
Electromagnetic form factors and charge radii of pseudoscalar
and scalar mesons: A comprehensive contact interaction analysis

R. J. Hernández-Pinto ,1,* L. X. Gutiérrez-Guerrero ,2,† A. Bashir ,3,4,‡ M. A. Bedolla ,5,§ and I. M. Higuera-Angulo 3,∥
1Facultad de Ciencias Físico-Matemáticas, Universidad Autónoma de Sinaloa,

Ciudad Universitaria, Culiacán, Sinaloa 80000, México
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We carry out a comprehensive survey of electromagnetic form factors of all light, heavy, and heavy-light
ground-state pseudoscalar and scalar mesons. Our analysis is based upon a Schwinger-Dyson equations
treatment of a vector × vector contact interaction. It incorporates confinement and ensures axial vector and
vector Ward-Takahashi identities are satisfied along with the corresponding corollaries such as the
Goldberger-Treiman relations. The algebraic simplicity of the model allows us to compute the form factors
at arbitrarily large virtualities of the probing photon momentum squared with relative ease. Wherever
possible and insightful, we compare our results for the electromagnetic form factors and the charge radii
with those obtained earlier through Schwinger-Dyson equations, lattice, and with experimental observa-
tions available. We also comment on the scope and shortcomings of the model.
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I. INTRODUCTION

A major challenge in strong interaction physics is the
description of hadrons from first principles, i.e., by com-
mencing from the Lagrangian dynamics of elementary
degrees of freedom of quantum chromodynamics (QCD),
namely, quarks and gluons. The arduous task is then to
describe hadron properties by sewing together the Green
functions of dressed quarks through relativistic bound state
equations. In close analogy with the hydrogen atom of
electrodynamics, the simplest bound states of QCD are the
two-particle systems (mesons) composed of a quark and an
antiquark (qq̄0). Relativistic description of such states
through the Bethe-Salpeter equation (BSE) was first

formulated in Ref. [1]. Solutions of this equation presup-
pose the knowledge of the dressed quark propagator and the
qq̄0 scattering kernel. The quark propagator is obtained by
solving the gap equation, while the qq̄0 scattering kernel is
constructed by ensuring the axial vector Ward-Takahashi
identity is satisfied.
Several experimental facilities around the globe study

electromagnetic properties of mesons for a gradually
increasing interval of momentum squared (Q2) transferred
to the target by the incident probing photon. It enhances the
possibility of observing a gradual transition from non-
perturbative QCD effects to its perturbative domain, finally
settling onto its asymptotic predictions estimated decades
ago, all that in one single experiment. Resulting elastic or
electromagnetic form factors (EFFs) of mesons thus pro-
vide us with an ideal platform to study numerous uncanny
facets of QCD, unfolding the complex structure of these
bound states at varying resolutions scales.
EFFs of pseudoscalar (PS) mesons, pion, and kaon, in

particular, have been studied extensively, for example,
within the functional approach via Schwinger-Dyson equa-
tions (SDEs) [2–4], lattice QCD [5–8], contact interaction
(CI) [9–11], other models and formalisms, asymptotic
QCD [12] and, of course, experimentally [13–15]. Note
that πþ, Kþ, K0, Dþ, and D0 have also been studied in a
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hybrid model that combines the generalized Bertlmann-
Martin inequalities with smearing corrections due to
relativistic effects [16]. Light and heavy PS mesons in
the light-front framework have been reported in [17], while
with a QCD potential model there are results for Dþ, D0,
Dþ

s , Bþ, B0, and B0
s [18].

PS mesons have additional and important relevance as
they contribute to the hadronic light-by-light piece of the
muon anomalous magnetic moment (AMM), most domi-
nantly through the single exchange of the light mesons such
as π, η, and η0. Furthermore, there are also loops with
charged pions (π�) and kaons (K�). These contributions
have been computed with desirable accuracy within the
SDE formalism [19–23]. On the other hand, scalar (S)
mesons have been less studied for technical hindrances and,
due to that fact, their composition is still debatable.
However, similarly to the PS mesons, they contribute to
the AMM of the muon, see the review article [24] and
references therein.
Additional overwhelming interest in studying mesons

arises from the fact that their BSE analysis provides an
important first step towards studying baryons in a quark-
diquark picture. It is firmly established that the nonpoint-
like diquark correlations play an important role in baryons
[25]. As a clear illustration, it has been demonstrated that
the quark-diquark picture of a nucleon produces its mass
within 5% of what the Faddeev equation of a three quark
system [26] yields. With this realization, it is useful to know
that the BSE for diquarks is exactly the same as that for
corresponding mesons up to a color and charge factor. The
chiral partners form a set of particles which transform into
each other under chiral transformation, like ðσ; πÞ and
ðρ; a1Þ. Correspondingly, there are diquark partners
(0−; 0þ) and ð1þ; 1−Þ. The Bethe-Salpeter amplitudes
(BSAs), as well as the EFFs for σ, π, ρ, and a1, yield
the corresponding description of diquarks 0−; 0þ; 1þ, and
1−. The quark-diquark picture has been successfully used
to calculate EFFs and transition form factors (TFFs) of
baryons [27–33]. For comprehensive reviews in this con-
nection, one can consult Refs. [34,35].
We have already mentioned CI in the preceding dis-

cussion. It is a symmetry preserving vector × vector
interaction based on a momentum-independent gluon
propagator. It results in four quarks interacting at a point.
It was first proposed in [9] to calculate pion EFF.
Subsequently, CI has extensively been employed to study
EFFs and TFFs of mesons in Refs. [10,36–39] and of
baryons in Refs. [28–32]. It is a well-known realization that
the EFFs obtained from the CI are harder than the ones
obtained from full QCD predictions. However, the sim-
plicity of the model allows us to perform algebraic
calculations. Moreover, the results obtained provide a
benchmark to compare and contrast with refined QCD-
based SDE results in order to understand the correct pattern
of dynamical chiral symmetry breaking (DCSB) and the

large Q2 evolution of the EFFs, which stems from asymp-
totic QCD where Q2 is much larger than any other mass
scale relevant to the problem. In this work, we compute
EFFs using this momentum-independent interaction, regu-
larized in a symmetry-preserving manner for a large
number of PS and S mesons composed of light quarks,
heavy quarks, and the heavy-light combinations. We must
emphasize that the scalars like σ have a complicated
internal structure, possibly including a large component
of pion correlations. The σ in our article refers to a quark-
antiquark state alone, parity partner of the pion and
approximately twice as heavy as σð600Þ [40].
The article is organized as follows: in Sec. II we collect

the basic ingredients required to carry out the analysis in the
CI model: the dressed quark masses obtained through the
gap equation and the general expression for the BSAs for
PS and S mesons. We discuss the generalities of the EFFs
for PS and S mesons in Sec. III, i.e., the quark-photon
vertex and the triangle diagram, which are the two building
blocks to calculate all the meson EFFs in our formalism.
Section IV is dedicated to computing EFFs of the ground
state PS mesons. It allows us to evaluate their charge radii
in the limit Q2 ≈ 0 and simultaneously understand the
asymptotic behavior of the meson EFFs at large Q2, i.e.,
Q2 → ∞. In Sec. V, we repeat our study for the S mesons.
A brief summary and perspectives for future work are
presented in Sec. VI.

II. THE INGREDIENTS

Calculation of the meson EFFs presupposes the knowl-
edge of the dynamically generated dressed valence quark
masses, BSAs of the mesons, as well as the quark-photon
interaction vertex at different probing momenta of the
incident photon. In this section, we provide a brief but
self-contained introduction to the CI, its essential ingredients
and characteristics, namely, the gluon propagator, the quark-
gluon vertex, and the set of parameters employed, which
collectively define the CI. This discussion is followed by the
solution of the gap equation to obtain dynamically generated
dressed quark masses. We then provide the general expres-
sions of the BSAs for PS and S mesons. The corresponding
BSE is set up consistently with the gap equation. The
numerical solution is presented in the respective sections
dedicated to the analysis of these mesons.

A. The gap equation

The starting point for our study is the dressed-quark
propagator for a quark of flavor f, which is obtained by
solving the gap equation,

SðpÞ−1 ¼ iγ · pþmf þ ΣðpÞ;

ΣðpÞ ¼ 4

3

Z
d4q
ð2πÞ4 g

2Dμνðp − qÞγμSðqÞΓνðq; pÞ; ð1Þ
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where mf is the Lagrangian current-quark mass, DμνðpÞ is
the gluon propagator, and Γνðq; pÞ is the quark-gluon
vertex. It is a well-established fact by now that the
Landau gauge gluon propagator saturates in the infrared
and a large effective mass scale is generated for the gluon,
see for example [41–46]. It also leads to the saturation of
the effective strong coupling at large distances. This
modern understanding of infrared QCD forms the defining
ideas of the CI proposed in [47]. We assume that the quarks
interact, not through massless vector-boson exchange but
via a CI. Thus the gluon propagator no longer runs with a
momentum scale but is frozen into a CI in keeping with the
infrared properties of QCD, see Fig. 1. Thus,

g2DμνðkÞ ¼ 4πα̂IRδμν; ð2Þ

where α̂IR ¼ αIR=m2
g. The scale mg is for dimensional

reasons and is interpreted as the infrared gluon mass scale
generated dynamically within QCD [9,48,49]. We take the
currently accepted value mg ¼ 500 MeV [41,50–52]. It is
clear that in the CI gap equation, the effective coupling,
which appears, is α̂IR instead of αIR. We choose αIR=π to be
0.36 so that α̂IR has exactly the same value as in all related
previous works [9,49,53,54]. The interaction vertex is bare,
i.e., Γνðq; pÞ ¼ γν.
This constitutes an algebraically simple but useful and

predictive rainbow-ladder truncation of the SDE of the
quark propagator, whose solution can readily be written as
follows:

Sðq;MfÞ≡ −iγ · qσVðq;MfÞ þ σSðq;MfÞ; ð3Þ

with

σVðq;MfÞ¼
1

q2þM2
f

; σSðq;MfÞ¼MfσVðq;MfÞ; ð4Þ

where Mf, for the CI, is momentum-independent dynami-
cally generated dressed quark mass determined by

Mf ¼ mf þMf
4α̂IR
3π

Z
∞

0

dss
1

sþM2
f

: ð5Þ

Our regularization procedure follows Ref. [55],

1

sþM2
f

¼
Z

∞

0

dτe−τðsþM2
fÞ →

Z
τ2IR

τ2UV

dτe−τðsþM2
fÞ

¼ e−ðsþM2
fÞτ2UV − e−ðsþM2

fÞτ2IR

sþM2
f

; ð6Þ

where τIR;UV are, respectively, infrared and ultraviolet
regulators. It is apparent from Eq. (6) that a finite value
of τIR ≡ 1=ΛIR implements confinement by ensuring the
absence of quark production thresholds. Since Eq. (5) does
not define a renormalizable theory,ΛUV ≡ 1=τUV cannot be
removed but instead plays a dynamical role, setting the
scale of all mass dimensioned quantities. Using Eq. (6), the
gap equation becomes

Mf ¼ mf þMf
4α̂IR
3π

CðM2
fÞ; ð7Þ

where

CðM2Þ
M2

¼ Γð−1;M2τ2UVÞ − Γð−1;M2τ2IRÞ; ð8Þ

and Γðα; xÞ is the incomplete gamma function.
We report results for PS mesons using the parameter

values listed in Tables I and II, whose variation with quark
mass was dubbed as “heavy parameters” in Ref. [49]. In
this approach, the coupling constant and the ultraviolet
regulator vary as a function of the quark mass. This
behavior was first suggested in Ref. [56] and later adopted
in several subsequent works [39,49,54,57,58]. Table II
presents the current quark masses mf used herein and the

FIG. 1. Diagrammatic representation of the CI, employing the
simplified model of the gluon propagator in Eq. (2).

TABLE I. Ultraviolet regulator and coupling constant for
different combinations of quarks in PS mesons. Note that
α̂IR ¼ α̂IRL=ZH , where α̂IRL ¼ 4.57 is extracted from the best-
fit to data as explained in Ref. [39]. Also note that ΛIR ¼
0.24 GeV is a fixed parameter.

Quarks ZH ΛUV [GeV] α̂IR

u, d, s 1 0.905 4.57
c, u, s 3.034 1.322 1.50
c 13.122 2.305 0.35
b, u 11.273 3.222 0.41
b, s 17.537 3.574 0.26
b, c 30.537 3.886 0.15
b 129.513 7.159 0.035

TABLE II. Current (mf) and dressed masses (Mf) for quarks in
GeV, required as an input for the BSE and the EFFs.

mu ¼ 0.007 ms ¼ 0.17 mc ¼ 1.08 mb ¼ 3.92
Mu ¼ 0.367 Ms ¼ 0.53 Mc ¼ 1.52 Mb ¼ 4.75
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dynamically generated dressed massesMf of u, s, c, and b
computed from the gap equation, Eq. (7).
A meson can consist of heavy (Q) or light (q) quarks. We

present the study of all heavy (QQ̄), heavy-light (Qq̄), and
(review) light (qq̄) mesons. We commence by setting up the
BSE for mesons by employing a kernel which is consistent
with that of the gap equation to obey axial vector
Ward-Takahashi identity and low energy Goldberger-
Treiman relations, see Ref. [9] for details. The PS mesons
are JPC ¼ 0−þ states, while the S mesons are JPC ¼ 0þþ
states. The solution of the BSE yields BSAs whose general
form depends not only on the spin and parity of the meson
under consideration but also on the interaction employed as
explained in the next subsection.

B. Bethe-Salpeter equation

The relativistic bound-state problem for hadrons char-
acterized by two valence quarks may be studied using the
homogeneous BSE, whose diagrammatic representation
can be seen in Fig. 2. This equation is mathematically
expressed as [1]

½Γðk;PÞ�tu ¼
Z

d4q
ð2πÞ4 ½χðq;PÞ�srK

rs
tuðq; k;PÞ; ð9Þ

where ½Γðk;PÞ�tu represents the bound-state’s BSA, and
χðq;PÞ ¼ Sðqþ PÞΓSðqÞ is the BS wave function; r, s, t,
u represent color, flavor, and spinor indices; and K is the
relevant quark-antiquark scattering kernel. This equation
possesses solutions on that discrete set of P2 values for
which bound states exist.
A general decomposition of the BSA for the PS and the S

mesons (f1f2) in the CI has the following form:

ΓPSðPÞ ¼ iγ5EPSðPÞ þ
1

2MR
γ5γ · PFPSðPÞ;

ΓSðPÞ ¼ IDESðPÞ: ð10Þ
Note that EiðPÞ and FiðPÞ with i ∈ fPS; Sg are known as
the BSAs of the meson under consideration, P is its total
momentum, ID is the identity matrix, and MR ¼
Mf1Mf2

=½Mf1 þMf2
� is the reduced mass of the system.

Equation (9) has a solution when P2 ¼ −M2
M with MM

being the meson mass. After this initial and required set up
of the gap equation and the BSE, we now turn our attention
to the description of the EFFs of mesons.

III. ELECTROMAGNETIC FORM FACTORS

The EFFs provide crucial information on the internal
structure of mesons. At low momenta, EFFs allow us to
unravel the complexities of nonperturbative QCD, i.e.,
confinement, DCSB, and the fully dressed quarks. At high
energies, we expect to confirm the validity of asymptotic
QCD for its realistic models, while at intermediate energies,
we observe a smooth transition from one facet of strong
interactions to the other, all in one single experiment if we
are able to chart out a wide range of momentum transfer
squared Q2 without breaking up the mesons under study.
While there are plenty of studies on the pion EFFs, only a
few are found about heavy quarkonia and practically none
on heavy-light mesons. The process involves an incident
photon, which probes mesons, interacting with the electri-
cally charged quarks making up these two-particle bound
states. Therefore, it is natural to start this section by looking
at the structure of the quark-photon vertex within the CI.

A. The quark-photon vertex

The quark-photon vertex, denoted by Γγ
μðkþ; k−;Mf1Þ, is

related to the quark propagator through the following
vector Ward-Takahashi identity:

iPμΓ
γ
μðkþ; k−;Mf1Þ ¼ S−1ðkþ;Mf1Þ − S−1ðk−;Mf1Þ: ð11Þ

This identity is crucial for a sensible study of a bound-
state’s EFF. It is determined through the following inho-
mogeneous BSE:

Γγ
μðQ;Mf1Þ ¼ γμ −

16πα̂IR
3

Z
d4q
ð2πÞ4 γαχμðqþ; q;Mf1Þγα;

ð12Þ

where χμðqþ; q; Mf1Þ ¼ Sðq þ P; Mf1ÞΓμðQÞSðq; Mf1Þ.
Owing to the momentum-independent nature of the inter-
action kernel, the general form of the solution is

Γγ
μðQ;Mf1Þ ¼ γLμ ðQÞPLðQ2;Mf1Þ þ γTμ ðQÞPTðQ2;Mf1Þ;

ð13Þ

where γLμ þ γTμ ¼ γμ, and

γTμ ðQÞ ¼ γμ −
γ ·Q
Q2

Qμ: ð14Þ

Inserting this general form into Eq. (12), one readily
obtains (on simplifying notation)

FIG. 2. Diagrammatic representation of the BSE. Blue (solid)
circles represent dressed quark propagators S, the red (solid)
circle is the meson BSA Γ, while the blue (solid) rectangle is the
dressed-quark-antiquark scattering kernel K.
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PL ¼ 1; PT ¼ 1

1þ KγðQ2;Mf1Þ
; ð15Þ

with

KγðQ2;Mf1Þ ¼
4α̂IR
3π

Z
1

0

dααð1 − αÞQ2C̄1ðωÞ; ð16Þ

where

C̄1ðzÞ ¼ −
d
dz

CðzÞ ¼ Γð0; zτ2UVÞ − Γð0; zτ2IRÞ; ð17Þ

and

ω ¼ ωðM2
f1
; α; Q2Þ ¼ M2

f1
þ αð1 − αÞQ2: ð18Þ

One can clearly observe from Fig. 3 that PTðQ2Þ → 1when
Q2 → ∞, yielding the perturbative bare vertex γμ as
expected. This quark-photon vertex provides us with the
required electromagnetic interaction capable of probing the
EFFs of mesons through a triangle diagram, which keeps
the identity of the meson bound state intact.

B. The triangle diagram

Let us start from the general considerations for the
electromagnetic interactions of mesons. In the impulse
approximation, the MγM vertex, which describes the
interaction between a meson (f1f2) and a photon, reads

ΛM;f1 ¼ Nc

Z
d4l
ð2πÞ4 TrG

M;f1 ; ð19Þ

where

GM;f1 ¼ iΓMð−kiÞSðlþ ki;Mf1ÞiΓλðQ;Mf1Þ
× Sðlþ kf;Mf1ÞiΓ̄MðkfÞSðl;Mf2

Þ:

The notation assumes that it is the quark f1 which interacts
with the photon, while the antiquark f2 remains a spectator.

We define ΛM;f2 similarly. Furthermore, we denote the

incoming photon momentum by Q, while the incoming
and outgoing momenta of M by ki ¼ k −Q=2 and
kf ¼ kþQ=2, respectively. The assignments of momenta
are shown in the triangle diagram of Fig. 4.
Note that ΛM;f corresponds to the EFFs of different

mesons under study. The contribution from the interaction
of the photon with quark f1 can be represented as
FM;f1ðQ2Þ (stemming from ΛM;f1), while the contribution
arising from its interaction with quark f2 can be repre-

sented as FM;f2ðQ2Þ (coming from ΛM;f2). The total form
factor FMðQ2Þ is defined as follows [59]:

FMðQ2Þ ¼ ef1F
M;f1ðQ2Þ þ ef2F

M;f2ðQ2Þ; ð20Þ

where ef1 and ef2 are the quark and the antiquark electric

charges, respectively.1 Both for PS and S mesons, FM;f1 is
straightforwardly related to ΛM;f1 ,

ΛS;f1 ¼ −2kλFS;f1 ; ΛPS;f1 ¼ −2kλFPS;f1 : ð21Þ

All information necessary for the calculation of the EFFs
is now complete. We can employ numerical values of the
parameters listed in Tables I and II and proceed to compute
the masses of PS mesons, presented in Table III, and
subsequently the EFFs. Our evaluated analytical expres-
sions and numerical results for PS and S mesons occupy the
details of the next two sections. Keeping in mind that the
pairs of (PS and S) mesons can be considered as parity
partners, we embark upon their treatment in the following
sections in that order.

IV. PSEUDOSCALAR MESONS

We start with a detailed discussion and results on the
ground state PS mesons. These are negative parity zero
angular momentum 0−þ states and occupy a special role in
hadron physics. Simultaneously, these are the simplest

0 2 4 6 8 10

Q
2
(GeV

2
)

0

0.5

1

1.5

2

P T
(Q

2 )

FIG. 3. Dressing function of the transverse quark-photon
vertex, PTðQ2Þ, in Eq. (15).

FIG. 4. The triangle diagram for the impulse approximation to
the MγM vertex.

1For neutral mesons composed of same flavored quarks, the
total EFF is simply FM ¼ FM;f1.
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bound states of a quark and antiquark and also emerge as
Goldstone bosons associated with DCSB. Pions are the
lightest hadrons and are produced copiously in collider
machines at all energies. The pion cloud effect substantially
contributes to several static and dynamical hadron proper-
ties. Therefore, understanding their internal structure has
been of great interest both for experimenters and theoret-
icians. The study of PS mesons is crucial in understanding
the capabilities and limitations of the CI model employed in
this work to reproduce and predict phenomenological

results. Being the Goldstone bosons associated with
DCSB, their analysis requires care in treating the associated
subtleties. From Eqs. (10), we can see that the BSA of PS
mesons is the only one to be composed of two terms,
necessary to ensure the axial vector Ward-Takahashi
identity and the Goldberger-Treiman relations are exactly
satisfied. In this article, we extend and expand the work
presented in [9,39,57] and compute the EFFs of a larger
number of PS mesons composed of qq; qQ, and QQ
quarks. With straightforward algebraic manipulations,

FPS;f1 ¼ PTðQ2Þ
�
E2
PST

PS
EEðQ2Þ þ EPSFPSTPS

EFðQ2Þ þ F2
PST

PS
FFðQ2Þ

�
; ð22Þ

where

TPS
EEðQ2Þ ¼ 3

4π2

�Z
1

0

dαC̄1ðω1Þ þ 2

Z
1

0

dαdβαAPS
EEC̄2ðω2Þ

�
;

TPS
EFðQ2Þ ¼ −

3

2π2
1

MR

Z
1

0

dαdβα

�
Að1Þ

EFC̄1ðω2Þ þ ðAð2Þ
EF − ω2A

ð1Þ
EFÞC̄2ðω2Þ

�
;

TPS
FFðQ2Þ ¼ 3

4π2
1

M2
R

Z
1

0

dαdβα

�
Að1Þ

FFC̄1ðω2Þ þ ðAð2Þ
FF − ω2A

ð1Þ
FFÞC̄2ðω2Þ

�
;

and

ω1 ¼ ω1ðMf1 ; α; Q
2Þ ¼ M2

f1
þ αQ2ð1 − αÞ;

ω2 ¼ ω2ðMf1 ;Mf̄2 ; α; β;MMÞ ¼ αM2
f1
þ ð1 − αÞM2

f̄2
− αð1 − αÞM2

M þ α2βð1 − βÞQ2;

C̄2ðzÞ ¼ ðexpð−zτuvÞ − expð−zτirÞÞ=ð2zÞ: ð23Þ

The coefficients Ai are given by the following expressions:

APS
EE ¼ αðM2

f1
þM2

MÞ þ 2ð1 − αÞMf1Mf2
þ ðα − 2ÞM2

f2
;

Að1Þ
EF ¼ Mf1 þMf2

;

Að2Þ
EF ¼ 2M2

f1
Mf2

− αMf1ð4ðα − 1ÞM2
M þ αQ2Þ þMf2

ð2ðα − 1Þ2M2
M þ αQ2ð2αðβ − 1Þβ þ α − 1ÞÞ;

Að1Þ
FF ¼ ð3α − 2ÞM2

M þ αQ2;

Að2Þ
FF ¼ 2αððα − 1Þ2M4

M þ αM2
MQ

2ð3αβ2 − 3αβ þ α − 2β2 þ 2β − 1ÞÞ
þ 2αM2

MM
2
f1
− 2Mf1Mf2

ð2ðα − 1ÞM2
M þ αQ2Þ:

The resulting EFFs for charged, as well as neutral, mesons
are shown in Fig. 5. For the practical utility and intuitive
understanding of their low and large Q2 behavior, we
perform an interpolation for PS mesons EFF in the range
Q2 ∈ ½0; 8M2

M�. We adopt the following functional form:

FPSðQ2Þ ¼ eM þ aPSQ2 þ bPSQ4

1þ cPSQ2 þ dPSQ4
; ð24Þ

where eM ≔ FPSðQ2 ¼ 0Þ is the electric charge of the
meson, and aPS; bPS; cPS; dPS are the fitted coefficients.
The best fit corresponds to the values listed in Table IV. The
fit of Eq. (24) resonates with our observation that the EFFs
of PS mesons tend to constant values for large Q2 when it
becomes by far the largest energy scale in the problem. It is
a straightforward consequence of CI treatment, and it is
characteristic of a pointlike interaction, which leads to
harder EFF. However, the heavy, as well as heavy-light,
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mesons approach a constant value much slower than the
light ones. This comparative large Q2 behavior of EFFs
owes itself to the fact that Q2 becomes larger than all other
energy scales at much higher values.
The behavior of the form factors at the other extreme,

Q2 ≃ 0, allows us to extract charge radii,

r2M ¼ −6
dFMðQ2Þ

dQ2

����
Q2¼0

: ð25Þ

For cū and sb̄ states, which are normalized to
FMð0Þ ¼ 0, we define r2M with a positive sign in the above
equation. The charge radii set the trend for the subsequent
evolution of the form factors as a function ofQ2, especially
for its small and intermediate values. Figure 6 depicts
charge radii for all the PS mesons studied, allowing for a
5% variation around the central value. With this permitted
spread in the charge radii, one can obtain a band for the Q2

evolution of the EFFs. To avoid overcrowding, we have
avoided depicting such a band for each EFF. However,
Fig. 7 shows a representative plot for the pion permitting a
5% variation in its charge radius in conjunction with the
available experimental results.
Finally, we list the central values of all ground state PS

mesons charge radii in Table V, along with a direct
comparison with available experimental observations, lat-
tice results, and the SDE findings. Moreover, we also report
the transition charge radii of light PS mesons and flavorless
neutral heavy PS mesons to two photons invoking the
following analytical parameter fit [61]:

rtM ¼ r0
1þ ðMM=mtÞ lnð1þMM=mtÞ

; ð26Þ

where r0 ¼ 0.67 fm and mt ¼ 1.01 GeV. It also yields
reasonable results for the π point (mass ¼ 0.139 GeV) and
the K point (mass ¼ 0.493 GeV) as they are made of light
quarks. But we cannot expect it to serve exactly as it is for
mesons with vastly off-balanced quark masses. However, if

FIG. 5. EFFs of PS mesons in a CI model. Left panel: electrically charged mesons composed of quarks of different flavors. Central
panel: quarkonia including a hypothetical ground state “strangeonium” (ss̄). Right panel: electrically neutral mesons composed of
quarks of different flavors.

TABLE III. Calculated values for the BSAs and masses for PS
mesons in the CI model using the parameters in Tables I and II
(compare the parameters with the ones in Ref. [49]).

Mass [GeV] EPS FPS mexp
PS [GeV] Error [%]

ud̄ 0.139 3.59 0.47 0.139 0.008
us̄ 0.499 3.81 0.59 0.493 1.162
ss̄ 0.701 4.04 0.75 � � � � � �
cū 1.855 3.03 0.37 1.864 0.494
cs̄ 1.945 3.24 0.51 1.986 1.183
ub̄ 5.082 3.72 0.21 5.279 3.735
sb̄ 5.281 2.85 0.21 5.366 1.586
cb̄ 6.138 2.58 0.39 6.274 2.166
cc̄ 2.952 2.15 0.40 2.983 1.053
bb̄ 9.280 2.04 0.39 9.398 1.262

TABLE IV. Parameters from the fit of Eq. (24) for PS mesons.

aPS bPS cPS dPS

ud̄ 0.330 0.029 1.190 0.068
us̄ 0.335 0.029 1.092 0.065
ss̄ 0.328 0.040 0.874 0.092
cū 0.616 −0.001 1.370 0.109
cs̄ 0.615 0.028 0.897 0.111
ub̄ 1.143 0.033 1.921 0.146
sb̄ 0.218 0.000 0.840 0.009
cb̄ 0.333 0.003 0.493 0.021
cc̄ 1.778 0.057 1.994 0.334
bb̄ 0.099 0.000 0.127 0.002
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CI results were to follow this formula, then we would only
need to assign r0 ¼ 0.458 fm. The last row of Table V lists
the resulting values, which we denote as rtMðCIÞ. Let us
now summarize our findings and make explicit compar-
isons with related works:

(i) As desired, pion EFF and its charge radius agree
with the first results employing the CI [9]. As an
add-on, in this article we allow for a 5% variation of
the pion charge radius to see its effect on the
evolution of the EFF as a function of Q2, Fig. 7.
A small variation of the initial slope of the curve
Q2 ≃ 0 opens a noticeable spread for large Q2 but
keeps the qualitative and quantitative behavior fully
intact.

(ii) In Fig. 8, we draw kaon EFF over the range of Q2

values, where (relatively poor) experimental obser-
vations are available. Although large error bars

prevent us from commenting decisively on the
validity of the CI, we expect it will yield harder
results as compared to precise experimental mea-
surements whenever these results will become avail-
able. Our reported value of its charge radius is an
indication of this behavior.

(iii) As depicted in Table V, pion and kaon charge radii
[4,7,8,23,62,63] are known experimentally and
through lattice and SDE studies. As CI EFFs come
out to be harder than “full” QCD predictions, we
expect our PS mesons charge radii to undershoot the
exact results. This is precisely what we observe for
the pion and the kaon. The percentage relative
difference between the experimental value and our
calculation for the pion charge radius is approxi-
mately 32%, while for the kaon charge radius is
slightly less, 25%. A similar difference between the
SDE and the CI results for heavy quarkonia is

FIG. 6. Charge radii of ground state PS mesons in the CI.

FIG. 7. EFF for π-meson. The central curve is obtained using
the τUV value from Table I. The filled band allows for a 5%
variation in the charge radius. Dots represent the experimental
data from Refs. [14,15,60].

TABLE V. The charge radii of PS meson systems, calculated with the CI model, refined SDE studies, lattice QCD, and extraction from
data, in a hybrid model (HM), light-front framework (LFF), and a QCD potential model (PM). In the two rows after the experimental
results, we also provide the best fit results for the transition charge radii of PS mesons to γγ�, Eq. (26), and the same fit adapted to the CI.
All results are presented in fm.

ud̄ us̄ ss̄ cū cs̄ ub̄ sb̄ cb̄ cc̄ bb̄

Our Result 0.45 0.42 0.36 0.36 0.26 0.34 0.24 0.17 0.20 0.07
SDE [4,23] 0.676� 0.002 0.593� 0.002 � � � � � � � � � � � � � � � � � � 0.24 0.09
Lattice [7,8,62] 0.648� 0.141 0.566 (extracted) � � � � � � � � � � � � � � � � � � 0.25 � � �
Exp. [63] 0.659� 0.004 0.560� 0.031 � � � � � � � � � � � � � � � � � � � � � � � �
rtM [61] 0.658 0.568 � � � � � � � � � � � � � � � � � � 0.13 0.03
rtMðCIÞ 0.45 0.38 0.33 � � � � � � � � � � � � � � � 0.09 0.02
HM [16] 0.66 0.65 � � � 0.47 0.50 � � � � � � � � � � � � � � �
LFF [17] 0.66 0.58 � � � 0.55 0.35 0.61 0.34 0.20 � � � � � �
PM [18] � � � � � � � � � 0.67 0.46 0.73 0.46 � � � � � � � � �
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observed: For ηc, it is 20% (Fig. 9), while for ηb it is
22%, not too dissimilar. This comparatively analo-
gous behavior augments our expectation that we will
be in the same ballpark for the PS mesons, whose
charge radii are neither known experimentally as yet
nor lattice offers any results.

(iv) There are no experimental or lattice (to the best of
our knowledge) results available for cū, cs̄, ub̄, sb̄,
and cb̄ mesons for comparison. However, the gen-
eral trend of decreasing charge radii with increasing
constituent quark mass seems reassuring, e.g., the
following hierarchies are noticeable:

rud̄ > rus̄ > rcū > rub̄;

rus̄ > rss̄ > rcs̄ > rsb̄;

rcū > rcs̄ > rcc̄ > rcb̄;

ruū > rss̄ > rcc̄ > rbb̄:

We must emphasize that the CI is only a simple
model. Refined QCD calculations are required to
confirm or refute these findings.

This concludes our detailed analysis of all the ground state
PS heavy (QQ̄), heavy-light (Qq̄), as well as light (qq̄)
mesons. We now turn our attention to a similar analysis of
the scalar mesons.

V. SCALAR MESONS

Recall that a S meson is a 0þþ state. It can be considered
as the chiral partner of the PS meson, Fig. 10. We work
under the assumption that all states are purely quark-
antiquark states. Then, for example, the states π and σ

get transformed into each other through the following chiral
transformation:

q → e−iγ5
τ
2
·θq: ð27Þ

The explicit expression for the EFFs for S mesons with
mass MM constituted from a quark f1 and an antiquark f2
is given by Eq. (20) with

FS;f1 ¼ PTðQ2ÞE2
ST

S
EEðQ2Þ; ð28Þ

where

TS
EEðQ2Þ ¼ −

3

4π2

�Z
1

0

dαC̄1ðω1Þ

þ 2

Z
1

0

dαdβαAS
EEC̄2ðω2Þ

�
; ð29Þ

with

FIG. 8. EFF for K-meson. The central curve of the (blue) band
is obtained by using the ΛUV value from Table I. The filled (blue)
band allows for a 5% variation in the charge radius. The
experimental data is from Ref. [60].

FIG. 9. EFF for ηc-meson. The lower (green) solid curve is the
lattice result, Ref. [64]. The central curve of the (blue) band is
obtained using the ΛUV value from Table I. The filled (blue) band
allows for a 5% variation in the charge radius.

FIG. 10. The S meson, e.g., σ is viewed as the parity partner of
the pion π. Note that the scalars in this article only refer to their
quark-antiquark content.
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AS
EE ¼ αMf1 − 2ð1 − αÞMf1Mf2

þ ðα − 2ÞM2

f2
þ αM2

M: ð30Þ

Note the close resemblance between TS
EE and TPS

EE. As
expected, there are only sign differences between the two
due to the presence, or absence, of the γ5 matrix. In Table VI,
we present the parameters used for S mesons in order to
compute the masses, amplitudes, and charge radii. We enlist
the masses and BSAs of S mesons in Table VII, while the
EFFs are depicted in Fig. 11. On the right and central panels
we present the results for neutral mesons, while the left panel
displays the EFFs of chargedmesons.We emphasize that for
electrically neutral, but flavored S mesons, we normalize the
EFFs to zero at Q2 ¼ 0, while for flavorless mesons, the
normalization is FSð0Þ ¼ 1 to be consistent with the defi-
nition employed in Eq. (20). We again perform a fit in the
rangeQ2 ∈ ½0; 8M2

M�, whereMM is themass of the Smeson.
All the curves are faithfully reproduced by the following
choice:

FSðQ2Þ ¼ eM þ aSQ2 þ bSQ4

1þ cSQ2 þ dSQ4
; ð31Þ

where eM ≔ FSðQ2 ¼ 0Þ is the electric charge of themeson,
and aS, bS, cS, dS are the parameters of the fit. These values
for S mesons are listed in Table VIII. Based on these
numbers, we can immediately infer the large Q2 behavior
of these EFFs. The coefficient bS ≈ 0 for all S mesons under
consideration. Therefore, the EFFs for Smesons fall as 1=Q2

for large Q2.
We present the numerical values of the charge radii for S

mesons in Table IX. We must reiterate that for the S mesons
there are no reported measurements of their charge radii.
Theoretical results are also scarce for any direct and
meaningful comparison. It is worth mentioning again that
the internal structure of scalar mesons is not well estab-
lished. Our results are based on considering them as
effective quark-antiquark states.

FIG. 11. EFFs for S mesons in the CI model. Left panel: electrically charged mesons composed of quarks of different flavors. Central
panel: quarkonia including a hypothetical ground state strangeonium (ss̄). Right panel: electrically neutral mesons composed of quarks
of different flavors. EFFs of electrically neutral but flavored mesons have been normalized to FSð0Þ ¼ 0.

TABLE VI. Ultraviolet regulator and the coupling constant for
different combinations of quarks in S mesons. As before,
α̂IR ¼ α̂IRL=ZH , where α̂IRL ¼ 4.57 is extracted from a best-fit
to data as explained in Ref. [39]. ΛIR ¼ 0.24 GeV.

Quarks ZH ΛUV [GeV] α̂IR

u, d, s 1 0.905 4.57
c, u 3.034 1.322 1.50
c, s 3.034 2.222 1.50
c 13.122 2.305 0.35
b, u 18.473 10.670 0.25
b, s 29.537 11.064 0.15
b, c 34.216 14.328 0.13
b 127.013 26.873 0.036

TABLE VII. Computed values of the S mesons masses and
BSAs in the CI model, see [49] for comparison, using the
parameters listed in Tables II and VI.

Mass [GeV] ES mexp
S [GeV] Error [%]

ud̄ 1.22 0.66 � � � � � �
us̄ 1.38 0.65 � � � � � �
ss̄ 1.46 0.64 � � � � � �
cū 2.31 0.39 2.30 0.19
cs̄ 2.42 0.42 2.32 3.54
ub̄ 5.30 1.53 � � � � � �
sb̄ 5.64 0.26 � � � � � �
cb̄ 6.36 1.23 6.71 5.26
cc̄ 3.33 0.16 3.42 2.73
bb̄ 9.57 0.69 9.86 2.95
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We would like to remind the reader that we again allow
for a 5% variation in the charge radii of S mesons.
However, in Fig. 11, we present the EFFs only for their
central values for visual clarity, refraining from showing the
corresponding band to avoid possible overlapping.
However, in Fig. 12, we depict a representative plot with
a 5% variation in the charge radius for the lightest scalar
meson, σ, alone. Other mesons have similar bands. Finally,

in Fig. 13, we plot the charge radii, extracted from the
EFFs, as a function of the S meson mass. In general, the
charge radii decrease when the S meson masses increase
just as we observed for the PS mesons.

VI. CONCLUSIONS

In this work we present an exhaustive computation of
EFFs employing the CI model for twenty ground state PS
and S mesons. Note that the CI findings for light mesons
and heavy quarkonia are already found in the literature as
mentioned before [9,39,56,57]. We include these results for
the sake of completeness and as a guide to pin down the
best parameters in order to explore heavy-light systems. We
thus report first results on the latter mesons within this
model/formalism. We expect these new EFFs to be harder
than the exact QCD predictions, especially for the PS
mesons, due to the necessary inclusion of the F-amplitude.
We also anticipate the charge radii to be in the ballpark of a
20–25% error in light of the results, where comparison with
realistic studies and/or experiments has been possible.
Furthermore, we analyze the sensitivity of the evolution

of the EFFs by a change in appropriate parameters to allow
for a 5% variation in the charge radii of the corresponding
mesons. The evolution band has been shown explicitly for
π, K, σ, and ηc alone to avoid overcrowding in other
collective plots. However, it is worth mentioning that the
corresponding bands in other EFFs are almost identical.
Interpolations have also been provided in Eqs. (24) and (31)
and Tables IV and VIII, which allow for a convenient
algebraic analysis of the behavior of the EFFs in the
momentum range that we mentioned above and for any
application the reader may deem useful. We plan to
recalculate these EFFs for vector and axial vector mesons
followed by the same computation within a more realistic

FIG. 12. EFF for σ-meson. The central curve is obtained using
the ΛUV value from Table VI, while the band represents a 5%
variation in the charge radius.

FIG. 13. Charge radii of S mesons.

TABLE VIII. Parameters for the fit in Eq. (31) for S mesons.

aS bS cS dS

ud̄ 0.286 0.003 1.543 0.617
us̄ 0.266 0.002 1.486 0.629
ss̄ 0.217 0.001 1.271 0.542
cū 0.759 −0.005 0.680 0.641
cs̄ 0.004 0.001 0.783 0.047
ub̄ 0.984 0.001 1.619 0.087
sb̄ 0.210 0.001 0.175 0.115
cb̄ 0.289 0.001 0.743 0.026
cc̄ 0.217 0.001 0.860 0.673
bb̄ 0.269 0.000 1.607 0.020

TABLE IX. The charge radii for S mesons. All quantities are
reported in fm.

ud̄ us̄ ss̄ cū cs̄ ub̄ sb̄ cb̄ cc̄ bb̄

Our result 0.55 0.54 0.50 0.47 0.44 0.42 0.41 0.40 0.43 0.39
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algebraic model and in the long run for truncations more
akin to full nonperturbative QCD. It is also straightforward
to generalize our analysis to study diquarks EFFs, which
are crucial in the subsequent computation of baryons EFFs,
such as the ones reported recently in [32]. All this is for
future work.

ACKNOWLEDGMENTS

L. X. G.-G. wishes to thank Cátedras CONACyT pro-
gram of Mexico for support. The work of R. J. H.-P. is
supported by CONACyT (Mexico) Project No. 320856
(Paradigmas y Controversias de la Ciencia 2022), Ciencia

de Frontera 2021–2042, and Sistema Nacional de
Investigadores, as well as by Programa de Fomento y
Apoyo a Proyectos de Investigación (PROFAPI) 2022
Grant No. PRO_A1_024 (Universidad Autónoma de
Sinaloa). A. B. acknowledges Coordinación de la
Investigación Científica of the Universidad Michoacana
de San Nicolás de Hidalgo Grant No. 4.10., the US
Department of Energy (DOE) under the Contract
No. DE-AC05-6OR23177 and the Fulbright-García
Robles Scholarship. We thank Jozef Dudek and
Christine Davis for helpful communication on lattice
results on EFFs and charge radii.

[1] E. E. Salpeter and H. A. Bethe, Phys. Rev. 84, 1232 (1951).
[2] P. Maris and P. C. Tandy, Phys. Rev. C 62, 055204 (2000).
[3] L. Chang, I. C. Cloët, C. D. Roberts, S. M. Schmidt, and

P. C. Tandy, Phys. Rev. Lett. 111, 141802 (2013).
[4] M. S. Bhagwat and P. Maris, Phys. Rev. C 77, 025203

(2008).
[5] C. J. Shultz, J. J. Dudek, and R. G. Edwards, Phys. Rev. D

91, 114501 (2015).
[6] C. Alexandrou, S. Bacchio, I. Cloet, M. Constantinou, J.

Delmar, K. Hadjiyiannakou, G. Koutsou, C. Lauer, and A.
Vaquero (ETM Collaboration), Phys. Rev. D 105, 054502
(2022).

[7] X. Gao, N. Karthik, S. Mukherjee, P. Petreczky, S. Syritsyn,
and Y. Zhao, Phys. Rev. D 104, 114515 (2021).

[8] C. T. H. Davies, J. Koponen, P. G. Lepage, A. T. Lytle, and
A. C. Zimermmane-Santos (HPQCD Collaboration), Proc.
Sci. LATTICE2018 (2018) 298.

[9] L. X. Gutierrez-Guerrero, A. Bashir, I. C. Cloet, and C. D.
Roberts, Phys. Rev. C 81, 065202 (2010).

[10] X. Wang, Z. Xing, J. Kang, K. Raya, and L. Chang, Phys.
Rev. D 106, 054016 (2022).

[11] Z. Xing and L. Chang, Phys. Rev. D 107, 014019 (2023).
[12] G. P. Lepage and S. J. Brodsky, Phys. Lett. 87B, 359 (1979).
[13] S. R. Amendolia et al. (NA7 Collaboration), Nucl. Phys.

B277, 168 (1986).
[14] T. Horn et al. (Jefferson Lab F(pi)-2 Collaboration), Phys.

Rev. Lett. 97, 192001 (2006).
[15] J. Volmer et al. (Jefferson Lab F(pi) Collaboration), Phys.

Rev. Lett. 86, 1713 (2001).
[16] R. J. Lombard and J. Mares, Phys. Lett. B 472, 150 (2000).
[17] C.-W. Hwang, Eur. Phys. J. C 23, 585 (2002).
[18] T. Das, D. K. Choudhury, and N. S. Bordoloi, arXiv:

1608.06896.
[19] T. Goecke, C. S. Fischer, and R. Williams, Phys. Rev. D 83,

094006 (2011); 86, 099901(E) (2012).
[20] G. Eichmann, C. S. Fischer, E. Weil, and R. Williams, Phys.

Lett. B 797, 134855 (2019); 799, 135029(E) (2019).
[21] K. Raya, A. Bashir, and P. Roig, Phys. Rev. D 101, 074021

(2020).

[22] G. Eichmann, C. S. Fischer, and R. Williams, Phys. Rev. D
101, 054015 (2020).

[23] A. Miramontes, A. Bashir, K. Raya, and P. Roig, Phys. Rev.
D 105, 074013 (2022).

[24] T. Aoyama et al., Phys. Rep. 887, 1 (2020).
[25] M. Y. Barabanov et al., Prog. Part. Nucl. Phys. 116, 103835

(2021).
[26] G. Eichmann, Phys. Rev. D 84, 014014 (2011).
[27] I. C. Cloet, G. Eichmann, B. El-Bennich, T. Klahn, and

C. D. Roberts, Few-Body Syst. 46, 1 (2009).
[28] D. J. Wilson, I. C. Cloet, L. Chang, and C. D. Roberts, Phys.

Rev. C 85, 025205 (2012).
[29] J. Segovia, C. Chen, I. C. Cloët, C. D. Roberts, S. M.

Schmidt, and S. Wan, Few-Body Syst. 55, 1 (2014).
[30] J. Segovia, I. C. Cloet, C. D. Roberts, and S. M. Schmidt,

Few-Body Syst. 55, 1185 (2014).
[31] K. Raya, L. X. Gutiérrez, and A. Bashir, Few-Body Syst. 59,

89 (2018).
[32] K. Raya, L. X. Gutiérrez-Guerrero, A. Bashir, L. Chang,

Z. F. Cui, Y. Lu, C. D. Roberts, and J. Segovia, Eur. Phys. J.
A 57, 266 (2021).

[33] J. Segovia, B. El-Bennich, E. Rojas, I. C. Cloet, C. D.
Roberts, S.-S. Xu, and H.-S. Zong, Phys. Rev. Lett. 115,
171801 (2015).

[34] I. G. Aznauryan et al., Int. J. Mod. Phys. E 22, 1330015
(2013).

[35] A. Bashir, L. Chang, I. C. Cloet, B. El-Bennich, Y.-X. Liu,
C. D. Roberts, and P. C. Tandy, Commun. Theor. Phys. 58,
79 (2012).

[36] H. L. L. Roberts, C. D. Roberts, A. Bashir, L. X. Gutierrez-
Guerrero, and P. C. Tandy, Phys. Rev. C 82, 065202 (2010).

[37] H. L. L. Roberts, A. Bashir, L. X. Gutierrez-Guerrero, C. D.
Roberts, and D. J. Wilson, Phys. Rev. C 83, 065206 (2011).

[38] C. Chen, L. Chang, C. D. Roberts, S. M. Schmidt, S. Wan,
and D. J. Wilson, Phys. Rev. C 87, 045207 (2013).

[39] K. Raya, M. A. Bedolla, J. J. Cobos-Martínez, and A.
Bashir, Few-Body Syst. 59, 133 (2018).

[40] J. R. Pelaez and G. Rios, Phys. Rev. Lett. 97, 242002
(2006).

R. J. HERNÁNDEZ-PINTO et al. PHYS. REV. D 107, 054002 (2023)

054002-12

https://doi.org/10.1103/PhysRev.84.1232
https://doi.org/10.1103/PhysRevC.62.055204
https://doi.org/10.1103/PhysRevLett.111.141802
https://doi.org/10.1103/PhysRevC.77.025203
https://doi.org/10.1103/PhysRevC.77.025203
https://doi.org/10.1103/PhysRevD.91.114501
https://doi.org/10.1103/PhysRevD.91.114501
https://doi.org/10.1103/PhysRevD.105.054502
https://doi.org/10.1103/PhysRevD.105.054502
https://doi.org/10.1103/PhysRevD.104.114515
https://doi.org/10.22323/1.334.0298
https://doi.org/10.22323/1.334.0298
https://doi.org/10.1103/PhysRevC.81.065202
https://doi.org/10.1103/PhysRevD.106.054016
https://doi.org/10.1103/PhysRevD.106.054016
https://doi.org/10.1103/PhysRevD.107.014019
https://doi.org/10.1016/0370-2693(79)90554-9
https://doi.org/10.1016/0550-3213(86)90437-2
https://doi.org/10.1016/0550-3213(86)90437-2
https://doi.org/10.1103/PhysRevLett.97.192001
https://doi.org/10.1103/PhysRevLett.97.192001
https://doi.org/10.1103/PhysRevLett.86.1713
https://doi.org/10.1103/PhysRevLett.86.1713
https://doi.org/10.1016/S0370-2693(99)01395-7
https://doi.org/10.1007/s100520200904
https://arXiv.org/abs/1608.06896
https://arXiv.org/abs/1608.06896
https://doi.org/10.1103/PhysRevD.83.094006
https://doi.org/10.1103/PhysRevD.83.094006
https://doi.org/10.1103/PhysRevD.86.099901
https://doi.org/10.1016/j.physletb.2019.134855
https://doi.org/10.1016/j.physletb.2019.134855
https://doi.org/10.1016/j.physletb.2019.135029
https://doi.org/10.1103/PhysRevD.101.074021
https://doi.org/10.1103/PhysRevD.101.074021
https://doi.org/10.1103/PhysRevD.101.054015
https://doi.org/10.1103/PhysRevD.101.054015
https://doi.org/10.1103/PhysRevD.105.074013
https://doi.org/10.1103/PhysRevD.105.074013
https://doi.org/10.1016/j.physrep.2020.07.006
https://doi.org/10.1016/j.ppnp.2020.103835
https://doi.org/10.1016/j.ppnp.2020.103835
https://doi.org/10.1103/PhysRevD.84.014014
https://doi.org/10.1007/s00601-009-0015-x
https://doi.org/10.1103/PhysRevC.85.025205
https://doi.org/10.1103/PhysRevC.85.025205
https://doi.org/10.1007/s00601-013-0734-x
https://doi.org/10.1007/s00601-014-0907-2
https://doi.org/10.1007/s00601-018-1414-7
https://doi.org/10.1007/s00601-018-1414-7
https://doi.org/10.1140/epja/s10050-021-00574-w
https://doi.org/10.1140/epja/s10050-021-00574-w
https://doi.org/10.1103/PhysRevLett.115.171801
https://doi.org/10.1103/PhysRevLett.115.171801
https://doi.org/10.1142/S0218301313300154
https://doi.org/10.1142/S0218301313300154
https://doi.org/10.1088/0253-6102/58/1/16
https://doi.org/10.1088/0253-6102/58/1/16
https://doi.org/10.1103/PhysRevC.82.065202
https://doi.org/10.1103/PhysRevC.83.065206
https://doi.org/10.1103/PhysRevC.87.045207
https://doi.org/10.1007/s00601-018-1455-y
https://doi.org/10.1103/PhysRevLett.97.242002
https://doi.org/10.1103/PhysRevLett.97.242002


[41] P. Boucaud, J. P. Leroy, A. L. Yaouanc, J. Micheli, O. Pene,
and J. Rodriguez-Quintero, Few-Body Syst. 53, 387 (2012).

[42] A. Ayala, A. Bashir, D. Binosi, M. Cristoforetti, and J.
Rodriguez-Quintero, Phys. Rev. D 86, 074512 (2012).

[43] A. Bashir, A. Raya, and J. Rodriguez-Quintero, Phys. Rev.
D 88, 054003 (2013).

[44] D. Binosi, C. Mezrag, J. Papavassiliou, C. D. Roberts, and J.
Rodriguez-Quintero, Phys. Rev. D 96, 054026 (2017).

[45] A. Deur, S. J. Brodsky, and G. F. de Teramond, Prog. Part.
Nucl. Phys. 90, 1 (2016).

[46] J.Rodríguez-Quintero,D.Binosi, C.Mezrag, J. Papavassiliou,
and C. D. Roberts, Few-Body Syst. 59, 121 (2018).

[47] L. X. Gutierrez-Guerrero, A. Bashir, I. C. Cloet, and C. D.
Roberts, Phys. Rev. C 81, 065202 (2010).

[48] P. O. Bowman, U.M. Heller, D. B. Leinweber, M. B.
Parappilly, and A. G. Williams, Phys. Rev. D 70, 034509
(2004).

[49] L. X. Gutiérrez-Guerrero, A. Bashir, M. A. Bedolla, and E.
Santopinto, Phys. Rev. D 100, 114032 (2019).

[50] A. C. Aguilar, D. Binosi, C. T. Figueiredo, and J.
Papavassiliou, Eur. Phys. J. C 78, 181 (2018).

[51] D. Binosi and J. Papavassiliou, Phys. Rev. D 97, 054029
(2018).

[52] F. Gao, S.-X. Qin, C. D. Roberts, and J. Rodriguez-
Quintero, Phys. Rev. D 97, 034010 (2018).

[53] L. X. Gutiérrez-Guerrero, G. Paredes-Torres, and A. Bashir,
Phys. Rev. D 104, 094013 (2021).

[54] P.-L. Yin, C. Chen, G. Krein, C. D. Roberts, J. Segovia, and
S.-S. Xu, Phys. Rev. D 100, 034008 (2019).

[55] D. Ebert, T. Feldmann, and H. Reinhardt, Phys. Lett. B 388,
154 (1996).

[56] M. A. Bedolla, J. J. Cobos-Martínez, and A. Bashir, Phys.
Rev. D 92, 054031 (2015).

[57] M. A. Bedolla, K. Raya, J. J. Cobos-Martínez, and A.
Bashir, Phys. Rev. D 93, 094025 (2016).

[58] P.-L. Yin, Z.-F. Cui, C. D. Roberts, and J. Segovia, Eur.
Phys. J. C 81, 327 (2021).

[59] P. T. P. Hutauruk, I. C. Cloet, and A.W. Thomas, Phys. Rev.
C 94, 035201 (2016).

[60] S. Amendolia, M. Arik, B. Badelek, G. Batignani, G. Beck,
F. Bedeschi, E. Bellamy, E. Bertolucci, D. Bettoni, H.
Bilokon et al., Nucl. Phys. B277, 168 (1986).

[61] M. Ding, K. Raya, A. Bashir, D. Binosi, L. Chang, M. Chen,
and C. D. Roberts, Phys. Rev. D 99, 014014 (2019).

[62] J. J. Dudek, R. G. Edwards, and D. G. Richards, Phys. Rev.
D 73, 074507 (2006).

[63] P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp.
Phys. 2020, 083C01 (2020).

[64] J. J. Dudek, R. G. Edwards, N. Mathur, and D. G. Richards,
J. Phys. Conf. Ser. 69, 012006 (2007).

ELECTROMAGNETIC FORM FACTORS AND CHARGE RADII OF … PHYS. REV. D 107, 054002 (2023)

054002-13

https://doi.org/10.1007/s00601-011-0301-2
https://doi.org/10.1103/PhysRevD.86.074512
https://doi.org/10.1103/PhysRevD.88.054003
https://doi.org/10.1103/PhysRevD.88.054003
https://doi.org/10.1103/PhysRevD.96.054026
https://doi.org/10.1016/j.ppnp.2016.04.003
https://doi.org/10.1016/j.ppnp.2016.04.003
https://doi.org/10.1007/s00601-018-1437-0
https://doi.org/10.1103/PhysRevC.81.065202
https://doi.org/10.1103/PhysRevD.70.034509
https://doi.org/10.1103/PhysRevD.70.034509
https://doi.org/10.1103/PhysRevD.100.114032
https://doi.org/10.1140/epjc/s10052-018-5679-2
https://doi.org/10.1103/PhysRevD.97.054029
https://doi.org/10.1103/PhysRevD.97.054029
https://doi.org/10.1103/PhysRevD.97.034010
https://doi.org/10.1103/PhysRevD.104.094013
https://doi.org/10.1103/PhysRevD.100.034008
https://doi.org/10.1016/0370-2693(96)01158-6
https://doi.org/10.1016/0370-2693(96)01158-6
https://doi.org/10.1103/PhysRevD.92.054031
https://doi.org/10.1103/PhysRevD.92.054031
https://doi.org/10.1103/PhysRevD.93.094025
https://doi.org/10.1140/epjc/s10052-021-09097-6
https://doi.org/10.1140/epjc/s10052-021-09097-6
https://doi.org/10.1103/PhysRevC.94.035201
https://doi.org/10.1103/PhysRevC.94.035201
https://doi.org/10.1016/0550-3213(86)90437-2
https://doi.org/10.1103/PhysRevD.99.014014
https://doi.org/10.1103/PhysRevD.73.074507
https://doi.org/10.1103/PhysRevD.73.074507
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1088/1742-6596/69/1/012006

