properties of hadrons at
MAMI at Mainz, ELSA at Bonn, LEGS at Brookhaven,
GRAAL at Grenoble and the GlueX experiment at the JLab
accelerator (see, for instance, [27]). Any measurement
on the electromagnetic form factors, together with the

experimental results on the spectroscopy of the scalar
mesons, and comparison with the theoretical predictions
can give valuable information about the nature of the scalar
mesons. This will help us to uncover the mysterious inter-
nal structure of these states whether they are regular quark-
antiquark states, tetraquarks, glueballs, hybrids or hadron
molecules.
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