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We present a detailed survey of electric, magnetic, and quadrupole form factors of light and heavy spin-1
vector mesons. It complements our analogous analysis of the electromagnetic form factors of pseudoscalar
and scalar mesons reported earlier. Our formalism is based upon the Schwinger-Dyson equations treatment
of a vector × vector contact interaction and the Bethe-Salpeter equation description of relativistic two-body
bound states. We compute the form factors, associated moments, and charge radii, comparing these
quantities to earlier theoretical studies and experimental results if and when possible. We also investigate
the quark-mass dependence of the charge radii and find the anticipated hierarchy such that it decreases with
increasing dressed quark masses. In addition, our analysis shows that the magnetic moment is independent
of the mass of the light and heavy mesons. Our results agree with most measurements reported earlier,
finding a negative quadrupole moment, implying the charge distribution is oblate.
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I. INTRODUCTION

Quantum chromodynamics (QCD) [1,2] is a quantum
field theory that describes subnuclear strong interactions in
terms of the elementary degrees of freedom, namely, quarks
and gluons within the celebrated standard model of Salam,
Weinberg, and Glashow. The infrared dynamics of QCD is
responsible for nearly 98% of the visible mass, dubbed as
the emergent mass, in the Universe. These interactions
account for the formation of all strongly interacting bound
states such as protons, neutrons, pions, ρ, etc. However,
note that the ground-state spin-1 vector (V) mesons like ρ

are dissimilar to the pseudoscalar (PS) mesons such as
pions which are Nambu-Goldstone bosons associated with
dynamical chiral symmetry breaking and are consequently
very light. The mass of the ρ particle is about two-thirds
that of a proton but almost six times heavier than a pion. In
the chiral limit, where the Higgs field contribution to the
light quarks is zero, a pion will be strictly massless.
Therefore, we can conclude that the pion mass predomi-
nantly owes itself to the interference of emergent mass and
the Higgs mechanism. On the other hand, the ρmeson mass
primarily arises from the emergent mass contribution. For
heavier quarks and heavier mesons, the current quark
masses and thus the Higgs mechanism dominates.
The Thomas Jefferson National Accelerator Facility

(JLab) measures the electromagnetic form factors (EFFs)
of pions and kaons. Both the JLab’s current and future
upgrade as well as the planned experiments at the Electron-
Ion Collider (EIC) have the unprecedented potential to
measure the EFFs of these PS mesons until much larger
values of the probing photon momentum squared, i.e., Q2.
These efforts will contribute toward improving our under-
standing of the complex internal structure and charge
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distribution of these PS bound states, both in the non-
perturbative and perturbative regimes, [3,4]. However, for
the V mesons, the situation is different. Brief lifetime of
these mesons [approximately 4.5 × 10−24 sec for ρðud̄Þ,
7.2 × 10−21 sec for J=Ψðcc̄Þ, and 1.21 × 10−20 sec for
ϒðbb̄Þ� makes it challenging to extract their experimental
EFFs, resulting in them naturally receiving less attention
compared to PS mesons. On the other hand, V mesons can
provide additional insights into the bound state that cannot
be acquired from zero-spin mesons, such as the current
distribution and the deviation from spherical symmetry
through computing the quadrupole moment. It can also
serve as a benchmark to study the deuteron, the lightest
spin-1 nucleus, which has a unique structure that offers
insights into complex nuclear interactions. Again JLab and
EIC arewidely believed to be ideal facilities for studying the
spin-1 deuteron, [5]. Moreover, in the quark-diquark picture
of the nucleon and its excited states, axial vector (AV)
diquarks play a significant role. These systems are the
partner diquarks of the ρ meson and a better understanding
of the ρ leads to an improved knowledge of the AV diquark
and its role in the study of baryons, [6].
Within a coupled formalism based upon an infinite set of

nonlinear integral Schwinger-Dyson equations (SDEs) and
the Bethe-Salpeter equations (BSEs), electric, magnetic, and
quadrupole form factors of the light V mesons, ρ and K�,
were computed in Refs. [7–9] with slightly varying degrees
of modeling sophistication and assumptions. These were
also calculated through other theoretical approaches such as
lattice QCD, [10–12], holographic models, [13,14], as well
as Nambu–Jona-Lasinio (NJL) model [15]. The EFFs of
heavy-light PS and V mesons within the SDE-BSE frame-
work were recently reported in Ref. [16]. The ρ EFFs in the
timelike region were studied in [17]. EFFs of heavy flavored
V mesons Ds;D�

s ; J=Ψ, and Bs; B�
s ;ϒ were computed in a

relativistic independent quark model in Ref. [18].
In recent years, a symmetry preserving momentum

independent vector × vector contact interaction (CI) model
has been employed within the SDE-BSE based formalism.
Proposed initially in the Ref. [19], it captures most essential
features of infrared QCD. Since its inception, it has been
used to study a wide range of mesons, including PS, scalar
(S), V, AV mesons, and the corresponding diquark elastic
and transition form factors in the light quark sector, [20–24].
It was later extended to the study of static properties and
form factors in the heavy quarks sector [25–28] and also to
the case of baryons [29–34]. More recently, the CI has also
been employed to compute the gravitational form factors of
the ground-state PS mesons [35] and the pion Boer-Mulders
function [36]. In this article, we provide a comprehensive
analysis of the electric, magnetic, and quadrupole form
factors of all light and heavy spin-1 V mesons in continu-
ation of our recent work on the broad mass spectrum of
ground-state PS mesons and their EFFs [37,38].

We have organized this article as follows: in Sec. II, we
present all the necessary tools and ingredients of the CI
model required for the subsequent study of the V mesons. It
implements a symmetry-preserving regularization and the
SDE formulation of the CI, following Refs. [21,38,39].
Bethe-Salpeter amplitude (BSA) for the V mesons is
discussed and the masses computed. The quark-photon
vertex is analyzed at length. In Sec. III, the generalities
regarding the computation of the EFFs through the triangle
diagram are detailed, including a discussion on the charge
radii and analytic representation of the results obtained. In
Sec. IV, we present our numerical results for the three
electric, magnetic, and quadrupole form factors along with
the corresponding radii, supplemented with the detailed
discussion on the numerical results obtained. Section V
provides a summary and perspective about our results.
Finally, some of the details of our elaborate calculation are
given in the Appendix.

II. THE CONTACT INTERACTION

Although most details of the CI can already be found in
earlier references and literature, for the sake of complete-
ness and for detailing a particular mass-dependent choice of
parameters for all ground-state V mesons of a wide range of
mass spectrum, we recall its most relevant features in this
section, including the generation of dressed mass for the
quarks through the gap equation and the V mesons via the
bound state BSE.

A. The gap equation: Dressed quark masses

The starting point for our discussion is the dressed-quark
propagator for a quark of flavor f, which is obtained by
solving the following SDE for the quark propagator or the
so-called gap equation:

SðpÞ−1 ¼ iγ · pþmf þ ΣðpÞ;

ΣðpÞ ¼ 4

3

Z
d4q
ð2πÞ4 g

2Dμνðp − qÞγμSðqÞΓνðq; pÞ; ð1Þ

where mf is the current-quark mass in the Lagrangian,
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, Refs. [40–45]. It also leads to the
saturation of the effective strong coupling at large dis-
tances. This modern understanding of infrared QCD forms
the defining ideas of the CI [39]. We assume that the quarks
interact, not through massless vector-boson exchange but
via a contact interaction. Thus, the gluon propagator no
longer runs with a momentum scale, but it is squeezed to a
point in keeping with the infrared properties of QCD, see
Fig. 1. Therefore, we can write
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g2DμνðkÞ ¼ 4πα̂IRδμν; ð2Þ

where α̂IR ¼ αIR=m2
g ≡ α̂IRL for the light quarks u, d, s.

For heavier quarks, we choose α̂IR ¼ α̂IRL=ZH. Increasing
ZH for heavier quarks ensures a smaller effective cou-
pling. mg is interpreted as the infrared gluon mass scale
generated dynamically within QCD [46–48]. We take the
current accepted value, i.e., mg ¼ 500 MeV [40,49–51].
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 [19,27,52,53]. 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;MfÞ ¼
1

q2 þM2
f

;

σSðq;MfÞ ¼ MfσVðq;MfÞ; ð4Þ

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

Mf ¼ mf þMf
4α̂IR
3π

Z
∞

0

ds s
1

sþM2
f

: ð5Þ

Our regularization procedure follows Ref. [54]:

1

sþM2
f

¼
Z

∞

0

dτ e−τðsþM2
fÞ →

Z
τ2IR

τ2UV

dτ e−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 vector mesons using the parameter

values listed in Tables I and II, whose variation with quark
mass was dubbed as heavy parameters in Ref. [27]. In this
approach, the coupling constant and the ultraviolet regu-
lator vary as a function of the quark mass. This behavior
was first suggested in Ref. [55] and later adopted in several
subsequent works [25–27,53,56]. Table II presents the
current quark masses mf used herein and the dynamically
generated dressed masses Mf of u, s, c, and b computed
from the gap equation, Eq. (7).1

A meson can consist of heavy (Q) or light (q) quarks.
Therefore, we present the study of all heavy (QQ̄), heavy-
light (Qq̄), and (review) light (qq̄) V mesons. We com-
mence by setting up the BSE for mesons by employing a
kernel which is consistent with theoretical constraints; i.e.,
the gap equation must obey the AVWard-Takahashi identity
and low energy Goldberger-Treiman relations, see Ref. [19]

FIG. 1. Diagrammatic representation of the CI model based on
a momentum-independent gluon propagator employed in Eq. (2),
yielding effective 4-point interaction between quarks.

TABLE I. The ultraviolet regulator and coupling constant for
different quark combinations in mesons. α̂IR ¼ α̂IRL=ZH , where
α̂IRL is extracted from the best-fit to data as explained in Ref. [26].
ΛIR ¼ 0.24 GeV is a fixed parameter.

Quarks ZH ΛUV [GeV] α̂IR

u, d, s 1 0.905 4.57
c, u 3.034 1.322 1.50
c, s 8.172 0.584 0.56
c 17.067 2.935 0.27
b, u 4.048 5.188 1.13
b, s 13.518 7.399 0.34
b, c 30.972 7.610 0.15
b 130.585 14.958 0.03

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

1We assume isospin symmetry all along this work.
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for details. The V mesons are JPC ¼ 1−− states. The
solution of the BSE yields BSAs whose general form
depends not only on the spin and the parity of the meson
under consideration but also on the interaction kernel
employed as explained in the next subsection.

B. The Bethe-Salpeter equation: Meson masses

The relativistic bound-state problem for hadrons char-
acterized by two valence quarks can be studied by using the
homogeneous BSE whose diagrammatic representation
can be seen in Fig. 2. This equation is mathematically
expressed as [57]

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 from
which bound-states exist. We enlist the masses and BSAs of
V mesons in Table III. A general decomposition of the

BSA for the V mesons (f1f2) in the CI model has the
following form:

ΓV;μ ¼ γ⊥μ EVðPÞ; ð10Þ

where EVðPÞ is the BSA, P is the total meson momentum,
and

γTμ ¼ γμ −
γ · P
P2

Pμ: ð11Þ

After this initial and required setup of the gap equation and
the BSE, we now turn our attention to the description of the
quark-photon interaction vertex.

C. The quark-photon vertex

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

and studied in great detail in the literature [58–65], is
related to the quark propagator through the following V
Ward-Takahashi identity:

iPμΓ
γ
μðkþ;k−;Mf1Þ¼ S−1ðkþ;Mf1Þ−S−1ðk−;Mf1Þ: ð12Þ

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

Γγ
μ ¼ γμ −

16πα̂IR
3

Z
d4q
ð2πÞ4 γαχμðqþ; q;Mf1Þγα; ð13Þ

where χμðqþ; q;Mf1Þ ¼ Sðqþ P;Mf1ÞΓμðQÞSðq;Mf1Þ.
Note that we have omitted explicit functional dependence
of Γγ

μ ¼ Γγ
μðQ;Mf1Þ for notational simplicity. Owing to the

momentum-independent nature of the interaction kernel,
the general form of the solution is

Γγ
μ ¼ γLμ ðQÞPLðQ2;Mf1Þ þ γTμ ðQÞPTðQ2;Mf1Þ; ð14Þ

where γLμ þ γTμ ¼ γμ. Inserting this general relation into
Eq. (13), one readily obtains

PL ¼ 1; PT ¼ 1

1þ KγðQ2;Mf1Þ
; ð15Þ

with

KγðQ2;Mf1Þ ¼
4α̂IR
3π

Z
1

0

dα αð1 − αÞQ2C̄1ðωÞ; ð16Þ

C̄1ðzÞ ¼ −
d
dz

CðzÞ ¼ Γð0; z τ2UVÞ − Γð0; z τ2IRÞ; ð17Þ

ω ¼ ωðM2
f1
; α; Q2Þ ¼ M2

f1
þ αð1 − αÞQ2: ð18Þ

FIG. 2. Diagrammatic representation of the BSE. Blue (solid)
circles represent dressed quark propagators S. The red (solid)
circle corresponds to the meson BSA Γ, while the blue (solid)
rectangle is the dressed-quark-antiquark interaction kernel K.

TABLE III. Calculated values of the BSAs and the masses of
the V mesons in the CI model using the parameters in Tables I and
II (compare the parameters with the ones in Ref. [27]).

Mass [GeV] EV mexp
V [GeV] Error (%)

ρðud̄Þ 0.93 1.53 0.78 19.23
K1ðus̄Þ 1.03 1.63 0.89 15.73
ϕðss̄Þ 1.13 1.74 1.02 10.78
D�0ðcūÞ 2.05 1.23 2.01 1.99
D�

sðcs̄Þ 2.30 0.55 2.11 9.00
Bþ�ðub̄Þ 4.93 2.73 5.33 7.50
B0�
s ðsb̄Þ 5.39 1.17 5.42 0.55

B0�
c ðcb̄Þ 6.25 1.06 6.33a 1.26

J=Ψðcc̄Þ 3.15 0.51 3.10 1.61
ϒðbb̄Þ 9.51 0.48 9.46 0.53

aThese entries are not experimental results. These values were
obtained with lattice QCD methods.
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One can clearly observe from Fig. 3 that PTðQ2Þ → 1

when Q2 → ∞, yielding the perturbative bare vertex γμ as
expected. This quark-photon vertex provides us with the
required electromagnetic interaction capable of probing
the FFs of mesons through a triangle diagram which keeps
the identity of the meson bound state intact.

III. ELECTROMAGNETIC FORM FACTORS

After defining all the ingredients and identifying the
tools necessary for our purpose in the previous section, we
now describe the details of the triangle diagram calculation
of the EFFs in this section.

A. The general MγM vertex

Let us start from the general considerations for the elastic
electromagnetic interaction of a V meson, M. In the
impulse approximation, the MγM vertex, which describes
the elastic interaction between the meson Mðf1f2Þ and a
photon, reads

ΛM;f1
λμν ¼ Nc

Z
d4l
ð2πÞ4 Tr G

M;f1
λμν ; ð19Þ

where

GM;f1
λμν ¼ iΓM

μ ð−kiÞSðlþ ki;Mf1ÞiΓλðQ;Mf1Þ
× Sðlþ kf;Mf1ÞiΓ̄M

ν ðkfÞSðl;Mf2
Þ:

ΓM
μ are the BSAs for V mesons given in Eq. (10), Sðp;mÞ is

the quark propagator, and Mf is the dressed quark mass in
Eq. (7). The notation assumes that it is the quark f1 which
interacts with the photon, while the antiquark f2 remains a

spectator. We can define ΛM;f2
λμν 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.
ΛM;f
λμν contains complete information of the EFFs of differ-

ent mesons under study. The contribution arising from the
interaction of the photon with quark f1 can be represented
as FM;f1ðQ2Þ (stemming from ΛM;f1

λμν ), while the contribu-

tion due to its interaction with antiquark f2 can be

represented as FM;f2ðQ2Þ (coming from ΛM;f2
λμν ). The total

EFF FMðQ2Þ is defined as [66]

FMðQ2Þ ¼ ef1F
M;f1ðQ2Þ þ ef2F

M;f2ðQ2Þ; ð20Þ

where ef1 and ef2 are the quark and the antiquark electric
charges, respectively.2 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
to compute the EFFs. Our evaluated analytical expressions
and numerical results for V mesons occupy the details of
the following subsection.

B. The vector meson elastic form factors

According to quantum mechanics and the quark model,
the V meson may be viewed as the valence-quark spin-flip
partner of the PS mesons. Consequently, the attributes of
these two states differ noticeably. One of the most impor-
tant facts is that the latter are distinguished by having only
one EFF, while the former are characterized by three of
them. For the V mesons, the extraction of FM;f1

j requires
appropriate projections since due to the spin 1 nature of
these particles, the corresponding relation with ΛM;f1

λμν is
more elaborate

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, defined in Eq. (15).

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

2For neutral mesons composed of same flavored quarks, the
total EFF is simply defined as FM ¼ FM;f1 .
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ΛV;f1
λμν ¼

X3
j¼1

TðjÞ
λμνðk;QÞFV;f1

j ðQ2Þ; ð21Þ

with the tensors TðjÞ
λμν expressed as

Tð1Þ
λμνðk;QÞ ¼ 2kλPT

μαðkiÞPT
ανðkfÞ; ð22Þ

Tð2Þ
λμνðk;QÞ ¼

�
Qμ − kiμ

Q2

2M2
M

�
PT

λνðkfÞ

−
�
Qν þ kfν

Q2

2M2
M

�
PT

λμðkiÞ; ð23Þ

Tð3Þ
λμνðk;QÞ ¼ kλ

M2
M

�
Qμ − kiμ

Q2

2M2
M

�

×
�
Qν þ kfν

Q2

2M2
M

�
: ð24Þ

FIG. 5. V mesons’ electric, magnetic, and quadrupole FFs are displayed in the top, middle, and bottom rows, respectively. FFs are
depicted on the left, center, and right columns for the charged V mesons, neutral V mesons consisting of identical flavored quarks, and
neutral V mesons composed of different flavored quarks, respectively.
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The transverse projector in the above relations is given by
the following expression:

PT
αβðPÞ ¼ δαβ − PαPβ=P2: ð25Þ

After introducing the Feynman parameters and integrating
over the internal momentum l, the EFFs defined in Eq. (21),
FV;f1
i , can be projected out to be

FV;f1
i ðQ2Þ ¼ 3

4π2
E2
VPTðQ2Þ

Z
1

0

dα dβ α

× ½AV
i C̄1ðω2Þ þ ðBV

i −AV
i ω2ÞC̄2ðω2Þ�; ð26Þ

where the labels i ¼ 1, 2, 3 correspond to the three EFFs.
The analytic expressions forAV

i and BV
i can be found in the

Appendix. For V mesons, the definition given in Eq. (26) is
important to define the three experimentally accessible and
physically suggestive EFFs: electric, magnetic, and quadru-
pole form factors, defined as

GV
EðQ2Þ ¼ FV

1 ðQ2Þ þ 2

3
ηGV

QðQ2Þ; ð27aÞ

GV
MðQ2Þ ¼ −FV

2 ðQ2Þ; ð27bÞ

GV
QðQ2Þ ¼ FV

1 ðQ2Þ þ FV
2 ðQ2Þ þ ½1þ η�FV

3 ðQ2Þ; ð27cÞ

where η ¼ Q2=ð4M2
MÞ, and MM is the mass of the

V meson. In the limit Q2 → 0, these EFFs define the
charge, magnetic (μV), and quadrupole moments (QV) of
the V meson, viz.,

GV
EðQ2 ¼ 0Þ ¼ 1; ð28aÞ

GV
MðQ2 ¼ 0Þ ¼ μV; GV

QðQ2 ¼ 0Þ ¼ QV: ð28bÞ

EFFs of light, heavy-light, and the heaviest V mesons are
displayed in Fig. 5. The asymptotic limit of QCD reported
in Ref. [67] predicts

GEðQ2Þ∶GMðQ2Þ∶GQðQ2Þ ¼Q2→∞
1 −

2

3
η∶2∶ − 1: ð29Þ

Although none of these predictions are strictly satisfied in
our computation, as noted in Refs. [21,26], this relation is
recovered for ΛUV → ∞ but at the cost of a logarithmic
divergence in the individual EFFs. Therefore, we conclude
that a vector-vector CI cannot reasonably be regularized in
a manner fully consistent with the constraints of asymp-
totic QCD. A more involved model must be constructed to
recover the predictions of Ref. [67] exactly. As has been
seen in several works including Ref. [21], the electric FF of
the ρ meson might have a zero crossing, a behavior not
found for S and PS mesons [38]. Similarly, we find that the
electric FF of mesons composed of light quarks, theK1 and
the ϕ mesons, present a zero crossing, albeit at increasing

values of momentum transfer, Q2 ≃ 7, 10 GeV2, respec-
tively. However, in the case of mesons composed by at
least one heavier quark, c or b, we do not observe any zero
crossing even for large values of momentum transfer
Q2 ≃ 50 GeV2; a similar behavior was observed in
Ref. [26] within the CI for J=ψ and ϒ mesons.
We can now readily compute the charge, magnetic, and

quadrupole radii, using

r2i ¼ −6
dGiðQ2Þ
dQ2

����
Q2¼0

; ð30Þ

with i∈ fE;M;Qg. It is important to remark that positive
slopes appear in some EFFs; in those cases, the definition
for charge radii is opted to remove the minus sign in the
equation to avoid imaginary numbers. Since the properties
of V mesons are also under investigation by several other
groups, we present a comparison of charge radii with the
NJL model [68], with the method based on the Bag model
[69] and in a symmetry-preserving approach to the two
valence-body continuum bound-state problem [8] in
Tables IV–VI. Experimental data on these static properties

TABLE IV. Electric, magnetic, and quadrupole radii (in fm) for
the lightest mesons composed of quarks u, d, s. Our results are
compared with the NJL model [68], method based on the Bag
model [69], and a symmetry-preserving approach to the two
valence-body continuum bound-state problem [8]. For the ρðud̄Þ
meson, one of the first works on vector × vector CI [21] predicted
rE ¼ 0.56, rM ¼ 0.51, rQ ¼ 0.51, μ ¼ 2.11, and Q ¼ −0.85. A
lattice QCD simulation [10] yields rE ¼ 0.82 fm, and μ ¼ 2.21.

rE rM rQ μ Q

ρðud̄Þ Our 0.560 0.745 0.472 2.11 −0.85
Ref. [8] 0.54 � � � � � � 2.01 −0.41
Ref. [9] 0.72 � � � � � � 2.01 −0.36
Ref. [10] 0.82 � � � � � � 2.07 −0.70
Ref. [12] 0.55 � � � � � � 2.17 −0.55
Ref. [14] 0.75 � � � � � � 2.40 −0.42
Ref. [68] 1.12 � � � � � � 2.54 � � �
Ref. [69] � � � � � � � � � 2.10 � � �
Ref. [70] � � � � � � � � � 2.37 � � �
Ref. [71] 0.44 � � � � � � 2.15 −0.98
Ref. [72] 0.52 � � � � � � 1.92 −0.44
Ref. [73] 0.82 � � � � � � 2.48 −1.09
Ref. [16] 0.72 � � � � � � 2.01 −0.36

K1ðus̄Þ Our 0.535 0.733 0.471 2.18 −0.90
Ref. [8] 0.43 � � � � � � 2.23 −0.38
Ref. [9] 0.64 � � � � � � 2.22 −0.31
Ref. [68] 1.05 � � � � � � 2.26 � � �
Ref. [69] � � � � � � � � � 2.06 � � �
Ref. [70] � � � � � � � � � 2.19 � � �
Ref. [16] 0.68 � � � � � � 2.12 −0.43

ϕðss̄Þ Our 0.472 0.632 0.396 2.09 −0.83
Ref. [9] 0.52 � � � � � � 2.08 −0.32
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are absent to date. Therefore, results from other theoretical
models are included in the tables.
Nonetheless, wherever possible, we compare with the

available data. We highlight that for a structureless spin-1

particle where the magnetic and quadrupole moments take
the value μ ¼ 2 andQ ¼ −1 [67], any deviation from these
values points to the internal structure of mesons. From the
tabulated results, we can infer that the heavy mesons are
nearly pointlike within the CI, as expected and as was
reported in Ref. [26]. However, the heavy-light system
deviates from this premise. The charge radii of V mesons
are consistently larger than PS mesons. To analyze the
behavior of the electric FFs of V mesons at largeQ2, we use
a parametrization similar to the EFFs of S and PS
mesons, i.e.,

GV
EðQ2Þ ¼ eM þ aEVQ

2 þ bEVQ
4

1þ cEVQ
2 þ dEVQ

4
: ð31Þ

In analogy, in the case of magnetic and quadrupole FFs, the
parametrizations adopted are

GV
MðQ2Þ ¼ μV þ aMV Q

2 þ bMV Q
4

1þ cMV Q
2 þ dMV Q

4
; ð32Þ

GV
QðQ2Þ ¼ QV þ aQVQ

2 þ bQVQ
4

1þ cQVQ
2 þ dQVQ

4
; ð33Þ

where aVi , bVi , cVi , and dVi with i∈ fE;M;Qg are the
coefficients to be fitted with our numerical results. In
Table VII, we present these values for all the indicated
coefficients of ground-state V mesons. This parametric form
is valid over the range Q2 ∈ ½0; 8M2

M�. Regarding the fitting
parameters of electric FFs of V mesons, we notice that it
shows the same tendency as the S and the PS mesons. bEV is
smaller than the other electric parameters. Thus, the 1=Q2

behavior dominates for largeQ2. However, we point out that
the aEV coefficients are sizeable and negative for the mesons
entirely composed by a combination of two of the three light
quarks. Hence, these coefficients are responsible for the
electric FFs of these mesons becoming negative faster as a
function of Q2 than the electric FFs of other mesons.
Similarly, for the magnetic and quadrupole FFs of V
mesons, we find that bMV and bQV are relatively small.
Therefore, the 1=Q2 behavior also prevails in these cases
for the CI.
In Fig. 6, we plot the electric, magnetic, and quadrupole

FFs for the ρ meson, allowing for a 5% variation in the
value of the charge radius of the electric FFs. It is primarily
controlled by varying τUV. The behavior of the ρ-meson
EFFs is, as expected, in perfect agreement with the previous
work reported with the CI [21]. We also plot the magnetic
and quadrupole FFs. We emphasize that all curves exhibit a
pole at Q2 ¼ −M2

V because of the behavior of the quark-
photon vertex in the timelike region. We also display an
explicit comparison with the earlier results reported by
lattice groups [11,12]. As we anticipated and expected, the
CI results are harder due to its pointlike interaction. This

TABLE V. Electric, magnetic, and quadrupole radii (in fm) for
the heavy-light mesons. Our results are compared with the NJL
model [68], method based on the bag model [69], and a
symmetry-preserving approach to the two valence-body con-
tinuum bound-state problem [8].

rE rM rQ μ Q

D�0ðcūÞ Our 0.424 0.820 0.572 −1.51 1.05
Ref. [68] 0.72 � � � � � � 1.16 � � �
Ref. [69] � � � � � � � � � −1.21 � � �
Ref. [16] 0.60 � � � � � � −2.30 0.76
Ref. [74] � � � � � � � � � 0.30 0.25

D�
sðcs̄Þ Our 0.369 0.588 0.361 2.10 −0.71

Ref. [68] 0.49 � � � � � � 0.98 � � �
Ref. [69] � � � � � � � � � 0.87 � � �
Ref. [16] 0.38 � � � � � � 2.27 −0.46
Ref. [74] � � � � � � � � � 1.00 −0.60

Bþ�ðub̄Þ Our 0.335 0.818 0.632 3.80 −2.06
Ref. [68] 0.96 � � � � � � 1.47 � � �
Ref. [69] � � � � � � � � � 1.47 � � �
Ref. [16] 0.66 � � � � � � 7.88 −2.17
Ref. [74] � � � � � � � � � 0.90 −0.80

B0�
s ðsb̄Þ Our 0.300 0.825 0.596 −1.82 1.20

Ref. [69] � � � � � � � � � −0.48 � � �
Ref. [16] 0.35 � � � � � � −2.77 0.89
Ref. [74] � � � � � � � � � −0.17 −0.17

TABLE VI. Electric, magnetic, and quadrupole radii (in fm) for
the heaviest mesons compared with the NJL model [68], method
based on Bag model [69], a symmetry-preserving approach to the
two valence-body continuum bound-state problem [8]. Using
the same treatment shown in Ref. [26], but different parameters,
the results for J=Ψðcc̄Þ are rE ¼ 0.262, rM ¼ 0.254, rQ ¼ 0.240,
μ ¼ 2.047, and Q ¼ −0.748, and for ϒðbb̄Þ meson, the results
are rE ¼ 0.197, rM ¼ 0.195, rQ ¼ 0.182, μ ¼ 2.012, and
Q ¼ −0.704. In lattice QCD [75], J=Ψðcc̄Þ results are
rE ¼ 0.257, μ ¼ 2.10, and Q ¼ −0.23.

rE rM rQ μ Q

B0�
c ðcb̄Þ Our 0.290 0.564 0.382 2.95 −1.37

Ref. [69] � � � � � � � � � 0.35 � � �
Ref. [16] 0.23 � � � � � � 3.19 −0.67

J=Ψðcc̄Þ Our 0.350 0.492 0.275 2.03 −0.70
Ref. [8] 0.052 � � � � � � 2.13 −0.28
Ref. [9] 0.24 � � � � � � 2.12 −0.33
Ref. [75] 0.066 � � � � � � 2.10 −0.23
Ref. [76] 0.045 � � � � � � 1.952 −0.78

ϒðbb̄Þ Our 0.279 0.395 0.217 2.01 −0.69
Ref. [76] 0.016 � � � � � � 1.985 −0.731
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behavior is typical of the CI model, and it is irrespective of
the nature of the mesons under study. In the next section,
we continue with the discussion of the numerical results in
greater detail for all V mesons, from the light to the heavy
sector.

IV. DISCUSSION OF NUMERICAL RESULTS

After outlining the key features of our CI model, choice
of appropriate parameters in agreement with our previous
works and carrying out explicit numerical computation, we
summarize our findings and make explicit comparisons
with similar works carried out in the literature before:

(i) We plot electric, magnetic, and quadrupole FFs of
the V mesons ρðud̄Þ, K1 ðus̄Þ, ϕ ðss̄Þ, J=Ψðcc̄Þ,
D�0ðcūÞ, D�

sðcs̄Þ, B�
cðcb̄Þ, ϒðbb̄Þ, Bþ�ðub̄Þ, and

B0�
s ðsb̄Þ in Fig. 5. The electric FF has a zero before

Q2 ¼ 10 GeV2 for the lightest ud̄, us̄, and ss̄
mesons. The zeros in the GEðQ2Þ are located as
follows:

ρðud̄Þ∶ GEðQ2Þ ¼ 0 for x ¼ 6.35;

K1ðus̄Þ∶ GEðQ2Þ ¼ 0 for x ¼ 6.65;

ϕðss̄Þ∶ GEðQ2Þ ¼ 0 for x ¼ 7.59; ð34Þ

where x ¼ Q2=M2
M. Several previous studies suggest

the existence of a zero in GE
ρ for x ∼ 6 [9,21,67,77].

In Ref. [21], it is shown that GE
ρ ðQ2Þ exhibits a zero

at Q2 ¼ 5.0 GeV2 within a CI. In the case of the
electric FF of the positively charged K1, Ref. [9]
predicts a zero inGE

K1
ðQ2Þ at x ¼ 8, However, for the

FF of the neutral K1, GE
K1
ðQ2Þ is positive definite on

x > 0. The value of x whereGEðQ2Þ crosses the zero
is higher as the mass of the meson increases. It is
because theQ2 dominance sets in at its higher values.
Experimental data from JLab suggest that the pro-
ton’s electric FF might pass through zero at x ∼ 10
[78–82]. Focusing our attention on the V meson’s
electric FFs, GE

VðQ2Þ can serve as a surrogate for the

TABLE VII. Parameters for the fits in Eqs. (31) and (32), for the electric, magnetic, and quadrupole FFs of V mesons.

aEV bEV cEV dEV aMV bMV cMV dMV aQV bQV cQV dQV

ρðud̄Þ −0.113 −0.009 1.252 0.013 −0.134 −0.005 1.085 −0.108 0.032 0.002 1.096 −0.083
K1ðus̄Þ −0.111 −0.005 1.127 −0.005 −0.295 0.003 0.774 −0.109 0.055 0.002 1.006 −0.102
ϕðss̄Þ −0.215 0.011 0.722 −0.083 −0.171 −0.003 0.749 −0.083 0.075 0.001 0.714 −0.086
D�0ðcūÞ 0.828 0.002 1.375 0.285 0.999 0.003 1.323 0.331 0.040 0.000 1.390 0.502
D�

sðcs̄Þ −0.033 0.000 0.506 −0.005 −0.050 0.000 0.678 −0.012 −0.399 0.001 1.413 0.450
J=Ψðcc̄Þ 0.972 −0.014 1.425 0.715 0.990 0.005 0.977 0.378 −0.848 −0.003 1.643 0.711
Bþ�ðub̄Þ 0.145 0.000 0.483 0.010 0.705 0.003 0.894 0.043 −0.284 −0.001 0.919 0.055
B0�
s ðsb̄Þ 0.145 0.000 0.373 0.029 0.453 0.000 1.204 0.085 −0.012 0.000 1.396 0.041

B0�
c ðcb̄Þ 0.067 0.000 0.298 0.006 0.431 0.000 0.542 0.022 −0.159 0.000 0.507 0.020

ϒðbb̄Þ 0.047 0.000 0.387 0.006 0.140 0.000 0.443 0.009 −0.046 0.000 0.369 0.006

FIG. 6. Electromagnetic (blue), magnetic (green), and quadrupole (red) FFs for ρ meson. The central curve in each case is obtained
using the τUV value from the Table I. The width of the band represents a 5% variation in the charge radius. The meson life is so short that
it is challenging to carry out experimental measurements of its EFFs. However, we compare our results with the ones obtained from
lattice QCD [11,12] and the SDE [16].
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proton’s electric FF. Since the dynamical reasons for
the potential appearance of a zero is not expected to
be dissimilar in both cases; analyses of GE

VðQ2Þ may
provide us with qualitatively sound guidance on the
possible appearance and location of a zero in pro-
ton’s EFF.

(ii) Regarding the ρ meson, FFs, and their correspond-
ing charge radii as well as magnetic and quadrupole
moments agree with the first results employing the
CI [21]. As in the case for S and PS mesons, we
allow for a 5% variation of the ρ charge radius to
chart out its effect on the subsequent evolution of the
GE

ρ , GM
ρ , and G

Q
ρ as a function ofQ2, Fig. 6. 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 largely intact.
The results for the static properties of the ρ meson
are as follows: charge radius rE ¼ 0.560 fm, mag-
netic moment μ ¼ 2.11, and quadrupole moment

Q ¼ −0.85. For ρðud̄Þ, our results show a deviation
of 5.21% for magnetic and 15% for quadrupole
moments in comparison with the expected values of
structureless V mesons.

(iii) With our CI model, we show the obtained ratios for
μ=Q in Table VIII. It is noticeable that the lighter
mesons are closer to the value of μ=Q ¼ −2 ex-
pected of structureless V mesons. The maximum
percentages of difference with this value are for the
heavy and heavy-light mesons.

(iv) In Tables IV–VI, we show our predictions for the
electric, magnetic, and quadrupole radii. We also
compare the results obtained with this formalism
with other available studies. In constituent like quark
models, Qρ ¼ GQðQ2 ¼ 0Þ < 0 corresponds to ob-
late deformation [83]. This behavior for the quadru-
pole moment is evident in all mesons except in the
cases of the charged V mesons, namely, B0�

s ðsb̄Þ
and D�0ðcūÞ.

(v) It is interesting to see the overall trend of decreasing
charge radii with increasing constituent quark mass,
as shown by the hierarchy below:

rud̄ > rus̄ > rcū > rub̄;

rus̄ > rss̄ > rcs̄ > rsb̄;

rcū > rcs̄ > rcc̄ > rcb̄;

ruū > rss̄ > rcc̄ > rbb̄:

This behavior is shown pictorially in Fig. 7. The
magnetic moment is almost independent of the quark
mass. We must emphasize and reiterate that the CI
model is only a simple model to capture the infrared
features of strong interactions. Refined QCD calcu-
lations are required to shed further light on these
findings and reaffirm or improve upon the results
presented in this work.

FIG. 7. Charge radii of ground-state V mesons in the CI
computed using Eq. (30). It is clear from this plot that the radii
tend to decrease as the constituent quarks’ masses increase. This
significant quality is addressed in Sec. IV.

TABLE VIII. The ratio between the magnetic and quadrupole
moment for the V mesons is discussed in this work. The final
column displays the percentage deviation from the value pre-
dicted for structureless V mesons.

Meson μ=Q % Meson μ=Q %

ρðud̄Þ −2.48 19.35 Bþ�ðub̄Þ −1.84 8.70
K1ðus̄Þ −2.42 17.36 B0�

s ðsb̄Þ −1.51 32.45
ϕðss̄Þ −2.51 20.32 B0�

c ðcb̄Þ −2.15 6.98
Bþ�ðcūÞ −1.43 39.86 J=Ψðcc̄Þ −2.90 34.98
B0�
c ðcs̄Þ −2.95 32.20 ϒðbb̄Þ −2.90 34.98

TABLE IX. Charge radii for PS and V mesons. The results of
the charge radii of the PS mesons are taken from a previous work
using the same model [38]. In the last column, we show the
percentage of difference between these states.

Meson rEV rEPS [38] Difference (%)

ρðud̄Þ 0.560 0.45 19
K1ðus̄Þ 0.535 0.42 21
ϕðss̄Þ 0.472 0.36 23
D�0ðcūÞ 0.424 0.36 15
D�

sðcs̄Þ 0.369 0.26 29
Bþ�ðub̄Þ 0.335 0.34 1.5
B0�
s ðsb̄Þ 0.300 0.24 20

B0�
c ðcb̄Þ 0.290 0.17 41

ψðcc̄Þ 0.350 0.20 42
ϒðbb̄Þ 0.279 0.07 74
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(vi) The charge radii of the V mesons are larger than the
PS mesons according to the calculations carried out
with this model. A comparison of the charge radii
of V mesons with their PS analogs is presented in
Table IX. The maximum difference is 74% and
occurs for the heaviest meson (ϒðbb̄Þ), while the
minimum is 1.5% for Bþ�ðub̄Þ.

This brings us to conclude our in-depth examination of FFs
using CI for the ground-states V mesons composed of light
and heavy mesons.

V. CONCLUSIONS

In conclusion, we have carried out the following tasks in
the study of ground-state V mesons in the light and the
heavy sector:

(i) We compute the EFFs GEðQ2Þ; GMðQ2Þ; GQðQ2Þ of
ten vector mesons composed of both light and heavy
quarks in a CI model, Fig. 5.

(ii) Furthermore, we analyze the sensitivity of GE
ρ ðQ2Þ,

GM
ρ ðQ2Þ, and GQ

ρ ðQ2Þ in their Q2 evolution by a
slight permissible change in appropriate parameters
to allow for a 5% variation in the electric charge
radius.

(iii) Interpolation functions are provided in Eqs. (31)
and (32) and the fitted parameters are reported in
Table VII; this exercise allows for a convenient
algebraic analysis of the behavior of the EFFs in the
momentum range that we mentioned above, for
understanding the anticipated power law behavior
in the asymptotic limit and for any application the
reader may deem useful in future.

(iv) In continuation of our previous work for S and PS
mesons [38] and as an ongoing contribution to a
broader effort summarized and promised in [84], this
study presents a unified treatment in calculating the
EFFs of any meson in general, a formalism which
can easily be extended to study AV mesons.

(v) As we expected, charge radii of the V mesons are
larger than the charge radii of the PS mesons,
Table IX. The quadrupole FF of the ρ meson is
negative which implies that the distribution of
charge in the V mesons is oblate. It was already
known about the ρ meson. This revealing feature is
repeated for several other mesons that we study in
this work.

(vi) The radii associated with the magnetic and quadru-
pole FFs have, in general, not been reported using
other models. We present them in our work for the
sake of completeness in Tables IV–VI.

(vii) We expect the new reported EFFs with the CI in this
article to be harder than the exact QCD predictions.
However, this computation should serve as a guide
and as a useful first step toward the construction of

more realistic models of the strong interaction to
compute all related physical observables.

Although our formalism is ready and complete to
investigate axial vector mesons, notice that this study is
still challenging. Since there are hardly any experimental
results and unlike vector mesons, there are not enough
theoretical efforts that can adequately guide us to set our
parameters phenomenologically. However, this work is
currently under way. Finally, in the near future, we plan
to extend this study to diquarks, which in turn represents an
initial step to the eventual study of baryon EFFs using this
formalism. This study will provide numerous guiding
outlines for constraining the parameters of the model
and to directly contrast with existing and planned experi-
ments for the baryons.
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APPENDIX: FORM FACTOR FORMULAS

We present the analytic expression for all coefficients
needed in this appendix in order to determine the EFFs of V
meson in the CI model. For V mesons, the AV

i functions
takes the form
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AV
1 ¼ 2 − α;

AV
2 ¼ 1

2

�
αð2β − 1ÞQ2

M2
M

þ αð10β − 7Þ − 4

�
;

AV
3 ¼ 2αð1 − 2βÞðQ2 þ 5M2

MÞ
Q2 þ 4M2

M
;

while BV
i are

BV
1 ¼ 2ððα − 2Þα2ð1 − βÞβQ2 þ αM2

f1
þ 2ð1 − αÞMf1Mf2

þ ð1 − αÞ2αM2
MÞ;

BV
2 ¼ αQ2ðð2β − 1ÞMf1Mf2

Þ
M2

M
þ α2Q2M2

Mð2αβ3 − 5αβ2 þ ðαþ 2Þβ þ α − 1Þ
M2

M

þ αð6β − 5ÞM2
f1
þ 2Mf1Mf2

ð2αβ − α − 2Þ − ðα − 1ÞαM2
Mð10αβ − 7α − 6β þ 1Þ;

BV
3 ¼ ½4αM2

Mðð3 − 6βÞM2
f1
þ 2ð1 − 2βÞMf1Mf2

þ ðα − 1ÞM2
Mð16αβ2 − 6ðαþ 1Þβ − 5αþ 3ÞÞ

− 4αQ2ðð2β − 1ÞðMf1Mf2
þ αβM2

Mðαðβ − 3Þ þ 2ÞÞ þ ðα − 1ÞαM2
MÞ�

1

ðQ2 þ 4M2
MÞ
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