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We investigate the electromagnetic form factors of the charged K�þð892Þ (us̄) and neutral K�0ð896Þ (ds̄)
strange vector mesons within the covariant Nambu–Jona-Lasinio model, employing the Schwinger proper-
time regularization scheme to regularize ultraviolet divergences that incorporated the QCD aspect of the
quark confinement. To this end, we evaluate the charge (electric) GCðQ2Þ, magnetic moment GMðQ2Þ, and
quadrupole moment GQðQ2Þ form factors and charge radii of the charged K�þð892Þ and neutral K�0ð896Þ
strange vector mesons. We find that the charge radii are hr2iK�þ ¼ 0.45 fm2 and hr2iK�0 ¼ −0.04 fm2,
respectively, while the magnetic moments are found μK�þ ¼ 2.67 μN and μK�0 ¼ 0.032 μN , consistent with
other theoretical calculations and lattice QCD simulation results.
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I. INTRODUCTION

Studies of the internal structure of hadrons in terms of
quark and gluon degrees of freedom, which is one of the
playgrounds of quantum chromodynamics (QCD), have a
long history and attract the interest of the hadron commu-
nity. Key theoretical tools are used to probe hadron
structure, namely, parton distribution functions (PDFs)
[1–4], electromagnetic form factors (EMFFs) [5,6], frag-
mentation functions (FFs) [7–9], generalized parton dis-
tributions [10–13], transverse-momentum-dependent
parton distributions [9,14–17], and generalized trans-
verse-momentum-dependent distributions [18–20]. These
observables provide us with crucial information on parton
dynamics in QCD bound states and also offer deep insights
into nonperturbative QCD at low energies [21–23]. More
recently, significant attention has focused on hadronic
gravitational form factors (GFFs) of the spin-1 particle
[24–26], which encode information on mechanical proper-
ties such as mass, energy, angular momentum, and internal
force distributions. In addition to GFFs, EMFFs provide
complementary information on charge distributions. In that
sense, they exhibit a richer spin structure than pseudoscalar
mesons. The vector mesons with spin-1 are characterized
by three form factors, after imposing current conservation,

whereas pseudoscalar mesons are described by a single
form factor.
The EMFFs of the ρþð770Þ vector meson have been

extensively studied in both free space and nuclear medium
using a variety of theoretical approaches [4–6,11,27–41]. In
contrast, relatively few studies [28,42] have addressed the
EMFFs of the K�þð892Þ strange vector mesons. The
K�þð892Þ strange mesons differ from the ρþð770Þ meson
in their quark flavor composition, although both are spin-1
states. In particular, the K�þð892Þ meson is composed of a
light quark and a strange antiquark (us̄), leading to distinct
quark-gluon dynamics that influence its internal structure
and electromagnetic properties. This is largely due to the
heavier strange-quark mass, which introduces significant
flavor symmetry breaking effects in the form factors.
Similar to the ρþð770Þ meson, the K�þð892Þ and
K�0ð896Þ strange mesons are characterized by three
EMFFs, corresponding to the charge, magnetic dipole
moment, and quadrupole moment. Experimentally, how-
ever, extracting the K�þð892Þ and K�0ð896Þ strange meson
EMFFs remains challenging due to their short lifetimes,
which partly explains the limited attention they receive
compared to that for the pseudoscalar mesons. So, at
present, they remain largely unexplored and are not yet
rigorously determined, in particular, the EMFFs of the
K�0ð896Þ meson.
From the experimental perspective, data on the EMFFs

of the K�þð892Þ and K�0ð896Þ strange vector mesons are
very limited compared to that for the pseudoscalar mesons
[43–45]. Precise measurements of the EMFFs for the
strange vector mesons are expected from future facilities,
including COMPASS/AMBER++ at CERN [46], the
Jefferson Lab 12 GeV program (with a possible 22 GeV
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upgrade) [47], J-PARC [48], the electron-ion collider in
China (EicC) [49], and the electron-ion collider at
Brookhaven National Laboratory [50]. In addition to
upcoming experimental efforts, studies of the K�þð892Þ
andK�0ð896Þ strange meson EMFFs have also been carried
out in lattice QCD simulations [51–56]. These develop-
ments will provide an important opportunity to confront
theoretical predictions of this study with lattice QCD
simulation results, thereby improving our understanding
of the internal structure of the K�þð892Þ and K�0ð896Þ
strange vector mesons and, more broadly, the dynamics of
QCD. Very recently, a comprehensive discussion on
extracting the vector meson form factors on the lattice
has been presented in Ref. [54].
In this paper, we investigate the EMFFs of the K�þð892Þ

and K�0ð896Þ strange vector mesons, including the charge
(electric), magnetic moment, and quadrupole moment form
factors, as well as its charge radius, within the framework of
the covariant Nambu–Jona-Lasinio (NJL) model, also
known as a chiral effective quark theory of QCD. In this
work, the Schwinger proper-time regularization scheme is
employed to regularize ultraviolet divergences that mimic
the QCD aspects of quark confinement. The NJL model is a
covariant framework that incorporates key nonperturbative
features of QCD, most notably the spontaneous breaking of
chiral symmetry. The model has been successfully applied
to a wide range of hadronic and nuclear phenomena,
including PDFs and charge symmetry breaking [57], FFs
[14], nuclear matter and neutron star properties [58], and
phase transitions in dense matter [59]. Using this frame-
work, we compute the K�þð892Þ and K�0ð896Þ strange
meson EMFFs and charge radius. Furthermore, we com-
pare our results with the lattice QCD simulation results and
other theoretical predictions.
The structure of this paper is organized as follows. In

Sec. II, we briefly review the K�þð892Þ and K�0ð896Þ
strange vector mesons in the framework of the covariant
NJL model, employing the Schwinger proper-time regu-
larization scheme to regularize ultraviolet divergences and
to simulate quark confinement. In Sec. III, we present the
general expressions for the EMFFs of the K�þð892Þ and
K�0ð896Þ strange vector mesons using the matrix element
of the electromagnetic current, and we extract the charge
(electric) GCðQ2Þ, magnetic moment GMðQ2Þ, and quadru-
pole moment GQðQ2Þ form factors and their charge radii
hri. In Sec. IV, we provide our numerical results for the
K�þð892Þ and K�0ð896Þ strange vector meson EMFFs and
other corresponding quantities. Finally, a summary and
conclusion are given in Sec. V.

II. SU(3) FLAVOR NJL MODEL

We briefly describe the SU(3) flavor NJL model, starting
from its effective Lagrangian. The NJL model is a
Poincaré-covariant quantum field theory that incorporates

key low-energy features of QCD. It explicitly captures
dynamical chiral symmetry breaking (DCSB) properties of
QCD that are manifested in the gap equation through the
chiral condensate. This leads to the generation of constitu-
ent (dressed) quark masses from the current quark masses.
The NJL model does not exhibit confinement. In this
approach, confinement is effectively simulated through the
Schwinger proper-time regularization scheme, which
removes unphysical quark-production thresholds associ-
ated with hadron decay into free quarks.
The SU(3) flavor NJL effective Lagrangian is expressed

in terms of local four-fermion contact interactions (gluonic
degrees of freedom are integrated out and absorbed into
effective coupling constants) given by

L NJL ¼ ψ̄qði=∂ − m̂qÞψq þ Gπ½ðψ̄qλiψqÞ2 − ðψ̄qγ5λiψqÞ2�
− Gρ½ðψ̄qγ

μλiψqÞ2 þ ðψ̄qγ
μγ5λiψqÞ2�; ð1Þ

where ψT ¼ ðψu;ψd;ψ sÞ denotes the quark field in flavor
space with q ¼ u, d, s, λi is the Gell-Mann matrices
(i ¼ 1;…; 8) with λ0 ¼

ffiffiffiffiffiffiffiffi
2=3

p
; 1, and m̂q ¼ diagðmu;

md;msÞ is the current-quark mass matrix. Note that the
four-fermion interaction term is proportional to the cou-
pling constant Gπ , which governs quark–antiquark inter-
actions in the scalar and pseudoscalar channels and is
responsible for DCSB. The coupling Gρ corresponds to
vector interaction channels.
Using the Hartree mean-field approximation, we evalu-

ate the dressed quark masses through the quark self-energy.
The corresponding gap equation in the Schwinger proper-
time regularization scheme can be written as

Mq ¼ mq þ
NcGπMq

π2

Z
τIR

τUV

dτ
τ2

e−τM
2
q ; ð2Þ

where τUV ¼ Λ−2
UV and τIR ¼ Λ−2

IR denote the ultraviolet
(UV) and infrared (IR) integration limits, respectively. The
IR cutoff is fixed at ΛIR ¼ 0.24 GeV, corresponding to
ΛQCD, while ΛUV is determined by fitting the pion mass
mπ ¼ 140 MeV and decay constant fπ ¼ 93 MeV. Note
that ΛUV and ΛIR serve as regularization scales in the NJL
model and are treated as intrinsic model parameters. The
standard dressed quark propagator for a quark flavor q ¼
ðl; sÞ is defined by

SlðkÞ ¼
½=k −Ml�

½k2 −M2
l þ iϵ� ; ð3Þ

SsðkÞ ¼
½=k −Ms�

½k2 −M2
s þ iϵ� ; ð4Þ

where the subscripts l ¼ ðu; dÞ, and s denote the light and
strange quark sectors, respectively.
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The dressed quark–antiquark bound state of the
K�þð892Þ and K�0ð896Þ strange vector mesons can be
solved using the Bethe–Salpeter equation (BSE) within the
random phase approximation. In the vector-meson channel,
the BSE solution corresponds to the two-body t matrix of
the interaction kernel. The resummation of the quark–
antiquark bubble diagrams to all orders leads to a geometric
series representation of the t matrix, which can be
expressed in reduced form,

tμνK� ðp2Þ ¼
�

−4iGρ

1þ 2GρΠK� ðp2Þ
�

×

�
gμν þ 2GρΠK�ðp2Þp

μpν

p2

�
; ð5Þ

where K� stands for the K�þð892Þ and K�0ð896Þ strange
vector mesons. The polarization insertions (bubble dia-
grams) for the K� strange vector meson are given, respec-
tively, by

ΠK� ðp2ÞPμνδab ¼ iNc

Z
d4k
ð2πÞ4

× Tr½γμλaSlðpþ kÞγνλbSsðkÞ�; ð6Þ

where Pμν ¼ gμν − pμpν=p2 is the transverse projector, and
Slðpþ kÞ and SsðkÞ denote the dressed light and strange
quark propagators, respectively, as defined in Eq. (3). Note
that the trace over color space has already been evaluated,
while the remaining trace is taken over flavor and Dirac
indices. Within the proper-time regularization scheme, the
expression can be rewritten as

ΠK�ðp2Þ ¼ Nc

2π2

Z
1

0

dx
Z

τIr

τUV

dτ
τ
exp½−τðC1Þ�;

× ½MuMs − ð1 − xÞM2
u − xM2

s

þ 2xð1 − xÞp2�; ð7Þ

where C1 ¼ ðxM2
u þ ð1 − xÞM2

s − xð1 − xÞp2Þ. The K�
strange meson mass can be determined straightforwardly
from the pole position of the corresponding t matrix in
Eq. (5), which yields

1þ 2GρΠK�ðp2 ¼ m2
K� Þ ¼ 0; ð8Þ

where the quantities are determined at the bound-state pole
of the t matrix. The mass of mK� denotes the K� strange
vector meson mass. To determine the K� strange vector
meson–quark coupling constant, we expand the t matrix in
Eq. (5) around the pole at p2 ¼ m2

K� (on-shell condition).
The meson wave-function renormalization, equivalently
the meson–quark coupling constant, is then obtained from

Z−1
K� ¼ ½gK�qq�−2 ¼ −

∂ΠK�qqðp2Þ
∂p2

����
p2¼m2

K�

; ð9Þ

where gK�qq denotes the K� strange vector meson–quark
coupling constant. Its expression in the proper time
regularization scheme can be written as

½gK�qq�−2 ¼
Nc

2π2

Z
dτ

Z
1

0

dxxð1 − xÞ exp½−τðC2Þ�

×

�
MuMs − ð1 − xÞMu2 − xM2

s

− 2xð1 − xÞm2
K� þ 2

τ

�
; ð10Þ

with C2 ¼ ðxM2
u þ ð1 − xÞM2

s − xð1 − xÞm2
K� Þ.

III. STRANGE VECTOR MESON EMMFS

Here, we present the EMFFs of the K� strange vector
mesons in the NJL model. The general expression for the
electromagnetic current of the K� strange vector mesons in
the matrix element can be written in terms of three form
factors,

J μ;αβ
K� ðp0; pÞ ¼

�
gαβF1K� ðQ2Þ− qαqβ

2m2
K�
F2K� ðQ2Þ

�
ðp0 þpÞμ

− ½qαgμβ − qβgμα�F3K�ðQ2Þ; ð11Þ

where the Lorentz indices α and β correspond to the
polarization states of the incoming and outgoingK� strange
vector meson, respectively, and μ denotes the photon
polarization. The form factors F1K�ðQ2Þ, F2K� ðQ2Þ, and
F3K�ðQ2Þ characterize the K� strange vector meson internal
structure. In the Sachs representation, these form factors
can be combined into the charge (electric) form factor
GCðQ2Þ, associated with the charge distribution, the mag-
netic form factor GMðQ2Þ, associated with the magnetiza-
tion distribution, and the quadrupole form factor GQðQ2Þ,
which encodes information on the spatial deformation
(shape) of the K� strange vector meson. They are defined,
respectively, by

GQðQ2Þ ¼ F1K� ðQ2Þ þ AF2K� ðQ2Þ − F3K� ðQ2Þ; ð12Þ

GCðQ2Þ ¼ F1K� ðQ2Þ þ 2

3
ηGQðQ2Þ; ð13Þ

GMðQ2Þ ¼ F3K� ðQ2Þ; ð14Þ

where A ¼ ð1þ ηÞwith η ¼ Q2=ð4m2
K� Þ. It is worth noting

that all form factors are dimensionless quantities.
In the NJL model, and based on the two dominant

Feynman diagrams shown in Fig. 1, the electromagnetic
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current of the K� strange vector mesons can be written as
follows:

J μðp0; pÞ ¼ i
Z

d4k
ð2πÞ4 Tr½Γ̄Sq1ðp

0 þ kÞΛμ�
Q ðp0; pÞ

× Sq1ðpþ kÞΓSTq2ð−kÞ�; ð15Þ
where Tr denotes the trace over Dirac, color, and isospin
indices, and the superscript T indicates matrix transpose.
The Bethe–Salpeter vertices of theK� strange vector meson
are given by

Γμ
K� ¼ gK�qqγμλa; ð16Þ

while the Λμ
γQðp0; pÞ stands for the dressed quark-photon

vertex defined as

ΛðBSEÞμ
i ðQ2Þ ¼ γμF1iðQ2Þ þ iσμνqν

2M
F2iðQ2Þ; ð17Þ

where the subscript i ¼ ðρ;ωÞ denotes the dressed quark
form factors obtained from the inhomogeneous Bethe–
Salpeter equation. For a pointlike quark, one has F1ωðQ2Þ ¼
1 and F2ρðQ2Þ ¼ F2ωðQ2Þ ¼ 0. This implies that
F2QðQ2Þ¼ 1

6
F2ωðQ2Þ� 1

2
F2ρðQ2Þ¼0, where Q¼ðU;DÞ.

Finally, after a full derivation of the electromagnetic
current for the K� strange vector meson in the NJL model,
Eq. (15), and comparison with the current in Eq. (11), the
K� strange vector meson form factors can be extracted.
Taking into account the full structure of the dressed quark
propagators, the compact expressions for the charged
K�þð892Þ strange vector meson form factors are given by

FjK�þðQ2Þ ¼ ½F1UðQ2Þ þ F1SðQ2Þ�fVjK�þðQ2Þ
þ ½F2UðQ2Þ þ F2SðQ2Þ�fTjK�þðQ2Þ; ð18Þ

where the index j ¼ ð1; 2; 3Þ. Analogously, for the neutral
K�0ð896Þ strange vector meson, the form factor expression
can be written as

FjK�0ðQ2Þ ¼ ½F1DðQ2Þ − F1SðQ2Þ�fV
jK�0ðQ2Þ

þ ½F2DðQ2Þ − F2SðQ2Þ�fTjK�0ðQ2Þ; ð19Þ

where the vector body form factors for both K�þð892Þ and
K�0ð896Þ strange vector mesons in the Schwinger proper
time regularization scheme are given by

fV1K� ðQ2Þ ¼ −
Ncg2K�qq
8π2

Z
τIR

τUV

dτ
Z

1

0

dx
Z

x

−x
dy A1V

× exp½−τðE1VÞ� þ
Ncg2K�qq

4π2

Z
τIR

τUV

dτ
τ

Z
1

0

dx

× exp½−τðE2VÞ�; ð20Þ

fV2K� ðQ2Þ ¼ Ncg�2K�qqm
2
K�

4π2

Z
τIR

τUV

dτ
Z

1

0

dx
Z

x

−x
dy

× ðx2 − y2Þð1 − xÞ exp½−τðE1VÞ�; ð21Þ

fV3K� ðQ2Þ ¼ −
Ncg2K�qq

8π2

Z
τIR

τUV

dτ
Z

1

0

dx
Z

x

−x
dyA2V

× exp½−τðE1Þ� þ
3Ncg2K�qq

4π2

Z
1

0

dx
Z

τIR

τUV

dτ
τ

× exp½−τðE2VÞ�; ð22Þ

where the variables A1, A2, E1, and E2 are defined as
follows:

A1V ¼
�
2

τ
ð1−xÞ−xm2

K� þðMs−MlÞð2Ms−xðMs−MlÞÞ
�
;

ð23Þ

A2V ¼
�
2

τ
ðxþ 1Þ − xð1þ 2xÞm�2

K� − ðx2 − y2ÞQ
2

2
ð24Þ

þðMs −MlÞðxðMs þMlÞ þ 2MsÞ
�
; ð25Þ

E1V ¼
�
ðx2− xÞm�2

K� þ
1

4
ðx2− y2ÞQ2þ xM2

l þð1− xÞM2
s

�
;

ð26Þ
E2V ¼ ðx − x2ÞQ2 þM2

l ; ð27Þ

while the tensor body form factors are obtained by

fT1K� ðQ2Þ ¼ −
Ncg2K�qqQ

2

64π2Mq1

Z
1

0

dx
Z

x

−x
dy

Z
τIR

τUV

dτA1T

× exp½−τðE1VÞ�; ð28Þ

fT2K� ðQ2Þ ¼ Ncg2K�qqm
2
K�

16π2Ml

Z
1

0

dx
Z

x

−x
dy

Z
τIR

τUV

dτA2T

× exp½−τðE1VÞ�; ð29Þ

FIG. 1. Two dominant Feynman diagrams for the electromag-
netic current of the K� strange vector mesons. The purple shaded
circles represent the Bethe–Salpeter vertices, while the red
shaded oval is the quark–photon vertex.
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fT3K�ðQ2Þ ¼ −
Ncg2K�qq

64π2Ml

Z
1

0

dx
Z

x

−x
dy

Z
τIR

τUV

dτA3T

× exp½−τðE1VÞ� þ
Ncg2K�qq

16π2Ml

Z
1

0

dx
Z

τIR

τUV

dτ
τ
A4T

× exp½−τðE2VÞ�; ð30Þ

where the variables A1T, A2T , A3T , and A4T are defined,
respectively, by

A1T ¼ ðð1 − xÞMs þ xMlÞ; ð31Þ
A2T ¼ ðMs − xMl þ ðx2 − 2xÞðMs −MlÞÞ; ð32Þ
A3T ¼ ½xMlQ2 − 2Msm2

K� þ 2ðMs −MlÞ�; ð33Þ
A4T ¼ ðMl − ðMs −MlÞÞ: ð34Þ

It is worth noting that, in the strange-quark sector, the
tensor contribution vanishes when the virtual photon
couples to the strange quark, since F2SðQ2Þ ¼ 0. In other
words, pion-cloud effects are not included in this work. The
strange-quark tensor form factor F2SðQ2Þ appears only
when pion-cloud corrections are taken into account through
the inhomogeneous Bethe–Salpeter equation. The inhomo-
geneous BSE-dressed quark form factors can be defined by

F1UðQ2Þ ¼ 1

6
F1ωðQ2Þ þ 1

2
F1ρðQ2Þ; ð35Þ

F1DðQ2Þ ¼ 1

6
F1ωðQ2Þ − 1

2
F1ρðQ2Þ; ð36Þ

F2UðQ2Þ ¼ 1

6
F2ωðQ2Þ þ 1

2
F2ρðQ2Þ; ð37Þ

F2DðQ2Þ ¼ 1

6
F2ωðQ2Þ − 1

2
F2ρðQ2Þ; ð38Þ

F1SðQ2Þ ¼ esF1ϕðQ2Þ; ð39Þ
where the dressed quark form factors are given by
F1ϕðQ2Þ ¼ 1=½1 þ 2GρΠϕðp2Þ�, F1ρð1ωÞðQ2Þ ¼ 1=½1þ
2GρðωÞΠρðωÞðp2Þ�, and F2ρðQ2Þ ¼ F2ωðQ2Þ ¼ 0. The form
factors F1ρðQ2Þ and F1ωðQ2Þ exhibit poles at p2 ¼ m2

ρ and
p2 ¼ m2

ω, respectively. The strange-quark electric charge is
es ¼ −1=3. It is worth noting that the NJL Bethe–Salpeter
kernel does not yield Pauli form factors because it lacks
tensor–tensor four-fermion interaction channels.
Next, we straightforwardly compute the static electro-

magnetic properties of the K�þð892Þ and K�0ð896Þ strange
vector mesons, such as the magnetic moment μK� , the
quadrupole moment QK� , and the mean-square charge
radius hr2CiK� . These quantities are, respectively, defined by

μK� ¼ GK�
M ðQ2 ¼ 0ÞMN

mK�
; ð40Þ

QK� ¼ GQðQ2 ¼ 0Þ
m2

K�
; ð41Þ

hr2CiK� ¼ −6
∂GCðQ2Þ

∂Q2

����
Q2¼0

; ð42Þ

where MN ¼ 934 MeV denotes the nucleon mass in free
space. It is worth noting that the charge (conservation)
normalization condition must be satisfied, GCðQ2 ¼ 0Þ ¼ 1
for the K�þð892Þ and ρþð770Þ vector mesons, and for the
K�0ð896Þ strange vector meson, QK�0

c ð0Þ ¼ 0. Here, we
include the ρþð770Þ for comparison.

IV. NUMERICAL RESULT AND DISCUSSION

Numerical results for the charged K�þð892Þ and neutral
K�0ð896Þ strange vector meson EMFFs, including the
charge radius hrK� i, the charge form factor GCðQ2Þ, the
magnetic form factor GMðQ2Þ, and the quadrupole form
factor GQðQ2Þ are presented in Figs. 3–8. The NJL model
parameters used in this work are Gπ, Gω, and Gρ, as in
Refs. [2,57,60,61]. The infrared regulator in the Schwinger
proper-time scheme is fixed at ΛIR ¼ 240 MeV, of the order
of ΛQCD. The dynamical light-quark mass is taken to be
Ml ¼ 400 MeV. The remaining parameters are determined
by fitting to the physical observables mπ ¼ 140 MeV,
mK ¼ 495 MeV, MN ¼ 934.36 MeV, mρ ¼ 770 MeV,
mK�þ ¼ 892 MeV, mK�0 ¼ 896 MeV, and the pion decay
constant fπ ¼ 93 MeV. The resulting fit yields an ultra-
violet cutoff ΛUV ¼ 645 MeV, pion coupling constant
Gπ ¼ 19.04 × 10−6 MeV−2, Gρ ¼ 11.04 × 10−6 MeV−2,
and strange constituent quark mass Ms ¼ 611 MeV. The
current up- and strange-quark masses are taken as mu ¼
16 MeV and ms ¼ 356 MeV, respectively, following
Refs. [2,57,60,61]. Using these parameters as input to the
formulation of the K� meson-quark coupling in Eq. (10), we
obtain gK̄�0qqðgK�þqqÞ ¼ 3.106 (3.132), respectively.
Results for the BSE-dressed form factors of the up,

down, and strange quarks are depicted in Fig. 2. It clearly
shows that the FBSE

1D ðQ2Þ, FBSE
1U ðQ2Þ, and FBSE

1S ðQ2Þ do not
fall to zero at large Q2, confirming the results obtained in
Refs. [2,6,39,40]. However, they behave as FBSE

1D ðQ2Þ ≃ ed,
FBSE
1U ðQ2Þ ≃ eu, and FBSE

1S ðQ2Þ ≃ es at larger Q2, where
ed ¼ −1=3, eu ¼ 2=3, and es ¼ −1=3 are the down, up,
and strange quark charges, respectively. On the other hand,
it indicates that the photon interacts with the bare (current)
quark at larger Q2. We find that these results are consistent
with the expected results for the asymptotic freedom of
QCD and those obtained in Refs. [2,6,39,40].
In Fig. 3, we show the vector body form factors for the

K�0ð896Þ and K�þð892Þ strange vector mesons. In addi-
tion, we also provide results for the ρþð770Þ vector meson
for comparison. It is worth noting that the vector body form
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factors for the K�0ð896Þ strange vector meson are similar to
those for the K�þð892Þ vector meson. As shown in Fig. 3,
compared to the vector body form factors fV

2ρþðQ2Þ and

fV
3ρþðQ2Þ, the body form factors fV2K� ðQ2Þ and fV3K� ðQ2Þ

have a larger value in the momentum transfer range
0 ≤ Q2 ≤ 4 GeV2, and they have similar values at
Q2 > 4 GeV2. However, the vector body form factors of
the fV1K� ðQ2Þ are found softer than that for the fV

1ρþðQ2Þ.
Note that the vector body form factor satisfies charge
conservation, resulting in fV1K� ðQ2Þ ¼ 1, which is similar to
the ρþ vector meson, giving the body form factor
fV
1ρþðQ2Þ ¼ 1 [6,39,40], while the vector body form factor

fV3K�ð0Þ ¼ 2.55, which is a bit larger than that for the
fV
3ρþð0Þ ¼ 2.09. In addition, the body form factors f3K�ð0Þ

and f3ρþð0Þ have slightly larger values in comparison to
that for the canonical value of μ1 ¼ 2 for a spin-1 particle,
due to relativistic effects.

The results of the BSE-dressed from factors for the
K�þð892Þ and ρþð770Þ vector mesons are depicted in
Fig. 4. Similar to the vector body form factor case, it
shows that the value of the BSE-dressed form factor
F1K�þðQ2Þ is a bit smaller than that for F1ρðQ2Þ.
However, again, both satisfy the normalization, giving
F1K�þð0Þ ¼ F1ρð0Þ ¼ 1. On the other hand, the dressed
form factor F2K�þðQ2Þ is found to be larger than that for the
F2ρþðQ2Þ at around 0 ≤ Q2 ≤ 4 GeV2. Such behavior is
followed by the BSE-dressed form factor F3K�ðQ2Þ, result-
ing in larger values than those for the dressed form factor
F3ρþðQ2Þ in the corresponding Q2 regime.
Results for the BSE-dressed form factors of the K�0ð896Þ

strange vector meson are depicted in Fig. 5. It certainly
shows that the BSE-dressed form factors of the K�0ð896Þ
strange vector meson are rather different from those for the
K�þð892Þ meson. For the K�0ð896Þ strange vector meson, it

FIG. 2. Results for the BSE-dressed quark form factors.

FIG. 3. Results of the vector body form factors of the K� strange
vector meson, which is relevant for the K�0ð896Þ and K�þð892Þ
vector mesons since the vector body for both is the same.

FIG. 4. The BSE-dressed form factors for the K�þð892Þ strange
vector meson. Note the BSE-dressed form factors of the ρþð770Þ
vector meson are shown for comparison.

FIG. 5. Same as in Fig. 4 but only for the K�0ð896Þ strange
vector meson.
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gives F1K�0ð0Þ ¼ F2K�0ð0Þ ¼ F3K�0ð0Þ ¼ 0, as clearly
shown in Fig. 5. This is due to FBSE

1D ð0Þ − FBSE
1S ð0Þ being

equal to zero. Moreover, we find that F2K�0ðQ2Þ is the
smallest among other dressed form factors, while F3K�0ðQ2Þ
has the largest value.
Figure 6 shows the results of the charge (electric) form

factors for the K�þð892Þ, K�0ð896Þ, and ρþð770Þ vector
mesons. Interesting features are shown by GK�þ

c ðQ2Þ in

comparison with Gρþ
c ðQ2Þ at around momentum transfer

Q2 ≃ 3.0 GeV2. It is found that the charge form factor
GK�þ

c ðQ2Þ has a zero crossing at around Q2 ≃ 3.2 GeV2.
Such a zero crossing also occurred for the ρþð770Þ vector
meson, but it decreases more slowly than that for the
K�þð892Þ vector meson. Also, we find that the charge form
factor GK�0

c ðQ2Þ shows different behavior in comparison to
other charge form factors, where the nonzero charge form
factor occurs at 0 GeV2 < Q2 < 2 GeV2 forGK�0

c ðQ2Þ. It is
worth noting that the charge from factors preserve the

charge conservation by giving GK�þ
c ð0Þ ¼ Gρþ

c ð0Þ ¼ 1,
while for the K�0ð896Þ vector meson, GK�0

c ð0Þ ¼ 0.
Similar behaviors of GK�þ

C ðQ2Þ, GK�0
C ðQ2Þ, and Gρ

CðQ2Þ
are found in Refs. [28,42]. Using GCð0Þ, the charge radii of
K�þð892Þ and K�0 can be determined, and it gives
r�þK ¼ 0.67 fm, which is consistent with that obtained in
Ref. [28] but lower than that obtained in Ref. [62].
Moreover, our result of rK�þ is a bit higher than that
obtained in Refs. [42,63]. For the K�0ð896Þ charge radius,
we find that hr2iK�0 ¼ −0.04 fm2, which is consistent with
other theoretical calculations in Refs. [28,42].
In Fig. 7, we show the results of the magnetic moment

form factors for the K�þð892Þ, ρþð770Þ, and K�0ð896Þ
vector mesons. We find that the magnetic moment form
factorGK�þ

M ðQ2Þ is larger than that for the ρþð770Þmeson at
0 < Q2 < 4 GeV2, while for the K�0ð896Þ vector meson

the magnetic moment form factor GK�0
M ðQ2Þ has the lowest

values in comparison with others. This can be understood
because the BSE-dressed form factors of the K�0ð896Þ and
K�þð892Þ strange vector mesons have very different
magnitudes. Our results in GK�

M ðQ2Þ are rather different
from those obtained in Ref. [28], having negative values of
GK�0

M ðQ2Þ at Q2 ≤ 1 GeV2, while our result has positive
value. For the result of GK�þ

M ðQ2Þ, similar behaviors ar
shown, decreasing as the Q2 increasing. Note that the
magnetic moment form factors of the K�þð892Þ vector
meson can be computed via Eq. (3). We find the magnetic
moment μK�þ ¼ 2.67 μN , while μK�0 ¼ 0.032 μN . Our
results of μK�þ are comparable with those obtained in
Refs. [42] and consistent with the lattice result [56], while
for μK�0 our result has comparable magnitude with the
lattice simulation results [51,56], but the lattice result has
negative value, while our result has a positive value. Our
result is rather different in magnitude from that obtained in
Refs. [28,37,42,64]. A complete comparison of our results
on μK�þ and μK�0 with other theoretical calculations and
lattice results is provided in Table I.
In Fig. 8, we show our results for the quadrupole moment

form factors of the K�þð892Þ and K�0ð896Þ strange vector
mesons. We find the quadrupole moment form factor

Gρþ
Q ðQ2Þ has a larger value than that for K�þð892Þ strange

vector meson, GK�þ
Q ðQ2Þ. For the K�0ð896Þ strange vector

meson quadrupole moment form factor, it is found that the
value of GK�0

Q ðQ2Þ is the highest in comparison to others.
We find that our results of the charged K�þð892Þ and
neutral K�0ð896Þ strange vector mesons are consistent with
those obtained in Ref. [28]. We further find that our
quadrupole moment QK�þ has good agreement with that
obtained in Refs. [28,42,63], but we have higher values in
comparison to others. For the K�0ð896Þ strange vector
meson, it is found that the quadruple moment is consistent

FIG. 6. Results for the charge (electric) form factors GCðQ2Þ
for the K�þð892Þ, ρþð770Þ, and K�0ð896Þ vector mesons.

FIG. 7. Results for the magnetic form factors GMðQ2Þ for the
K�þð892Þ, ρþð770Þ, and K�0ð896Þ vector mesons.
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with that obtained in Ref. [28] but rather different from that
in Ref. [42], as clearly shown in Table I.

V. SUMMARY AND CONCLUSION

To summarize, in this study, we have investigated the
electromagnetic form factors (EMFFs) of the K�þð892Þ and
K�0ð896Þ strange vector mesons within the framework of the
Nambu–Jona-Lasinio (NJL) model, employing the
Schwinger proper-time regularization scheme to regularize
ultraviolet divergences and to simulate QCD aspects of quark
confinement. Using this framework, we evaluate the charge
(electric)GK�

c ðQ2Þ, magnetic momentGK�
M ðQ2Þ, and quadru-

pole moment GK�
Q ðQ2Þ form factors of the K�þð892Þ and

K�0ð896Þ strange vector mesons, as well as their charge radii.
We found that the charge (electric) form factor behaviors

for K�þð892Þ, ρþð770Þ, and K�0ð896Þ are similar to those
found in Refs. [28,42]. We obtain charge radii
rK�þ ¼ 0.67 fm, consistent with calculations in Ref. [28]

but lower than that obtained in Ref. [62]. It is also found
that our results for rK�þ are a bit higher than those in
Refs. [42,63]. For the K�0ð896Þ charge radius, we find that
hr2iK�0 ¼ −0.04 fm2, which is consistent with other theo-
retical calculations in Refs. [28,42].
For the magnetic moment, we found that μK�þ ¼ 2.67 μN

and μK�0 ¼ 0.032 μN , respectively. Our results for magnetic
moment μK�þ are comparable with other theoretical calcu-
lations [42] and lattice QCD results [56], while for μK�0 it is
found that our results are comparable in magnitude with the
lattice results [51,56].
The quadrupole moment form factors for K�þð892Þ

strange vector mesons are consistent with theoretical
calculations [28,42,63], even though they are a bit different
in magnitude. For the K�0ð896Þ strange vector meson, we
found that our results are consistent with those obtained in
Ref. [28], but they have different signs.
The results of this study provide more information about

the EMFFs of the K�þð892Þ and K�0ð896Þ strange vector
mesons, including the charge (electric) moment, magnetic
moment, and quadrupole moment form factors. Since all
these observables are not yet rigorously determined at
present, more studies on the K�0 strange vector meson
using more sophisticated approaches and lattice QCD
simulations are absolutely deserved.
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TABLE I. Comparison of the present results on the magnetic moment μK� , quadrupole momentQK� , and charge radii hriK� with other
theoretical and lattice QCD results. The units of QK� and hriK�þ are in fm2 and fm, respectively. Note μN is the nuclear magneton.

Approaches μK�þ ½μN � QK�þ rK�þ μK�0 ½μN � QK�0 hr2iK�0 [fm2]

This work BSE-NJL model 2.67 −0.06 0.67 0.032 −0.0007 −0.04
Hawes et al. [42] DSE model (1998) 2.48 −0.03 0.54 −0.42 0.005 −0.05
Bhagwat et al. [28] DSE model (2008) 2.34 −0.02 0.66 −0.27 0.0005 −0.08
Gutiérrez et al. [63] CI model (2026) 2.28 −0.04 0.54 � � � � � � � � �
Luan et al. [62] Extended-NJL model (2015) 2.37 � � � 1.05 � � � � � � � � �
Lee [56] Lattice QCD (2008) 2.81 (1) � � � � � � −0.07 � � � � � �
Hedditch et al. [51] Lattice QCD (2007) � � � � � � � � � −0.068ð18Þ � � � � � �
Aliev et al. [37] LC-QCD sum rules � � � � � � � � � 0.28(4) � � � � � �
Badalian et al. [64] Relativistic Hamiltonian approach � � � � � � � � � −0.813 � � � � � �

FIG. 8. Results for the quadrupole moment form factors
GQðQ2Þ for the K�þð892Þ, ρþð770Þ, and K�0ð896Þ vector
mesons.
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