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In this work, we investigate the behavior of the light vector ρ meson in the presence of a symmetric
nuclear medium at zero temperature. We calculate the mass, decay constant of the ρ meson, and leading
twist distribution amplitudes (DAs) in the light-front quark model in vacuum, which are further investigated
at different baryonic densities. We also predict the Mellin moments of the DAs and decay width of the
ρ0 → eþe− process in both vacuum and medium. The evolution of DAs is carried out by the leading order
(LO) Efremov-Radyushkin-Brodsky-Lepage method and compared with available predictions. For better
understanding of medium effects on the ρ meson, we have also predicted the in-medium charge [GCðQ2Þ],
magnetic [GMðQ2Þ], and quadrupole [GQðQ2Þ] form factors. The in-medium charge radii, magnetic
moment, and quadrupole moment have also been predicted in this work. We have found that the nuclear
medium induces appreciable modifications on the mass, weak decay constant, decay width, and
distribution amplitudes of the ρ meson. However, the charge radii, magnetic moment, and quadrupole
moment are observed to exhibit weaker sensitivity to changes in baryonic density.
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I. INTRODUCTION

Understanding the internal structure of hadrons is always
a challenging task due to quark confinement at low energy,
the nonperturbative quantum chromodynamics (QCD)
limit. The study of strong interaction among the constituent
quarks, gluons, and sea-quarks that make up the hadron is
still a puzzle in understanding the asymptotic freedom and
color confinement at different energy scales. It is also more
complex to study the behavior of these constituents in the
presence of a dense nuclear medium, which plays a crucial
role in studying the chiral symmetry breaking at low energy
scale and its restoration at higher densities of Nambu-
Goldstone bosons [1–3]. Modifications in the properties of
hadrons and their constituents in the presence of nuclear
medium have also been explored experimentally and
theoretically after verification of the suppression in the
structure function of nucleons in the presence of a nucleus
to that of the free space in the region 0.3 < x < 0.7 (x is the

momentum fraction carried by the constituents) by the
European Muon Collaboration [4]. Similar observations
have also been verified in deep inelastic scattering experi-
ments by Stanford Linear Accelerator Center in the
presence of light and heavy nuclei [5]. Thus, the modifi-
cation in the mass spectra, decay constant, charge radii,
parton distribution functions (PDFs), distribution ampli-
tudes (DAs), and other properties is expected in the
presence of the nuclear medium [6]. Experimentally, a
reduction in the pion decay constant has been observed in
the pion-nucleus scattering [7] and the deep-bound pionic
atom experiments [8]. The partial restoration of chiral
symmetry breaking has also been experimentally con-
firmed in deeply bound pionic atoms [8], dipion production
in hadron-nucleus and photon-nucleus reactions [9,10], and
low-energy pion-nucleus scattering [7]. So understanding
the nuclear modifications is an important task for both
experimentalists and theorists.
The ρ meson serves as an ideal probe to understand the

medium modifications of vector mesons due to its strong
coupling to the ππ channel. Significant changes in the
decay constant and decay width are expected within the
medium due to the ρ meson’s short lifetime of 1.3 fm=c.
The first indication of possible modification in the ρ meson
mass due to a medium was observed in CERES [11] and
HELIOS=3 [12] Collaborations at CERN. Subsequent
studies by the upgraded CERES [13], NA60 [14], and
CLAS [15] Collaborations further explored these effects,
revealing notable changes in the decay width, mass spectra,
and spectral function of the ρmeson in the nuclear medium.
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Theoretical investigations of these in-medium properties
have also been explored using QCD sum rules [16–18],
nuclear photoproduction [19], the quark-meson coupling
(QMC) model [20], dense hadronic matter [21], dilepton
production [22], etc.
In this work, we investigate the in-medium properties of

the ρ meson in symmetric nuclear matter using a hybrid
approach that combines the light-front quark model (LFQM)
and the chiral SU(3) quark mean-field model (CQMF). The
vacuum properties of the ρ meson are evaluated within
the LFQM, while its in-medium behavior is analyzed using
the CQMF by incorporating medium-modified input param-
eters. We have studied the meson mass, decay constant,
DAs, decay width, lifetime, Mellin moment, and form
factors in vacuum as well as at different baryonic densities.
This hybrid approach provides a benchmark for studying
the in-medium properties of hadrons and their interactions
in light-front dynamics. Similar hybrid approaches have
been utilized to investigate the properties of pions and
kaons in the quark meson coupling model (QMC), com-
bined with the Nambu–Jona-Lasinio model (NJL) [23,24],
the LFQMwith the QMCmodel [25,26], and the light-cone
quark model (LCQM) with the CQMF [27]. However, the
in-medium properties of the vector ρmeson have only been
studied using the NJL model alongside the light-front
constituent quark model [20]. These hybrid models show
qualitative in-medium results for both quark and meson
properties. This highlights the need for more research on
the properties of vector mesons in a nuclear medium.
The vacuum properties of the ρ meson have been

calculated using the LFQM. LFQM is a nonperturbative
model based on light-front dynamics at a low energy scale.
It serves as an effective framework for studying high-energy
processes and parton distributions, as it simplifies the
vacuum structure, ensures boost invariance, and facilitates
the application of factorization theorems. The meson mass
of LFQM is calculated by solving the QCD-motivated
effective Hamiltonian Hqq̄ ¼ M0 þ Vqq̄, where Vqq̄ repre-
sents the quark-antiquark interaction potential. The mass
spectrum of the meson is then determined from the
eigenvalue equation Hqq̄jΨi ¼ ðM0 þ Vqq̄ÞjΨi. Various
studies [28–31] have investigated the vacuum masses of
vector mesons within the LFQM framework by employing
different forms of the interaction potential Vqq̄. After the
indication of a change in decay width due to the presence of
a nuclear medium by CLAS [15], understanding these
effects theoretically has become a significant challenge.
While the LFQM effectively describes the vacuum proper-
ties of mesons, it does not inherently account for the impact
of the surrounding medium. To address this limitation and to
extend the study beyond vacuum conditions, in-medium
effects are incorporated through constituent quark masses
determined by the CQMF model.
The CQMF model is a theoretical framework that incor-

porates both the spontaneous and explicit breaking of chiral

symmetry, which are essential features of low-energy QCD.
Within this framework, quarks interact through the exchange
of scalar (σ, ζ, δ) and vector (ω, ρ) meson fields, while being
contained within baryons via a confining potential. The
model represents the interactions between quarks and mesons
using a mean-field approximation, treating meson fields as
classical entities. Consequently, only the scalar and vector
fields play a role in the quark-meson interaction Lagrangian.
The CQMF model has been utilized to explore the character-
istics of nuclear and strange hadronic matter [32,33]. It has
been used to theoretically compute the magnetic moment of
octet and decuplet baryons in nuclear and strange hadronic
medium [34–36]. Furthermore, the combined approaches of
the CQMF model and LCQM have been used to explore the
in-medium properties such as decay constant, DAs, PDFs,
generalized parton distributions, as well as transverse
momentum-dependent parton distributions of kaons and
pions [27,37–39].
The outline of the paper is as follows: In Sec. II, we

describe the methodology, which is divided into two parts. In
Sec. II A, we provide an overview of the CQMF model used
to obtain the in-medium quark masses, while in Sec. II B, we
outline the LFQM adopted in this work. In Sec. III, we
present the results for the in-medium ρ meson mass, and in
Sec. IV, we discuss the calculation of the decay width and
weak decay constant. The medium modification of the DAs
is analyzed in Sec. V, followed by the evaluation of the in-
medium form factors in Sec. VI. Finally, in Sec. VII, we
summarize the findings of our study.

II. METHODOLOGY

Understanding hadronic characteristics in a dense medium
is crucial for understanding the nonperturbative phase of
QCD, especially with regard to hadron spectral function
modification and partial restoration of chiral symmetry. The
light vector ρ meson is an important meson among others
because of its short lifetime and strong coupling to dilepton
channels, which makes it a sensitive probe of the dynamics
in the medium. Its mass, decay breadth, and spectral shape
changes inside thermal or nuclear matter have been well
studied experimentally and theoretically, particularly in
heavy-ion collisions.
This section discusses the CQMF model that uses

medium-modified quark masses as input in the LFQM
to study the properties of the ρ meson within the nuclear
medium.

A. Chiral SU(3) quark mean field model

The CQMF model respects the chiral symmetry and its
spontaneous breaking [40,41] as well as incorporates the
effects of broken scale invariance [42–44], to represent
interactions between mesons and quarks and among mes-
ons at finite baryon density. In this model, quarks are
bound within baryons through a confining potential. The
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interaction of quarks with scalar-isoscalar fields σ and ζ,
the scalar-isovector field δ, and the vector-isoscalar ω,
along with the vector-isovector field ρ, leads to signif-
icant modifications in the internal structure of baryons.
Furthermore, to incorporate the trace anomaly of QCD, the
model includes the scalar dilaton field χ [42,45].
The thermodynamic potential for isospin asymmetric

nuclear matter at finite temperature and density is written as

Ω ¼ −
kBT
ð2πÞ3

X
i¼p=n

γi

Z
∞

0

d3k

"
ln

 
1þ e

−
�

E�
i
ðkÞ−ν�

i
kBT

�!

þ ln

 
1þ e

−
�

E�
i
ðkÞþν�

i
kBT

�!#
− LM − Vvac: ð1Þ

Here, the summation is taken over the nucleons in the
medium denoted by i ¼ p=n, and γi ¼ 2 accounts for
the spin degeneracy. The effective energy E�

i ðkÞ and the
effective chemical potential ν�i of the baryon are given by

E�
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M�

i
2 þ k2

q
; ð2Þ

ν�i ¼ νi − giωω − giρI3iρ: ð3Þ

In the above, M�
i denotes the effective mass of the baryon,

νi represents the free chemical potential, while giω and giρ
are the coupling constants of the vector fields ω and ρ,
respectively. The third component of isospin for the nucle-
ons is given by I3p ¼ −I3n ¼ 1=2. The thermodynamic
potential defined by Eq. (1) is minimized with respect to the
scalar, vector, and dilation field through

∂Ω
∂σ

¼ ∂Ω
∂ζ

¼ ∂Ω
∂δ

¼ ∂Ω
∂χ

¼ ∂Ω
∂ω

¼ ∂Ω
∂ρ

¼ 0: ð4Þ

This results in a set of nonlinear equations that are solved
for various baryon density and temperature values. The
interactions within the CQMF model are described by the
effective Lagrangian density, which is given by [32]

Leff ¼ Lq0 þ Lqm þ LΣΣ þ LVV þ LχSB

þ LΔm þ Lc: ð5Þ

In the above, Lq0 denotes the kinetic term and Lqm

represents the quark-meson interaction term, including quark
interactions with spin-0 and spin-1 mesons [32–34]. The
expressions for Lq0 and Lqm are written as

Lq0 ¼ Ψ̄iγμ∂μΨ; ð6Þ

and

Lqm ¼ gsðΨ̄LMΨR þ Ψ̄RM†ΨLÞ
− gvðΨ̄Lγ

μlμΨL þ Ψ̄Rγ
μrμΨRÞ

¼ gsffiffiffi
2

p Ψ̄
�X8

a¼0

saλa þ iγ5
X8
a¼0

paλa

�
Ψ

−
gv
2
ffiffiffi
2

p Ψ̄γμ
�X8

a¼0

vμaλa − γ5
X8
a¼0

aμaλa

�
Ψ; ð7Þ

respectively. Here, Ψ ¼ ðudÞ and parameters gs and gv are
scalar and vector coupling constants. In Eq. (5), LΣΣ rep-
resents the chiral invariant self-interaction term for scalar
mesons and is expressed as

LΣΣ ¼ −
1

2
k0χ2ðσ2 þ ζ2 þ δ2Þ þ k1ðσ2 þ ζ2 þ δ2Þ2

þ k2

�
σ4

2
þ δ4

2
þ 3σ2δ2 þ ζ4

�
þ k3χðσ2 − δ2Þζ

− k4χ4 −
1

4
χ4 ln

�
χ4

χ40

�

þ ξ

3
χ4 ln

��ðσ2 − δ2Þζ
σ20ζ0

��
χ3

χ30

��
: ð8Þ

The above equation includes the last two terms to ensure the
trace of the energy-momentum tensor is proportional to the
fourth power of the dilaton field χ. The parameter ξ is
determined from the QCD β function at one loop level for
three colors and three flavors [42]. The π meson mass, mπ ,
K meson mass, mK , and the averaged mass of η and η0
mesons are utilized to calculate the values of the parameters
k0, k1, k2, k3, and k4. The vacuum expectation values of
scalar meson fields σ and ζ, denoted by σ0 and ζ0, are
expressed using the kaon decay constant fK and pion decay
constant fπ as σ0 ¼ −fπ and ζ0 ¼ 1

2
ðfπ − 2fKÞ [46]. For

vector mesons, the self-interaction term LVV is given by

LVV ¼ 1

2

χ2

χ20
ðm2

ωω
2 þm2

ρρ
2Þ

þ g4ðω4 þ 6ω2ρ2 þ ρ4Þ: ð9Þ

The vacuum value of χ0 and the coupling constant g4 are
fitted to the effective nucleon mass [32]. To account for the
nonzero masses of pseudoscalar mesons, the explicit sym-
metry-breaking term LχSB is incorporated as [42,47]

LχSB ¼ −
χ2

χ20

�
m2

πfπσ þ
� ffiffiffi

2
p

m2
KfK −

m2
πffiffiffi
2

p fπ

�
ζ

�
: ð10Þ

The sixth term in Eq. (5) is incorporated via an explicit
symmetry-breaking term to achieve a physically accurate
value for the strange quark mass ms, where S1 is the
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strange quark matrix operator and is defined as S1 ¼
1
3
ðI − λ8

ffiffiffi
3

p Þ ¼ diagð0; 0; 1Þ [32,47]. Finally, the last term
Lc corresponds to the confinement potential term represent-
ing confinement of quarks within baryons and is written as

Lc ¼ −Ψ̄χcΨ: ð11Þ

The Dirac equation for a quark field Ψqi, under the presence
of meson mean fields becomes

½−iα · ∇þ χcðrÞ þ βm�
q�Ψqi ¼ e�qΨqi; ð12Þ

where the subscript q denotes the quarks within a baryon
of type i (where i ¼ n, p) and α, β are the standard Dirac
matrices. The effective quark mass m�

q and energy e�q are
expressed in terms of relevant coupling constants, and the
scalar and vector meson fields as [46]

m�
q ¼ −gqσσ − gqζζ − gqδI

3qδþ Δm; ð13Þ

and

e�q ¼ eq − gqωω − gqρI3qρ: ð14Þ

In Eq. (13), to fit the vacuum masses of the quarks, the value
of Δm is taken as 77 MeV for the s quark and zero MeV for
the u=d quark. Here, I3q refers to the third component of
the isospin quantum number, while ρB represents the total
baryon density in the medium. The effective mass of the
ith baryon in terms of in-medium spurious center-of-mass
momentum hp�2

i cmi [48,49] and the effective energy of the
constituent quarks e�q can be written as

M�
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�X
q
nqie�q þ Ei spin

�
2

− hp�2
i cmi

s
; ð15Þ

where, nqi represents the number of quarks of type q within
the ith baryon. Additionally, the in-medium spurious center-
of-mass correction hp�2

i cmi is given by

hp�2
i cmi ¼

X
q

ð11e�q þm�
qÞ

6ð3e�q þm�
qÞ
ðe�2q −m�2

q Þ: ð16Þ

B. Light front quark model

In LFQM [30,31,50], mesons are described as relativistic
bound states consisting of a quark and an antiquark. The
model employs the light-front framework, which is notably
helpful for modeling hadronic systems while maintaining
special relativity, especially when there are boosts along
the direction of motion. The Fock state is described using a
noninteracting qq̄ representation, with the interactions
integrated into the mass operator M ¼ H0 þ Vqq̄, to

preserve compliance with the group structure satisfying
the Poincaré algebraic commutation relations [51].
The light-front wave function (LFWF),Ψqq̄, encodes the

full dynamics of the quark-antiquark system within the
meson and is obtained by solving the eigenvalue equation
of a QCD-inspired effective Hamiltonian, given by [50,52]

MjΨqq̄i ¼ ðH0 þ Vqq̄ÞjΨqq̄i ¼ Mqq̄jΨqq̄i;

where Mqq̄ is the mass eigenvalue of the meson. The rela-
tivistic kinetic energy H0 and the effective potential Vqq̄,
which includes the linear confining potential Vconf , the
Coulomb potential of one-gluon exchange Vcoul, and the
hyperfine potential VHyp are given as

H0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m�2

q þ p2
q

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m�2

q̄ þ p2
q̄

q
; ð17Þ

and

Vqq̄ ¼ aþ br|fflfflffl{zfflfflffl}
conf

−
4αs
3r|{z}
coul

þ 32παshSq · Sq̄i
9m�

qm�̄
q

δð3ÞðrÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
hyp

; ð18Þ

respectively. In the above, a and b are the linear confining
potential parameters, αs is the running coupling constant,
and the spin interaction term hSq · Sq̄i takes the value 1

4
for

vector mesons and − 3
4
for pseudoscalar mesons. Studies

indicate that αs varies with density and temperature [26,53];
recent findings in holographic QCD also investigate the
changes in αs within the quark phase [54]. However, in this
study, we focus on ρ mesons within nuclear matter and, for
simplicity, consider αs to be a constant.
The meson state jMðP; J; JzÞi, expressed as a bound state

of quark (q) and antiquark (q̄) having total momentum P
and total angular momentum ðJ; JzÞ can be written as

jMðP; J;JzÞi ¼
Z

½d3pq�½d3pq̄�2ð2πÞ3δ3ðP−pq−pq̄Þ

×
X
λq;λq̄

ΨJJz
λqλq̄

ðx;k⊥ÞjqλqðpqÞq̄λq̄ðpq̄Þi: ð19Þ

Here pj and λj are the momentum and helicity of quark
(j ¼ q) and antiquark (j ¼ q̄), with the LF momentum
defined as pj ¼ ðpþ

j ;pj⊥Þ and d3pj ≡ dpþ
j d

2pj⊥=2ð2πÞ3.
The Lorentz-invariant internal variables (x;k⊥) are then

expressed as xj ¼ pþ
j

Pþ and k⊥j ¼ p⊥j − xjP⊥. The trial wave
function in momentum space is given by [28,52]

ΨJJz
λqλq̄

ðx;k⊥Þ ¼ Φðx;k⊥ÞRJJz
λqλq̄

ðx;k⊥Þ: ð20Þ

Here, we use the lowest-order harmonic oscillator wave
function for the radial part of the trial wave function, which
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is expressed as

Φ�
1Sðx;k⊥Þ ¼

4π3=4

β3=2

ffiffiffiffiffiffiffiffiffi
∂kz�

∂x

r
e
−k2

2β2 ; ð21Þ

where β is the variational parameter governing the wave
function scale in our mass spectroscopic analysis, provided
that αs is constant for all mesons. While β can theoretically
be modified in a medium, it is associated with the short-
range characteristics of the meson wave function and is
therefore expected to be largely unaffected by medium
effects [25]. Consequently, it does not influence the mod-
ifications of hadron properties. The variable transformation
fkz;k⊥g → fx;k⊥g involves the Jacobian,

∂k�z
∂x

¼ M�
0

4xð1 − xÞ
�
1 −

ðm�2
q −m�2

q̄ Þ2
M�4

0

�
; ð22Þ

where k�z ¼ ðx − 1=2ÞM�
0 þ ðm�2

q̄ −m�2
q Þ=2M�

0. It should be
noted that additional calculations will be performed using
the normalized LFWF [26]. Asterik ð�Þ indicates the
medium dependence of the quantities. RJJz

λqλq̄
ðx;k⊥Þ repre-

sents the interaction-independent spin-orbit wave function
and its explicit form (derived through the Melosh trans-
formation) is given as [52]

R�00
λqλq̄

¼ 1ffiffiffi
2

p
R�

0

�
−kL A�

−A� −kR

�
ð23Þ

and

R�11
λqλq̄

¼ 1

R�
0

0
@A� þ k2⊥

M� kR M�
1

M�

−kR M�
2

M� − ðkRÞ2
M�

1
A; ð24Þ

R�10
λqλq̄

¼ 1ffiffiffi
2

p
R�

0

0
@ kL M�

3

M� A� þ 2k2⊥
M�

A� þ 2k2⊥
M� −kR M�

3

M�

1
A; ð25Þ

R�1−1
λqλq̄

¼ 1

R�
0

0
@ − ðkLÞ2

M� kL M�
2

M�

−kL M�
1

M� A� þ k2⊥
M�

1
A; ð26Þ

for pseudoscalar and vector mesons, respectively. Here,
R�

0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A�2 þ k2⊥

p
, kRðLÞ ¼ kx � iky, A� ¼ ð1 − xÞm�

q þ
xm�̄

q, M� ¼ M�
0 þm�

q þm�̄
q, M�

1 ¼ xM�
0 þm�

q, M�
2 ¼

ð1 − xÞM�
0 þm�̄

q,M
�
3 ¼ M�

2 −M�
1 and the boost invariant

meson mass squared, M�
0 is given by

M�2
0 ¼ k2⊥ þm�

q
2

x
þ k2⊥ þm�̄

q
2

1 − x
: ð27Þ

Furthermore, spin-orbit wave functions R�JJz
λqλq̄

are inher-

ently constructed to satisfy the unitarity condition,

hR�JJz
λqλq̄

jR�JJz
λqλq̄

i ¼ 1. However, the same spin wave func-

tions can be derived from Dirac spinor products as

R�JJz
λqλq̄

¼ 1ffiffiffi
2

p
M�

0

ūλqðpqÞ
�
−=ϵJz þ

ðpq − pq̄Þ · ϵJz
M�

0 þm�
q þm�̄

q

�
vλq̄ðpq̄Þ:

ð28Þ

Here, ūλqðpqÞ and vλq̄ðpq̄Þ are the Dirac spinor. ϵJz is the
polarization vector. We have also found that the vector spin
alignment hR�10

λqλq̄
i of the ρ meson is 1=3, which indicates

the spin states are equally distributed [55].

III. MASS OF MESON

To calculate the mass of the meson, we apply the
variational principle using the QCD-inspired quark-antiquark
Hamiltonian Hqq̄. This involves computing its expectation
value with the chosen trial wave functionΦ�

1Sðx;k⊥Þ, which
has variational parameter β dependence. By minimizing the
expectation value with respect to β, we can fix this parameter
and obtain the corresponding mass eigenvalue of the meson,
given by

M�
qq̄ ¼ hΨqq̄jHqq̄jΨqq̄i ¼ hΦ�

1SjHqq̄jΦ�
1Si:

To address the issue of negative infinity, the delta func-
tion δ3ðrÞ is replaced with a Gaussian smearing function,
δ3ðrÞ → ð σ03

π3=2
Þe−σ02r2 , which effectively weakens the singu-

larity [30]. Finally, the expression for the in-mediummass of
the meson is obtained as [26,56]

M�
qq̄ ¼

βffiffiffi
π

p
X
i¼q;q̄

ziezi=2K1

�
zi
2

�
þ aþ 2b

β
ffiffiffi
π

p −
8αsβ

3
ffiffiffi
π

p

þ 32αsβ
3hSq · Sq̄i

9
ffiffiffi
π

p
m�

qm�̄
q

; ð29Þ

where zi ¼ m�2
i =β2 and K1 is the modified Bessel function

of the second kind. The constituent quark masses in free
space are obtained from the CQMF model, while the
potential parameters are determined by fitting the mass
spectra of the η0 (0.958 GeV) and ρ (0.770 GeV) mesons.
The resulting values are summarized in Table I. Note that to
fit the potential parameters we used η0 − ρmesons in place of
π − ρ, because the parameters derived from the later pair
give the value for weak decay constant of the ρmeson nearly
0.299 GeV, which differs notably from the experimental
value of 0.216 GeV, whereas with the parameter set fitted
using the η0 − ρ meson pair, the decay constant for the
ρ meson is found to be 0.219 GeV.
The variation in the in-medium constituent mass m�

q of
light quarks as a function of baryon density ρB is represented
in Fig. 1. It is observed that m�

q decreases rapidly at low
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densities, and then exhibits a more gradual change at higher
densities, indicating a partial restoration of chiral symmetry.
Similar behavior has been observed in other approaches,
such as the QMC model integrated with LCQM [57], the
QMC model combined with the NJL framework [23], and
the Schwinger proper-time NJL model [58]. In the current
version of the CQMFmodel used in the present work, quarks
are confined inside the baryons. However, there might be the
possibility of deconfinement phase transitions at very high
baryon densities. The present model can be extended further
to include such phase transitions by including, for example,
the Polyakov loop effect in future work. Also, at sufficiently
high densities, the QCD ground state may undergo quali-
tative changes, including the suppression of the quark-
antiquark condensate and the possible emergence of diquark
correlations associated with color-superconducting phases
leading to restoration of chiral symmetry [59,60]. In such a
regime, a description based purely on quark–meson inter-
actions may be improved further including these effects. The
computed mass of the ground state ρ meson mass using
the above obtained model parameters is given in Table II.
Compared to previous studies based on LFQM [26,61], the
relativistic quark model [62], and experimental data from the
Particle Data Group (PDG) [63], the result obtained shows a
significant level of agreement. Figure 2 illustrates the
dependence of the ρ meson mass on the baryon density
ρB (in units of nuclear saturation density ρ0). The figure
displays the calculated mass together with separate curves
representing the case without the hyperfine interaction and
the contribution arising solely from the hyperfine term.

The effective mass is observed to decrease at lower baryon
densities up to ρB ¼ ρ0, followed by an increase after
ρB ≥ ρ0. In contrast, the calculation without the hyper-
fine interaction exhibits a gradual decrease over the entire
density range.
The hyperfine contribution, due to its inverse depend-

ence on the in-medium constituent quark mass as shown in
Eq. (29), exhibits a density-dependent behavior that closely
follows the trend of the total ρ meson mass, indicating its
significant influence on the meson mass. This nonmono-
tonic behavior of the ρmeson mass results from the balance
between the H0 þ Vcoul þ Vconf (without hyperfine) con-
tributions and the VHyp interaction. At lower densities, both
contributions decrease, leading to an overall reduction in
the mass. At higher densities, however, the hyperfine
contribution increases and becomes significant, resulting
in the observed reversal of the trend around ρ0. The unusual
trend of mass decreasing and then increasing has also been
observed in various model calculations [64,72,73]. A
similar trend is evident in the CLAS data [15], which
indicates that the mass of the ρ meson decreases for the C
target and rises for theFe − Ti target. At the baryon density
of ρB ¼ ρ0, the mass of the ρ meson is determined to be
0.719 GeV, compared to approximately 0.5 GeV as
reported in Ref. [20]. A detailed comparison of the
medium-modified masses at various baryon densities with
different model predictions is presented in Table II.

IV. WEAK DECAY CONSTANT
AND DECAY WIDTH

The decay constant is a quantity defined by the matrix
elements that characterize the connection between the
vacuum and a meson state with four-vector momenta P.

The decay constants fkV and f⊥V relate to vector mesons with
longitudinal and transverse polarizations, respectively, and
are defined as [29]

h0jq̄γμqjVðP; JzÞi ¼ fkVMV ϵ
μðJzÞ; ð30Þ

h0jq̄σμνqjVðP; JzÞi ¼ if⊥V ½ϵμðJzÞPν − ϵνðJzÞPμ� ð31Þ

where ϵμðJzÞ is the polarization vector and MV is the mass
of the vector meson. The explicit form of the in-medium
weak decay constants of the vector meson is given by

fk�V ¼ 2
ffiffiffi
6

p Z
1

0

dx
Z

d2k⊥
2ð2πÞ3

Φ�ðx;k⊥Þ
R�

0

Ok; ð32Þ

f⊥�
V ¼ 2

ffiffiffi
6

p Z
1

0

dx
Z

d2k⊥
2ð2πÞ3

Φ�ðx;k⊥Þ
R�

0

O⊥; ð33Þ

where Ok ¼ A� þ 2k2⊥
M� and O⊥ ¼ A� þ k2⊥

M�. The longi-
tudinal momentum fraction xq=q̄ of the quark or antiquark

TABLE I. Constituent quark masses (in GeV) along with
potential parameters σ0; αs; a (in GeV) and b (in GeV2).

mu=d β σ0 [29] αs a b [26]

0.256 0.325 0.451 0.212 −0.694 0.18

FIG. 1. In-medium mass of light quarks (in units of GeV) is
plotted as a function of baryon density ρB (in units of nuclear
saturation density ρ0).
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in free space is related to its in-medium counterpart x�q=q̄ through the following relation

x�q=q̄ ¼

8><
>:

E�
qþgqωωþgqρI3qρþk�3q

E�
qþE�

q̄þgqρðI3q−I3q̄ÞρþP�3 ¼ xqþðgqωωþgqρI3qρÞ=Pþ

1þðI3q−I3q̄Þρ=Pþ ; for quarkq;

E�
q̄−g

q
ωω−g

q
ρI3q̄ρþk�3q̄

E�
qþE�

q̄þgqρðI3q−I3q̄ÞρþP�3 ¼ xq−ðgqωωþgqρI3q̄ρÞ=Pþ

1þðI3q−I3q̄Þρ=Pþ ; for antiquark q̄:
ð34Þ

TABLE II. In-medium weak decay constant (in units of GeV) for both longitudinal and transverse components,
their ratio, and the decay width (in units of keV) of the ρ meson have been compared with other model calculations
up to baryonic density ρB=ρ0 ¼ 3.

ρB=ρ0 Mρ (GeV) fk�ρ (GeV) f⊥�
ρ (GeV) fk�ρ =f⊥�

ρ Γ� (keV)

0 Our 0.770 0.219 0.176 1.242 6.897

Ref. [63] 0.770 0.216 � � � � � � 7.04� 0.06
Ref. [61] 0.770 0.215 0.173 � � � � � �
Ref. [26] 0.770 0.216 � � � � � � � � �
Ref. [62] 0.776 0.219 � � � � � � � � �
Ref. [64] 0.753 � � � � � � � � � � � �
Ref. [65] 0.770 0.235 � � � � � � � � �
Ref. [66] � � � 0.216 0.165 1.309 � � �
Ref. [67] � � � � � � � � � 1.428 � � �
Ref. [68] � � � � � � � � � 1.348 � � �
Ref. [69] � � � � � � 0.159 1.316 � � �
Ref. [20] 0.770 0.154 � � � � � � � � �
Ref. [70] 0.770 � � � � � � � � � � � �
Ref. [71] 0.736 � � � � � � � � � � � �

0.25 Our 0.751 0.219 0.173 1.266 7.116

Ref. [20] � � � 0.122 � � � � � � � � �
Ref. [64] 0.688 � � � � � � � � � � � �
Ref. [71] 0.712 � � � � � � � � � � � �

0.5 Our 0.733 0.219 0.169 1.293 7.278

Ref. [20] � � � 0.109 � � � � � � � � �
Ref. [64] 0.635 � � � � � � � � � � � �
Ref. [70] 0.726 � � � � � � � � � � � �
Ref. [71] 0.676 � � � � � � � � � � � �

0.75 Our 0.722 0.218 0.160 1.323 7.357

Ref. [20] � � � 0.122 � � � � � � � � �
Ref. [64] 0.584 � � � � � � � � � � � �
Ref. [71] 0.639 � � � � � � � � � � � �

1 Our 0.719 0.217 0.160 1.358 7.342

Ref. [64] 0.538 � � � � � � � � � � � �
Ref. [65] 0.620 0.282 � � � � � � � � �
Ref. [70] 0.694 � � � � � � � � � � � �
Ref. [71] 0.588 � � � � � � � � � � � �

2 Our 0.799 0.213 0.142 1.496 6.307

Ref. [64] 0.382 � � � � � � � � � � � �
Ref. [70] 0.658 � � � � � � � � � � � �
Ref. [71] 0.339 � � � � � � � � � � � �

3 Our 1.017 0.208 0.130 1.600 4.761

Ref. [64] 0.276 � � � � � � � � � � � �
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We have restricted our findings to x instead of x� for the
sake of simplicity. The vacuum longitudinal fkV and trans-
verse f⊥V decay constant is found to be 0.219 and
0.176 GeV, which have been given in Table II along with
comparison with PDG data [63] and other theoretical model
predictions [26,61,62]. Our vacuum results are found to be
in good agreement with other model predictions. The in-
medium decay constant and normalized in-medium decay
constant have been plotted with respect to baryonic density
in the left and right panels of Fig. 3, respectively. Both
decay constants are found to be smoothly decreasing with
increasing baryonic density. The longitudinal in-medium
decay constant decreases with a slowly decreasing ampli-
tude compared to the transverse decay constant, which can
also be seen in the normalized in-medium decay constant
case. A similar observation was also made in Ref. [20]. The
transverse decay constant f⊥V decreases by 25% compared
to the 4% decrease for the longitudinal decay constant case
at ρB ¼ 3ρ0, as shown in Table II. We have also observed

that the ratio of the in-medium decay constant of longi-
tudinal to transverse increases with increasing baryonic
density. We have also compared our results for the in-
medium decay constant with those in Refs. [20,65–69] at
vacuum as well as at finite baryon densities.
The decay process ρ0 → eþe− is an important electro-

magnetic process and proceeds through an intermediate
virtual photon. The corresponding medium-modified decay

width is related to the longitudinal decay constant fk�V and is
given by [20]

Γ�
ρ0→eþe− ¼ 4πα2C2

v

3M�
ρ

ðfk�ρ Þ2; ð35Þ

where Cv ¼ 1=
ffiffiffi
2

p
for the ρ meson, α ≈ 1

137
is the fine-

structure constant, andM�
ρ is the effectivemass of theρmeson.

The vacuum decay width of ρ0 → eþe− is found to be
6.897 keV compared to the PDG data of 7.04� 0.06 keV
and has been presented in Table II. Our decay width is
observed to deviate only by about 2% from the PDG data
[63]. The in-medium decay width and its normalized form
have been plotted with baryonic density in Fig. 4. In
contrast to the mass of the medium ρ meson, the decay
width demonstrates an opposing trend. The decay width
increases up to ρB ¼ ρ0 and then starts to decrease at higher
densities. However, in Ref. [20], the decay width is shown
to have only decreasing behavior. The observed decrease
after ρB ¼ ρ0 is evident from the plot in Fig. 4, with specific
values at different densities summarized in Table II.

The branching fraction ( Γ
�
i

Γtot
) for the decay of the ρ0 →

eþe− channel is determined by using the total decay width
(Γtot ¼ 147.4 MeV) of the ρ0 meson [63]. In vacuum, this
leads to a branching fraction of 4.7 × 10−5 and associated
lifetime (τ ¼ 1

Γtot
), is found to be 6.815 × 10−3 MeV−1. At

baryonic density ρB ¼ ρ0ð3ρ0Þ, the partial width is adjusted
for the medium, which results in an in-medium branch-
ing fraction of 5.0 × 10−5ð3.2 × 10−5Þ and a lifetime of

FIG. 2. Effective mass of ρ meson as a function of baryon
density ρB (in units of nuclear saturation density ρ0). Results are
shown for the total mass, without the contribution of the hyper-
fine potential, and for the hyperfine contribution alone.

FIG. 3. In-medium ρ meson decay constant (in units of GeV) has been plotted with baryonic density ρB=ρ0 for both longitudinal and
transverse components in the left panel. The ratio of in-medium and vacuum decay constant for both longitudinal and transverse
polarization has been plotted with respect to baryonic density ρB=ρ0 in the right panel.
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6.8 × 10−3ð6.7 × 10−3Þ MeV−1. These values indicate that
both the branching fraction and the lifetime of the ρ0 meson
undergo only slight modifications in the nuclear medium,
even at higher densities.

V. DISTRIBUTION AMPLITUDE

DAs capture the essential nonperturbative dynamics of
hadrons and play a central role in the study of exclusive
processes in QCD [74,75]. These DAs are defined through
matrix elements of nonlocal quark-antiquark operators,
taken between the vacuum and the meson states [29,76]

h0jq̄ð0Þγμqð0ÞjVðP; λ ¼ 0Þi ¼ fkVMV ϵ
μðλÞ

×
Z

1

0

ϕk
VðxÞdx; ð36Þ

h0jq̄ð0Þσμνqð0ÞjVðP; λ ¼ �1Þi ¼ if⊥V ½ϵμðλÞPν − ϵνðλÞPμ�

×
Z

1

0

ϕ⊥
V ðxÞdx: ð37Þ

Here, ϕk
V and ϕ⊥

V are the twist-2 DAs of longitudinally and
transversely polarized vector mesons in free space, respec-
tively. The in-medium DAs for vector mesons are derived
by integrating the LFWFs over the transverse momentum
fraction as [29]

ϕk�
V ðxÞ ¼ 2

ffiffiffi
6

p

fk�V

Z
d2k⊥
2ð2πÞ3

Φ�ðx;k⊥Þ
R�

0

Ok; ð38Þ

ϕ⊥�
V ðxÞ ¼ 2

ffiffiffi
6

p

f⊥�
V

Z
d2k⊥
2ð2πÞ3

Φ�ðx;k⊥Þ
R�

0

O⊥: ð39Þ

Both the longitudinal and transverse DAs obey the
sum rule Z

dxϕ⊥�
V ðxÞ ¼

Z
dxϕk�

V ðxÞ ¼ 1; ð40Þ

at every scale. The longitudinal ϕk�
V and transverse ϕ⊥�

V
DAs have been plotted at different baryonic densities in
Figs. 5 and 6, respectively, up to baryonic densities 3ρ0. We
observe that as the baryonic density increases, the distri-
bution increases in the range x ≤ 0.225 and x ≥ 0.775,
whereas it decreases in the intermediate range 0.225 ≤ x ≤
0.775 for both DAs. Similar kinds of results have also been
obtained for the case of pion [27] and heavy pseudoscalar
mesons [52].
To have a comprehensive idea of in-medium DAs on a

larger scale, we have evolved the DAs. This leading order
(LO) QCD evolution of the DAs is carried out using the
Efremov-Radyushkin-Brodsky-Lepage (ERBL) evolution
equations [75,77]. When expressed in the Gegenbauer poly-
nomial basis, the evolution equations take on the form [78]

ϕρðx; μÞ ¼ 6xð1 − xÞ
X∞
n¼0

C3=2
n ð2x − 1ÞanðμÞ; ð41Þ

anðμÞ ¼
2ð2nþ 3Þ

3ðnþ 1Þðnþ 2Þ
�
αsðμÞ
αsðμ0Þ

�γ
ð0Þ
n
2β0

×
Z

1

0

dxC3=2
n ð2x − 1Þϕρðx; μ0Þ; ð42Þ

where C3=2
n ð2x − 1Þ is a Gegenbauer polynomial and γð0Þn

2β0
describes the anomalous dimension with

γð0Þn ¼ −2CF

 
3þ 2

ðnþ 1Þðnþ 2Þ − 4
Xnþ1

m¼1

1

m

!
; ð43Þ

and

β0 ¼
11

3
cA −

2

3
nF; ð44Þ

where cA ¼ 3 and nF represent the number of active
flavors. The cF ¼ 4

3
denotes the color factor, and

FIG. 4. In-medium and normalized decay width of ρ meson have been plotted with respect to baryonic density ρB=ρ0 in units of KeV
in the left and right panel, respectively.
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ΛQCD ¼ 0.226 GeV. Additionally, the strong coupling con-
stant αsðμÞ is expressed by

αsðμÞ ¼
4π

β0 ln ðμ2=Λ2
QCDÞ

: ð45Þ

Although a fixed constant αs is used within the LFQM
framework for the sake of simplicity, the ERBL evolution
requires a scale-dependent running coupling. To incorporate
potential medium effects, we introduce a simple density-
dependent effective α�s , expressed as [26]

α�sðρBÞ ¼
αs

1þ k ln ð1þ ρB=ρ0Þ
; ð46Þ

where the dimensionless parameter k ¼ 1.650. The param-
eter k was fitted in Ref. [26] so as to obtain the repulsive
potentials of Kþ mesons at nuclear saturation density. The
longitudinal in-medium ϕρ

kðxÞ, represented for both vacuum

αs and medium-modified α�s has been compared with the
lattice simulation results [79] and the instanton liquid model
(ILM) results [80] in Fig. 7 at μ ¼ 2 GeV. The initial model
scale is set to μ0 ¼ 1 GeV in our calculations. It is observed

that both the vacuum and medium-modified evolved dis-
tribution amplitudes are in reasonable agreement with these
approaches.
In our framework, this model scale μ0 ¼ 1 GeV provides

nonperturbative input at an intrinsic low-energy (hadronic)
scale (consistent with Ref. [25] for the ρ meson).

FIG. 5. In-medium longitudinal distribution amplitude has been plotted with respect to baryonic density ρB=ρ0 in the interval of 0.25
in the left panel and in the interval of 1 in the right panel, respectively.

FIG. 6. In-medium transverse distribution amplitude has been plotted with respect to baryonic density ρB=ρ0 in the interval of 0.25 in
the left panel and in the interval of 1 in the right panel, respectively.

FIG. 7. In-medium longitudinal distribution amplitude, evolved
to μ ¼ 2 GeV, are shown for both vacuum αs and medium-
modified α�s with respect to baryonic density ρB=ρ0 in the interval
of 1. The result is compared with ILM and lattice data [79,80].
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The selection of μ0 ¼ 1 GeV is based on two primary
factors. First, it facilitates a direct and consistent compari-
son with previously established results from QCD sum
rules, Dyson-Schwinger equations, light-front holographic
QCD, and lattice-inspired analyses, wherein distribution
amplitudes and their moments are commonly referenced or
evolved to scales around μ ≈ 1 GeV. Since our Mellin and
Gegenbauer moments (Table III) are compared with these
previous studies, setting μ0 ¼ 1 GeV helps avoid intro-
ducing additional uncertainties related to scale evolution.
Second, this choice aligns with the conventional under-
standing of nonperturbative models such as the AdS/QCD
framework [81], where the distribution amplitude is con-
sidered to be established at a low scale, with the perturba-
tive evolution only becoming significant at higher scales. In
this context, μ0 is to be regarded as an effective hadronic
scale rather than a rigid renormalization scale.
The implementation of all in-medium modifications of

the DAs is introduced at the initial scale μ0. These
modifications enter through the medium-dependent con-
stituent quark masses obtained from the CQMF model,
which are subsequently utilized as input in the LFQM
framework. The resulting vacuum and in-medium DAs are
then evolved to higher scales using leading-order ERBL
evolution, ensuring that the medium effects are integrated
before the evolution and are consistently propagated to
larger scales.
It is important to note that some level of scheme

dependence at μ ∼ 1 GeV is unavoidable, as the model
is not defined within a particular renormalization scheme

such as MS. In this regard, it is a common feature of low-
energy hadronic models, and μ0 should be viewed as the
matching scale between nonperturbative input and the
perturbative QCD evolution. Using LO ERBL evolution
offers a systematic approach to link our findings to higher
scales, where scheme dependence diminishes, and compar-
isons with lattice QCD and other approaches become more
relevant. The strong consistency of our evolved results with
existing predictions reinforces the validity of this method.
We can compute the nth moment using the numerical

integration of DAs over the light-front momentum fraction
as [29]

hzni ¼
Z

1

0

dx znϕ�ðxÞ; ð47Þ

where z is either ξ ¼ ð2x − 1Þ or x−1. z ¼ x−1 is also called
the inverse moment of the mesons. The values for all
moments hzni and an are summarized in Table III, together
with comparisons to lattice simulations, PDG data, and
various theoretical predictions at μ ¼ 2 GeV. Our results in
vacuum are observed to be comparable to other theoretical
predictions. We found that the Mellin moments increase as
the baryonic density increases. In the same manner, the
inverse moment also shows an increase with increasing
baryonic density. The vacuum inverse moment is found to
be 2.78 and 2.84 for longitudinal and transverse DAs,
respectively. The inverse moment is nearly identical to that
of the pion, which we reported previously in the light-cone
quark model [91]. At a baryonic density of 3ρ0, the inverse

TABLE III. Mellin moment ξ ¼ ð2x − 1Þn and Gegenbauer moments an up to n ¼ 8 for vacuum and in-medium DAs of the ρ meson
up to baryonic density ρB=ρ0 ¼ 3 have been compared with other model calculations at 1 GeV scale.

DAs hξ2i hξ4i hξ6i hξ8i a2 a4 a6 a8 hx−1i
ϕk�
ρ ðxÞ Our 0.195 0.081 0.0403 0.026 Our −0.015 −0.018 −0.009 −0.003 2.78

ðρB=ρ0 ¼ 0Þ Ref. [82] 0.227 0.105 0.062 0.041 Ref. [83] 0.18(10) � � � � � � � � � � � �
Ref. [84] 0.220 0.103 0.065 0.046 Ref. [84] 0.059 � � � � � � � � � � � �
Ref. [79] 0.216(21) 0.089(9) 0.048(5) 0.030(3) Ref. [79] 0.047(58) −0.057ð118Þ � � � � � � 3.00
Ref. [85] 0.23 0.11 0.066 0.045 Ref. [85] 0.092 0.031 0.015 � � � � � �
Ref. [81] 0.228 � � � � � � � � � Ref. [86] 0.09 0.03(2) � � � � � � � � �
Ref. [87] 0.193 0.078 0.040 � � � Ref. [88]−0.03 −0.09 0.7 � � � � � �
Ref. [89] 0.25(2)(2) � � � � � � � � � Ref. [90] 0.132(27) � � � � � � � � � � � �

ρB=ρ0 ¼ 1 Our 0.209 0.092 0.052 0.033 Our 0.027 −0.001 −0.005 −0.004 3.02

ρB=ρ0 ¼ 2 Our 0.215 0.097 0.056 0.037 Our 0.043 0.012 0.003 0 3.22

ρB=ρ0 ¼ 3 Our 0.214 0.097 0.056 0.037 Our 0.041 0.016 0.007 0.003 3.30

ϕ⊥�
ρ ðxÞ Our 0.201 0.085 0.045 0.028 Our 0.004 −0.02 −0.012 −0.004 2.84

ðρB=ρ0 ¼ 0Þ Ref. [87] 0.202 0.084 0.044 … Ref. [87] 0.007 −0.032 −0.020 … …

ρB=ρ0 ¼ 1 Our 0.219 0.099 0.057 0.037 Our 0.055 0.004 −0.005 −0.005 3.15

ρB=ρ0 ¼ 2 Our 0.226 0.105 0.062 0.042 Our 0.076 0.023 0.007 0.001 3.43

ρB=ρ0 ¼ 3 Our 0.226 0.106 0.063 0.043 Our 0.075 0.029 0.013 0.006 3.56
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moment is observed to increase by 15.75% for both DAs.
Overall, we established that baryonic density influences the
DAs as well as their corresponding moments.

VI. FORM FACTORS

At the leading twist spin-1 vector meson case, there exist
three electromagnetic form factors ðFiðQ2Þði ¼ 1; 2; 3ÞÞ,
compared to one and two for the spin-0 and spin 1=2
nucleon case. These Lorentz invariant form factors can
be calculated by the matrix elements of the Jμ current
positioned between the initial jMðPþ;P⊥; Szi and final
hMðPþ0;P0⊥; S0zj state meson as follows [92,93]

hMðPþ0;P0⊥; S0zÞjJμjMðPþ;P⊥; SzÞi
¼ −ϵ0� · ϵðPþ P0ÞμF1ðQ2Þ
þ ðϵ0� · nϵ · ðPþ P0Þ − ϵ · nϵ0� · ðPþ P0ÞÞF2ðQ2Þ

þ ðϵ0� · nÞðϵ · nÞ
2M2

v
ðPþ P0ÞμF3ðQ2Þ: ð48Þ

Here, for the meson with spin projections Sz and S0z, the
four-momenta of the initial and final states are P and P0,
respectively. Pa ¼ ðP0 þ PÞ=2 is the meson’s average
momentum. The momentum transferred between the initial
and final meson states is represented by ΔðΔþ;Δ−;Δ⊥Þ ¼
P0 − P. Also, −Q2 ¼ Δ2 ¼ −Δ2⊥. The medium modified
charge, magnetic, and quadrupole form factors of vector
mesons can be calculated using these form factors as

G�
CðQ2Þ ¼

�
1þ 2

3
κ

�
F�
1ðQ2Þ þ 2

3
κF�

2ðQ2Þ

þ 2

3
κð1þ κÞF�

3ðQ2Þ; ð49Þ

G�
MðQ2Þ ¼ −F�

2ðQ2Þ; ð50Þ

G�
QðQ2Þ ¼ F�

1ðQ2Þ þ F�
2ðQ2Þ þ ð1þ κÞF�

3ðQ2Þ: ð51Þ

Here, κ ¼ Δ2⊥
4M�2

qq̄
. In this work, we have not taken into

account the zero mode contributions as discussed in
Refs. [92,93]. Additionally, we have noted that our model
closely adheres to the asymptotic limit of QCD given in
Refs. [94,95], which states

G�
CðQ2Þ∶G�

MðQ2Þ∶G�
QðQ2Þ ¼Q2→∞

1 −
2κ

3
∶2∶ − 1: ð52Þ

From these in-medium form factors, one can determine the
modified charge, magnetic moment (μρ), and quadrupole
moment Qρ of the ρ mesons in the symmetric nuclear
medium at zero momentum transfer Q2 ¼ 0 as

eG�
CðQ2 ¼ 0Þ ¼ e; G�

MðQ2 ¼ 0Þ ¼ μ�ρ;

G�
QðQ2 ¼ 0Þ ¼ Q�

ρ: ð53Þ

Here, e denotes the static charge. μ�ρ andQ�
ρ are in Bohr mag-

neton units e=2M�
ρ, and e=M�2

ρ . Mρ refers to the physical

mass of ρmeson. The mediummodified charge radii
ffiffiffiffiffiffiffiffiffiffi
hr�2c i

p
of the corresponding vector mesons can be determined using
the fundamental radius equation, given by

hr�2c i ¼ −6
G�

Cð0Þ
∂G�

CðQ2Þ
∂Q2






Q2→0

: ð54Þ

Also, the G�
Cð0Þ ¼ 1.

In Fig. 8, we have plotted the medium modified charge
ðG�

CðQ2ÞÞ, magnetic ðG�
MðQ2ÞÞ, and quadrupole ðG�

QðQ2ÞÞ
form factors versus the momentum transfer Q (GeV) at
baryonic density ratio varying from 0 to 1 (in intervals of
0.25). We have also compared our results with the available
lattice simulation data. We can observe the rapid decline of
G�

CðQ2Þ; G�
MðQ2Þ, andG�

QðQ2Þ, with increasing value of Q.
At lower values of baryonic density ratio ρB=ρ0, the
variation in all the form factors with respect to Q remain
minimal, indicating weaker medium effects. The lattice
QCD results show qualitative agreement with the theoreti-
cal curves, particularly at low Q, though noticeable devia-
tions and uncertainties appear at higher momentum transfer
values. To study the effect of medium at higher baryonic
ratios, Fig. 9 illustrates the medium modified charge,
magnetic, and quadrupole form factors versus Q (GeV)
at baryonic density ratio ρB=ρ0 from 0 to 3 (in intervals of
1). In the subplot (a) of Figs. 8 and 9, we notice that the
medium modified charge form factor G�

CðQ2Þ exhibits a
significant reduction with increasing baryonic density at
high Q. This indicates that the internal charge distribution
of the ρ meson becomes more significantly altered in a
denser symmetric nuclear medium. Furthermore, G�

CðQ2Þ
crosses zero at progressively lower values of Q as the value
of the baryonic density ratio rises. These zero crossings
are found at Q ¼ 2.32, 2.15, 1.99, 1.85, 1.71, 1.34, and
1.16 GeV for the baryonic density ratio values ρB=ρ0 ¼
0; 0.25; 0.5; 0.75, 1, 2, and 3, respectively. This shift
reflects the influence of the nuclear medium on the
structure and behavior of the ρ mesons. In subplot (b)
of Figs. 8 and 9, we observe that the medium modified
magnetic form factor G�

MðQ2Þ exhibits a decreasing trend
similar to that of behavior of G�

CðQ2Þ with the increasing
value of Q (GeV). In contrast, the magnitude of G�

MðQ2Þ
increases as the baryonic density ratio ρB=ρ0 rises from 0
to 3. This upward shift suggests that the nuclear medium
enhances the magnetic characteristics of the nucleon,
particularly at higher densities. The medium modified
quadrupole form factor G�

QðQ2Þ is plotted as a variation of
momentum transfer Q, with increasing values of baryonic
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density ratio ρB=ρ0 in subplot (c) of Figs. 8 and 9. Starting
fromzero, the curves drop into negativevalues and gradually
flatten out at higher Q. This trend is observed consis-
tently across all baryonic density ratios. As the baryonic
density ratio increases, the minimum value of G�

QðQ2Þ
becomes more negative, indicating a strong interaction of
the ρ mesons and the symmetric nuclear medium.
The variation of charge radii (

ffiffiffiffiffiffiffiffiffiffi
hr�2c i

p
), magnetic

moment (μ�ρ), and quadrupole moment (Q�
ρ) with an

increase in baryonic density ratio ρB=ρ0 (from 0 to 3) is
shown in Fig. 10. As shown in subplot (a) of Fig. 10, the
value of modified charge radii of ρ meson is found to
increase progressively with baryonic density ratio. This

behavior in the symmetric nuclear medium, considered
alongside the decreasing in-medium mass of the ρ meson
with increasing baryonic density ratio, suggests medium-
induced delocalization, where the ρ meson appears to be
less tightly bound. In subplot (b) of Fig. 10, the medium
modified magnetic moment (μ�ρ) shows an increase with
increasing baryonic density ratio ρB=ρ0 (upto ρB=ρ0 → 2),
then slightly decreases. This trend suggests that the mag-
netic properties of the meson are significantly influenced by
the surrounding nuclear medium. This behavior indicates
that the symmetric nuclear medium enhances the ρ meson’s
magnetic response at moderate densities, but this effect
weakens at higher densities due to partial restoration of

FIG. 8. Variation of the medium modified (a) charge ðG�
CðQ2ÞÞ, (b) magnetic ðG�

MðQ2ÞÞ, and (c) quadrupole ðG�
QðQ2ÞÞ form factors

with momentum transfer Q (GeV) shown at baryonic density ratios (ρB=ρ0) varying from 0 to 1 at an interval of 0.25. Lattice simulation
data are included for comparison [96].

FIG. 9. Variation of the medium modified (a) charge ðG�
CðQ2ÞÞ, (b) magnetic ðG�

MðQ2ÞÞ, and (c) quadrupole ðG�
QðQ2ÞÞ form factors

with momentum transfer Q (GeV) shown at baryonic density ratios (ρB=ρ0) varying from 0 to 3 at an interval of 1.

FIG. 10. Medium modified (a) charge radii (
ffiffiffiffiffiffiffiffiffiffi
hr�2c i

p
), (b) magnetic moment (μ�p), and (c) quadrupole moment (jQ�

pj) are plotted as
functions of the baryonic density ratio (ρB=ρ0).
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symmetries. Subplot (c) of Fig. 10 shows a steady increase
in the absolute value of the quadrupole moment (Q�

ρ) of the
ρ meson with increasing baryonic density ratio ρB=ρ0. It is
worth noting that Q�

ρ is nonzero even at ρB=ρ0 ¼ 0. In a
purely S-wave configuration, the quadrupole moment is
expected to vanish,

Q ∝ h3z2 − r2i ¼ 0 for L ¼ 0: ð55Þ

However, in the LFQM framework, the meson is not a pure
L ¼ 0 state due to its relativistic spin structure. The spin
wave functions contain momentum-dependent terms such
as ðk1 � ik2Þ and ðk1 � ik2Þ2, which effectively introduce
higher orbital components through theMelosh rotation [97].
These contributions allow helicity-flip transitions, particu-
larly V1;−1, resulting in a small but finite quadrupole moment
even at zero baryonic density ratio. Medium effects further
modify this behavior through changes in the effective quark
and meson masses, leading to enhanced deformation of the
meson’s internal charge distribution at higher densities.
Table IV presents a quantitative comparison of our calcu-

lated values for
ffiffiffiffiffiffiffiffiffiffi
hr�2c i

p
; μ�ρ, andQ�

ρ with the available results
from other theoretical approaches in Refs. [93,95,97–101].

Our results are consistent with those obtained in free space,
demonstrating compatibility with existing models.

VII. CONCLUSIONS

In this study, we systematically examined the impact of
the symmetric nuclear medium on the properties of the
vector ρ meson using the combined framework of LFQM
and the CQMF model. For this purpose, the in-medium
modified quark masses are first obtained from the CQMF
model and then utilized as input in the LFQM.
To begin with, we obtained the vacuum mass and the

weak decay constant of the ρ meson by fitting the ground-
state mass spectra to determine the β parameter through the
variational principle. The obtained vacuum results are
found to be consistent with both the experimental data
reported by the PDG and previous theoretical predictions.
The study then investigates the behavior of the ρmeson in a
nuclear medium, examining its modified mass, weak decay
constant, DAs, decay width, Mellin moments, and form
factors (charge, magnetic, and quadrupole), along with the
associated charge radii, magnetic moment, and quadrupole
moment across different baryon densities. It was observed
that the effective mass of the ρ meson decreases at lower
baryon densities, then gradually increases when the baryon
density ρB ≥ ρ0, which can be attributed to the inclusion of
the hyperfine potential in the calculations. The in-medium
decay constant f�ρ and the normalized decay constant f�ρ=fρ
both exhibit a gradual decline as the baryon density

increases. However, the longitudinal decay constant fk�ρ
exhibited only a slight variation, while the transverse decay
constant f⊥�

ρ showed a more pronounced reduction in
magnitude as the density increased. Furthermore, the decay
width of the ρmeson was analyzed both in vacuum (Γρ) and
at different baryon densities (Γ�

ρ). It was observed that
Γ�
ρ increased up to ρB ¼ ρ0 before decreasing as the density

continued to increase. Using the medium-modified decay
width, the branching ratio and associated lifetime of the
ρ meson in the medium were found to undergo only slight
variations as the baryon density increased.
To gain further insight into the internal dynamics of the

ρ meson, the in-medium behavior of longitudinal ϕk�
ρ and

transverse ϕ⊥�
ρ DAs was also examined up to ρB ¼ 3ρ0.

Both DAs were observed to decrease with an increase in
density for x values ranging from 0.225 to 0.775, while an
increase was observed for all other values x. Furthermore,
the evolved DAs were calculated using the ERBL evolution
equations, and the obtained results showed a reasonable
consistency and a matching trend with the lattice simulation
and ILM results. The Mellin moments and Gegenbauer
moments were evaluated up to n ¼ 8 for both vacuum and
medium DAs up to ρB ¼ 3ρ0. The vacuum results were
found to be in good agreement with previous theoretical
studies. In addition, the Mellin, inverse Mellin, and

TABLE IV. Charge radii
ffiffiffiffiffiffiffiffiffiffi
hr�2c i

p
(fm), magnetic moment μ�ρ (in

units of Bohr magneton), and quadrupole moment Q�
ρ (fm2)

of the ρ meson have been compared with available data
[20,93,95,97–101]. ffiffiffiffiffiffiffiffiffiffi

hr�2c i
p

μ�ρ Q�
ρ

Our (Vacuum) 0.5662 2.23 −0.0626
Ref. [20] 0.51 2.20 −0.059
Ref. [70] 0.67 2.53 −0.057
Ref. [98] 0.73 2.01 −0.026
Ref. [101] 0.82 2.07 −0.045
Ref. [100] 0.82 2.48 −0.070
Ref. [95] 0.56 0.75 � � �
Ref. [99] 1.12 2.54 � � �

ρ Ref. [93] 0.52 1.92 −0.028
Ref. [97] 0.95 2.19 −0.023

Our (ρB ¼ 0.25ρ0) 0.5664 2.2542 −0.0756
Ref. [20] 0.60 2.18 −0.071

Our (ρB ¼ 0.50ρ0) 0.5668 2.2751 −0.0914
Ref. [20] 0.74 2.18 −0.087
Ref. [70] 0.71 2.41 −0.065

Our (ρB ¼ 0.75ρ0) 0.5671 2.2956 −0.1102

Our (ρB ¼ ρ0) 0.5676 2.3147 −0.1321
Ref. [70] 0.75 2.33 −0.071

Our (ρB ¼ 2ρ0) 0.5695 2.3566 −0.2312
Ref. [70] 0.79 2.26 −0.080

Our (ρB ¼ 3ρ0) 0.5711 2.3497 −0.3078
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Gegenbauer moments exhibited a gradual increase with
increasing baryon density.
We have also analyzed the influence of a symmetric

nuclear medium on the charge ðG�
CðQ2ÞÞ, magnetic

ðG�
MðQ2ÞÞ, and quadrupole ðG�

QðQ2ÞÞ form factors of
spin-1ρ mesons. The in-medium form factors ðG�

CðQ2ÞÞ,
ðG�

MðQ2ÞÞ, and ðG�
QðQ2ÞÞ exhibit a decreasing trend with

increasing momentum transfer Q (in GeV), which aligns
well with the behavior reported in lattice simulation data.
With an increase in the baryonic density ratio ρB=ρ0,
the in-medium charge form factor ðG�

CðQ2ÞÞ of the
ρ meson decreases, while the magnetic ðG�

MðQ2ÞÞ and
quadrupole ðG�

QðQ2ÞÞ form factors show an opposite
trend. Furthermore, the impact of increasing baryonic
density ratio ρB=ρ0 (up to ρB ¼ 3ρ0) on the medium
modified charge radius ð

ffiffiffiffiffiffiffiffiffiffi
hr�2c i

p
Þ, magnetic moment ðμ�ρÞ,

and quadrupole moment ðjQ�
ρjÞ of the ρ meson has been

investigated. The results indicate that all three observables
increase with rising baryonic density ratio, indicating an
enhancement of the ρ meson’s internal structure within a
denser nuclear medium. A comparison with other theo-
retical approaches shows a consistent qualitative agree-
ment, supporting the credibility and physical relevance of
the present investigation.
This work advances our understanding of vector meson

behavior in dense nuclear environments and establishes a
consistent theoretical framework for studying their modifi-
cations in medium. The present study offers valuable
insights into how QCD dynamics evolve as baryon density
increases, suggesting potential indications of partial chiral

symmetry restoration within nuclear matter. This provides a
solid foundation for examining in-medium observables,
such as mass shifts and spectral functions, which are cur-
rently being studied in dilepton at NA60 [14], CERES [13],
HADES [102], and the upcoming CBM-FAIR pro-
gram [103]. Furthermore, the developed framework can
be employed in future analyses of other non-perturbative
QCD phenomena, such as electromagnetic interactions,
parton-level distributions, and temperature-related effects,
and it can also be expanded to investigate other light and
heavy vector mesons or higher-twist contributions to dis-
tribution amplitudes.
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