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The in-medium properties of open strange (K , K̄), open charm (D, D̄), and open bottom (B, B̄) mesons are
investigated in asymmetric nuclear matter using quark meson coupling (QMC) model. A direct coupling of scalar
(σ , δ) and vector (ω, ρ) mesons to the light quarks and antiquarks of these mesons give rise to the in-medium
modification of the properties of the corresponding meson within the model. The inclusion of the δ (scalar
isovector) meson breaks the isospin symmetry for the masses of the light quark and antiquark doublets, causing
mass splitting between (u, d) as well as (d̄, ū). Consequently, the considered mesons exhibit mass splittings
within the isodoublets of K , K̄ , D, D̄, B, and B̄ mesons when embedded in asymmetric nuclear matter. In the
current study, the interactions of the pseudoscalar meson with the scalar, as well as vector mesons, are considered,
which lead to significant medium modifications of the excitation energies of the open strange (charm and bottom)
mesons. In asymmetric nuclear matter, due to the interaction of the pseudoscalar meson with the vector isovector
ρ meson, there is a splitting in the excitation energies of the mesons within the isospin doublets. The isospin
effects are seen to be large for high baryon densities. This study can have significant observable consequences,
such as in the production ratios, e.g., K+/K0, K−/K̄0, D+/D0, D−/D̄0, B+/B0, and B−/B̄0 in the upcoming
heavy ion collision experiments at the FAIR project at GSI, where the experiments are planned to be performed
using neutron-rich beams to study the compressed baryonic matter.
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I. INTRODUCTION

One of the important research areas in strong interaction
physics is the study of in-medium properties of hadrons, as it
has direct relevance for heavy ion collision (HIC) experiments
as well as for the study of astrophysical compact objects
such as neutron stars. In HIC experiments, two heavy ion
beams at ultrarelativistic energies collide and can lead to the
liberation of the fundamental constituents of the nucleons
forming a deconfined state of quarks and gluons, known as
quark gluon plasma (QGP), which cools further via rapid
expansion through various stages of evolution. The different
probes to study the strongly interacting matter formed in
HIC experiments are particle yields, particle spectra, as well
as their collective flows. These observables provide insights
into the medium modifications of hadrons’ properties. Sev-
eral experiments have indicated that the properties of hadrons
undergo medium modifications within the created strongly
interacting matter. For instance, the obtained dilepton spectra
at the CERN Super Proton Synchrotron (SPS) [1,2] indicated
the medium modifications of vector mesons [3–6]. A mass
reduction of around 3.4% and an increase of the decay width
of the φ meson by a factor of 3.6 at normal nuclear matter
density, ρ0 as compared to the vacuum value of 4.25 MeV
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[7] were also reported by the KEK-PS E325 collaboration
[8]. However, experiments at the laser electron photon (LEP)
facility at SPring-8 [9] and continuous electron beam acceler-
ator facility (CEBAF) large acceptance spectrometer, CLAS,
at JLab [10] presented a broadening of φ meson decay width
without any mass shift, which leaves the in-medium masses
of vector mesons open for further exploration. For instance,
the J-PARC E16 [11] and E29 [12] collaborations are actively
investigating mass shifts of the φ meson. On the other hand,
as per the Particle Data Group (PDG) [7], the branching ratio
of φ → KK̄ (K+K− and K0K̄0) is approximately 83%, which
is greater than all other decay channels of the φ meson, sug-
gesting the modifications of the φ meson properties through
the modification of kaons and antikaons in the nuclear matter.
In 1992, Ko et al. [13] reported a mass shift of approximately
∼2% and a decay width of 25 MeV for φ meson at normal
density (ρ0) considering a K-K̄ loop using chiral perturba-
tion theory. Using the quantum chromodynamics sum rule
(QCDSR) approach, Hatsuda et al. [14] obtained a 1.5%–3%
mass shift of the φ meson at ρ0 through the medium mod-
ification of the K meson, for more detail, see, e.g., [15,16].
Mishra et al. [17] showed a substantial enhancement of the
decay width of the φ meson in the medium using a field theo-
retic model of composite hadrons with quark (and antiquark)
constituents considering the in-medium properties of kaons.
Overall, both the experimental [18–22] and theoretical studies
[4,23–37] on K mesons have shown that the in-medium prop-
erties of the kaons influence the yields as well as the collective
flow patterns of the kaons.
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The open heavy flavor mesons (D and B) exhibit behavior
analogous to the K mesons in the nuclear matter, as they
share similar constituents with the strange quark replaced by
heavy (charm or bottom) quarks. Various analyses of dilepton
spectra by NA50 [38] at CERN SPS, PHENIX [39] at the BNL
Relativistic Heavy Ion Collider (RHIC), and E705 [40] at Fer-
milab, indicated the medium modifications of charm mesons.
Recently the ALICE Collaboration at LHCb [41] has reported
the first study on D̄N interaction, where using pp collision
data obtained during the LHC run 2, an attractive pD− inter-
action has been predicted. Besides, there exist several works
[42–51], using different theoretical models, which demon-
strated that due to the medium modifications of D mesons,
the decays of excited charmonium states to the DD̄ pair can
result in open charm enhancement in a hadronic environment.
Likewise, the properties of open bottom mesons can undergo
modifications in hadronic matter, and there are several studies
[52–57] exploring their behavior using various approaches.
Since heavy flavored mesons are regarded as valuable tools
for examining the in-medium properties, especially the open
bottom mesons as they do not thermalize at the standard
collider energies [58,59], it is suggested that the open bottom
mesons are better-suited probes than the other heavy flavor
hadrons. Few studies [58–61] have investigated the utility of
open bottom mesons as probes and their transport properties
within hadronic medium.

Among the above studies, most of the theoretical models
are based on the hadronic degrees of freedom, such as chiral
effective model, coupled channel approach, and others, which
are able to explain the in-medium properties of hadrons suc-
cessfully. However, to understand the deep inelastic scattering
(DIS) experiments at a high momentum transfer region, it
is necessary to consider quark degrees of freedom. Also in
1983, a study by the European Muon Collaboration (EMC)
[62] at JLab, indicated that the internal structure of hadrons
plays important consequences on the properties of hadrons in
the nuclear medium. Following such aspects, Guichon [63],
in 1988, proposed the quark meson coupling (QMC) model,
where nucleons are no longer treated as point particles, and
the degrees of freedom were considered to be quarks. In
the literature [63], nuclear matter properties are described by
considering quarks inside the nonoverlapping nucleon bags,
which interact through the scalar and vector meson fields. In
1994, Saito et al. [64], showed that the QMC model quantita-
tively explains the EMC effects. Afterwards, the QMC model
has been very successful in explaining the finite nuclei prop-
erties as well as nuclear matter properties [65,66]. In 1998,
Tsushima et al. [67] studied the KN interactions in asymmet-
ric nuclear matter, within this model. Due to the isoscalar (ω)
vectorial interactions, there is a rise(drop) in the mass of K (K̄ )
meson, whereas, in the isospin asymmetric nuclear matter,
the isovector (ρ) gives splittings in the excitation energies
within the isodoublets of K and K̄ mesons. Recently, Martínez
et al. [15] calculated a mass drop of around 13% for kaons
within the QMC model, leading to around 1.8% mass drop
for φ meson (through the K-K̄ loop) at the nuclear matter
saturation density. Using the same model, Sibirtsev et al.
[68] studied D±N scattering as well as the J/ψ absorption
cross section through the modifications of D and D̄ mesons

in the nuclear medium. Recently, in Ref. [69], bottom meson
properties are investigated using QMC model. Now, given the
isospin imbalance present during the HIC experiments, it is
important to investigate how the isospin asymmetry influences
the characteristics of the hadrons produced as a consequence
of these collisions. In 1994, Saito et al. [70] studied such
isospin symmetry breaking in nuclear matter by incorporat-
ing scalar-isovector (δ) meson within the QMC model and
also addressed the Nolen-Schiffer anomaly for finite nuclei.
Following that work, Niu et al. [71] investigated neutron star
properties in asymmetric nuclear matter and Santos et al. [72]
investigated the saturation properties of the nuclear matter
within the QMCδ model. In the present work, our prime
interest is to study the role of scalar-isovector meson field δ

using the QMC model, following the approach of previous
works [70–73], along with the isoscalars (σ , ω) and isovector
(ρ) fields to study the K (≡ K+, K0), K̄ (≡ K−, K̄0), D(≡
D+, D0), D̄(D−, D̄0), and B(≡ B+, B0), B̄(≡ B−, B̄0) meson
properties in the asymmetric nuclear matter (ANM). The
presence of δ (scalar isovector) meson breaks the isospin
degeneracy of the masses of the light quark and antiquark
doublets and causes mass splitting between (u, d) as well
as (d̄, ū), which thus causes the mass splittings within the
isodoublets of K , K̄ , D, D̄, B, and B̄ mesons when em-
bedded in ANM. Further, we study the excitation energies
of these pseudoscalar mesons considering their interactions
with the scalar and vector mesons in asymmetric nuclear
matter. This study could yield observational consequences,
e.g., on the particle production ratios of the mesons within
the isospin doublets in the upcoming heavy ion collision
experiments using neutron-rich beams at P̄ANDA and com-
pressed baryonic matter (CBM) experiments at the future
facility for Antiproton and Ion Research, FAIR (GSI) [74–78],
PHENIX Collaboration at RHIC [79], LHCb Collaboration
at CERN [80], J-PARC [81], and NA61 Collaboration at
CERN-SPS [82].

The paper is organized as follows. To begin with, in Sec. II,
we briefly describe the QMC model, which describes the
interactions of the quarks through the meson fields. Then
we study the open strange and open heavy flavor mesons
properties using this model in Sec. III. The model param-
eters, results, and the discussions are presented in Sec. IV,
where we describe the in-medium behavior of the fields, in-
medium masses, and the in-medium excitation energies of
these mesons. Finally, in Sec. V, we summarize our findings
of the current study.

II. QUARK MESON COUPLING (QMC) MODEL

In the present study, we investigate the in-medium proper-
ties of open strange and open heavy flavor pseudoscalar (JP =
0−) mesons, using the quark meson coupling (QMC) model.
Within this model, hadrons are regarded as static spherical
MIT bags and the quarks inside the bags interact by exchange
of meson fields. The direct couplings of scalar-isoscalar σ ,
vector-isoscalar ω, scalar-isovector δ, and vector-isovector ρ

meson fields to the light quark (u, d) and light antiquark (ū, d̄)
constituents of the hadrons are considered in this framework.
In particular, the δ and ρ mesons introduce the isovectorial
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potentials to simulate the isospin asymmetry within the
model. The couplings of the light quarks and antiquarks with
the meson fields modify their properties (masses and ener-

gies) in the nuclear matter. In the QMC model, the effective
Lagrangian density describing the interactions in asymmetric
nuclear matter (ANM) is

L = ψ̄

[
iγ .∂ −

(
MN − g̃σ (σ )σ − g̃δ (δ)

τ a

2
δa

)
− γ μ

(
gωωμ + gρ

τ a

2
ρa

μ

)]
ψ

+ 1

2

(
∂μσ∂μσ − m2

σ σ 2
) + 1

2

(
∂μδa∂μδa − m2

δ δ
aδa

) −
[

1

4
ωμνω

μν − 1

2
m2

ωωμωμ

]
−

(
1

4
ρa

μνρ
μν,a − 1

2
m2

ρρ
a
μρμ,a

)
, (1)

where

ψ =
(

ψp

ψn

)
, MN =

(
Mp 0
0 Mn

)
; (2)

mσ , mω, mδ , and mρ are, respectively, their masses and τ a/2
is the isospin operator for the nucleons with a = 1, 2, 3. In
Eq. (1), ωμν = ∂μων − ∂νωμ and ρa

μν = ∂μρa
ν − ∂νρ

a
μ are the

field strength tensors corresponding to the vector meson fields
ω and ρ, respectively. The coupling strengths g̃σ (σ ) and g̃δ (δ)
correspond to the nonlinear scalar-meson-nucleon interactions
and the vector-meson-nucleon couplings are denoted by gω

and gρ . These meson fields are treated as classical fields
within the mean-field approximation (MFA), which amounts
to

σ → 〈σ 〉 ≡ σ, δa → 〈δa〉 ≡ δa3δa = δ3,

ωμ → 〈ωμ〉 ≡ δμ0 ωμ, ρa
μ → 〈

ρa
μ

〉 ≡ δμ0δa3ρa
μ = δμ0ρ3

μ.

(3)

In this study, we consider the nuclear matter at rest, therefore
only ω0 and ρ3

0 components of ωμ and ρa
μ are relevant. With

the above approximation, the equation of motion for the nu-
cleon from the Lagrangian density (1) takes the form(

iγ .∂ −
(

MN − g̃σ (σ )σ − g̃δ (δ)
τ 3

2
δ3

)

− γ 0

(
gωω0 + gρ

τ 3

2
ρ3

0

))
ψ = 0. (4)

From Eq. (4), the expression for the effective nucleon masses
can be obtained as

M∗
i=p,n(σ, δ3) = Mi − g̃σ (σ )σ ∓ 1

2 g̃δ (δ)δ3. (5)

The expectation values of the meson fields, under the MFA,
can be derived by minimizing the energy density and can be
expressed as follows:

φ = 1

m2
φ

∑
i=p,n

(
−∂M∗

i (φ)

∂φ

)
ρs

i , where, φ = σ, δ3, (6)

ω0 =
∑
i=p,n

gω

m2
ω

ρi = gω

m2
ω

ρB, (7)

ρ3
0 =

∑
i=p,n

gρ

m2
ρ

(τ 3ρ)i

2
= − gρ

m2
ρ

ηρB (8)

with the scalar densities and the number densities of the nu-
cleons given as

ρs
i = 2

(2π )3

∫
d3	k�(kFi − |	k|) M∗

i (σ, δ3)√
M∗2

i (σ, δ3) + |	k|2
, (9)

ρi = 2

(2π )3

∫
d3	k�(kFi − |	k|) = k3

Fi

3π2
. (10)

Here, kFi denotes the nucleon (i = p, n) Fermi momentum
and the factor of 2 represents the spin degeneracy factor. In
Eq. (8), η is the isospin asymmetry parameter, defined as η =
(ρn − ρp)/(2ρB), where ρB(= ∑

i ρi ) represents the baryon
density and ρp and ρn are the number densities of the proton
and neutron, respectively. The above expressions are at zero
temperature, where the particle contributions reduce to the �

function and the antiparticle contributions become zero [83].
From Eq. (6), it is observed that the scalar fields (φ = σ, δ)
exhibit self-consistent interactions within the nuclear matter.
The scalar fields satisfy the self consistent relation in the
following way:

−∂M∗
i (φ)

∂φ
= g̃φ (φ) = gφ (φ = 0)Ci(φ), (11)

Ci(φ) =
∑

q nqiSqi(φ)∑
q nqiSqi(φ = 0)

, (12)

where nqi is the number of light valence (anti)quark con-
stituents and Sqi(φ) represents the scalar density of the light
(anti)quarks (q = u, ū, d, d̄) of the respective hadron (i). At
the hadronic level, all the information about the constituent
quarks is encrypted within this term. It might be noted that,
for C(φ) = 1, the QMC model turns into the Walecka model
[84], where the nucleons are the fundamental degrees of
freedom, interacting with the nucleons through mesons. The
meson-nucleon couplings (gσ , gδ, gω, gρ ) are defined based
on quark-meson coupling strengths (gq

σ , gq
δ, gq

ω gq
ρ ) as [85]

gφ (φ = 0) = gq
φ

∑
q

nqiSqi(φ = 0),

gω = gq
ω

∑
q

nqi, gρ = gq
ρ. (13)
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The equations of motion for the constituent light (anti)quark
fields inside the hadron bag (i) are represented as

[
iγ .∂ −

(
mu − Vσ ∓ 1

2
Vδ

)
∓ γ 0

(
Vω + 1

2
Vρ

)](
ψui

ψūi

)
= 0,

(14)[
iγ .∂ −

(
md − Vσ ± 1

2
Vδ

)
∓ γ 0

(
Vω − 1

2
Vρ

)](
ψdi

ψd̄ i

)
= 0,

(15)

where Vσ = gq
σ σ , Vδ = gq

δδ
3, Vω = gq

ωω0, and Vρ = gq
ρρ

3
0 are

the mean field potentials. The scalar and vector fields σ , δ3,
ω0, and ρ3

0 are obtained using Eqs. (6)–(8) for given values
of ρB and η. Here, mu(= mū), md (= md̄ ) and mQ refer to
the current quark masses and the expressions for the effective
masses of the light quarks and antiquarks are obtained as

m�
u = mu − Vσ − 1

2Vδ, (16)

m�
ū = mū − Vσ + 1

2Vδ, (17)

m�
d = md − Vσ + 1

2Vδ, (18)

m�
d̄ = md̄ − Vσ − 1

2Vδ. (19)

The (anti)quark effective masses are modified by the mean
scalar potentials, where δ3 breaks the isospin symmetry of
quark and antiquark doublets and causes u and d quarks as
well as the antiquarks to behave differently in the asym-
metric nuclear medium (ANM). As a consequence, the
light (anti)quark doublets exhibit a mass splitting within
the isodoublets in ANM. However, the heavy quark (Q =
s, c, b, s̄, c̄, b̄) masses are assumed to be the same in the nu-
clear medium as in the free space (m�

Q = mQ), since, in the
QMC model, the mean fields are coupled only to the light
quarks and light antiquarks. In Eqs. (14) and (15), ψ f i repre-
sents the static ground state wave function for the (anti)quark
fields of flavor f (= q, Q) in the bag, and, is given by

ψ f i(r) = Nf ie
− iε�f i t

R�
i

⎛
⎝ j0

( x�
f ir

R�
i

)
iβ�

f i 	σ .r̂ j1
( x�

f ir

R�
i

)
⎞
⎠ χ f i√

4π
,

|	r| � Bag radius (Ri ), (20)

where Nf i is the normalization factor [72], j0 and j1 are the
spherical Bessel functions, R�

i is the in-medium bag radius,
and χ f i refers to the quark spinors. The energy eigenvalues (in
units of 1/R�

i ) of the quarks and antiquarks, which are denoted
by ε�

f i in Eq. (20), are given as

(
ε�

ui

ε�
ūi

)
= ��

qi ± R�
i

(
Vω + 1

2
Vρ

)
, (21)

(
ε�

di

ε�
d̄ i

)
= ��

qi ± R�
i

(
Vω − 1

2
Vρ

)
, (22)

ε�
Qi = εQi = ��

Qi. (23)

The other parameters in Eq. (20) are

β�
f i =

√
��

f i − R�
i m�

f i

��
f i + R�

i m�
f i

, where ��
f i =

√
x�2

f i + (R�
i m�

f i )
2.

(24)

The parameters x′
f is are the bag eigenfrequencies in units of

1/R�
i [86], determined by the linear boundary condition at the

bag surface (|	r| = Ri) [87],

iγ μnμψ f i = ψ f i ⇒ j0(x�
f i ) = β�

f i j1(x�
f i ). (25)

In the QMC model, the effective mass of the hadrons in the
nuclear medium at rest is equal to the energy of the static bag
consisting of ground state quarks and antiquarks, which can
be obtained as

M�
i (σ, δ3) = Ebag

i (σ, δ3) =
∑

f n f i�
�
f i − Zi

R�
i

+ 4

3
πR�3

i B,

(26)

where the parameter Zi provides the correction regarding the
center of mass motion and the gluon fluctuations and B is the
bag pressure which provides an inward pressure to balance
the outward pressure exerted by the motion of the quarks and
antiquarks inside the bag. As a consequence, there is an equi-
librium where the hadron mass is minimized and stabilized as
follows:

dM�
i

dRi

∣∣∣
R�

i

= 0. (27)

Using the above condition the in-medium bag radius, R�
i ,

can be determined. It is important to remember that the bag
radius is different from the actual hadron radius, which can be
computed from the quark wave functions.

The scalar density S(φ), φ = σ, δ3, given in Eq. (12) is ex-
pressed in terms of the scalar densities of the light (anti)quarks
in the bag, which are given as [71]

Sqi(σ ) = Is
i , Sqi(δ

3) = τ 3
q

2
Is

i , (28)

Is
i =

∫
d	rψ̄qiψqi

= �qi/2 + m�
qiR

�
i (�qi − 1)

�qi(�qi − 1) + m∗
qiR

�
i /2

. (29)

The above term plays an important role in this model, where
it introduces the nonlinearity and the self-consistency of the
scalar meson fields and thus constitutes the new saturation
mechanism of nuclear matter based on the quark degrees of
freedom. Equation (11), for the scalar fields and the nucleons
(i = p, n) can be explicitly written as

−∂M∗
p (φ)

∂σ
= gq

σ (2Sup + Sd p) = gq
σ Sp

σ , (30)

−∂M∗
n (φ)

∂σ
= gq

σ (Sun + 2Sdn) = gq
σ Sn

σ , (31)

−∂M∗
p (φ)

∂δ3
= gq

δ

2
(2Sup − Sd p) = gq

δ

2
Sp

δ , (32)

−∂M∗
n (φ)

∂δ3
= gq

δ

2
(Sun − 2Sdn) = gq

δ

2
Sn

δ , (33)
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and hence the mean scalar meson fields (φ) of Eq. (6) turn out
to be

σ = 1

m2
σ

×
[
ρs

p

(
−∂M∗

p (φ)

∂σ

)
+ ρs

n

(
−∂M∗

n (φ)

∂σ

)]

= gq
σ

m2
σ

× [
ρs

p

(
Sp

σ

) + ρs
n

(
Sn

σ

)]
, (34)

δ3 = 1

m2
δ

×
[
ρs

p

(
−∂M∗

p (φ)

∂δ3

)
+ ρs

n

(
−∂M∗

n (φ)

∂δ3

)]

= gq
δ

2m2
δ

× [
ρs

p

(
Sp

δ

) + ρs
n

(
Sn

δ

)]
. (35)

III. OPEN STRANGE AND OPEN HEAVY FLAVOR
MESONS IN NUCLEAR MEDIUM

In this section, we present the impacts of medium-
modified quark properties on the open strange and open
heavy flavor mesons in the asymmetric nuclear medium.
We study the in-medium properties, e.g., masses and excita-
tion energies, of K (K̄ ), D(D̄), and B(B̄) mesons within the
QMCδ model. For investigating the properties of these
mesons, we can express the interactions of these mesons
within the nuclear medium using the QMC model, where
the light quark(antiquark) constituents of these pseudoscalar
mesons (P ≡ K, K̄, D, D̄, B, B̄) are subjected to the scalar
(Vσ ,Vδ) as well as vector (Vω,Vρ) potentials generated
within the medium. The corresponding interaction Lagrangian
[67,88] is given as

LP = (DμP)†DμP − M�2
P P̄P − gq

Pσ M�
PP̄Pσ − gq

PδM�
PP̄

τ a

2
Pδa,

(36)

where the vector meson-pseudoscalar meson couplings are
introduced through the covariant derivative, Dμ = ∂μ +
igq

Pωωμ + igq
Pρ

τ a

2 ρa
μ, and gq

Pσ , gq
Pδ , gq

Pω, and gq
Pρ represent

the couplings between the meson fields and the pseudoscalar
meson (P) at the quark level. The effective mass of the pseu-
doscalar (P) meson, M∗

P, is obtained from Eq. (26), where the
subscript i for hadron refers to the pseudoscalar meson P. To
study the excitation energies, we consider the meson (P) as a
static spherical MIT bag, whose light valence quark contents
are allowed to interact with the scalar (σ, δ) as well as vector
(ω, ρ) meson fields. These coupling constants are related to
the quark-meson couplings in the following way [66]:

gq
Pσ = nq

3
gq

σ , (37)

gq
Pδ = nq

3
gq

δ, (38)

gq
Pω = 1.42gq

ω, (39)

gq
Pρ = gq

ρ, (40)

where nq denotes the count of valence light quarks (an-
tiquarks) in the respective hadron. The vector coupling
constant, gq

ω is rescaled by a factor of (1.4)2, to be consistent
with the empirically obtained K+N scattering data [67] and it
is also chosen to be the same way for open charm and open
bottom mesons [89]. Considering the above interactions, the

equation of motion for P meson has the general form(
∂μ∂μ + M�2

P + M�
P

(
gq

Pσ σ + gq
Pδ

τ a

2
δa

)

+ 2

(
gq

Pωωμ + gq
Pρ

τ a

2
ρa

μ

)
i∂μ

−
(

gq
Pωωμ + gq

Pρ

τ a

2
ρa

μ

)2)
P = 0. (41)

Using a plane wave expansion of the P meson and taking the
Fourier transformation of the equation of motion, we obtain
the dispersion relations for the pseudoscalar mesons in the
mean field approximation. The in-medium excitation energies
[67] of the pseudoscalar mesons (ωP) are obtained from the
solution of the dispersion relations for 	k = 0, which are given
as

(
ωK+

ωK−

)
=

⎛
⎝

√
M�2

K+ + M�
K+Ṽ +

σ√
M�2

K− + M�
K−Ṽ −

σ

⎞
⎠ ±

(
Ṽω + 1

2
Vρ

)
, (42)

(
ωK0

ωK̄0

)
=

⎛
⎝

√
M�2

K0 + M�
K0Ṽ −

σ√
M�2

K̄0 + M�
K̄0Ṽ +

σ

⎞
⎠ ±

(
Ṽω − 1

2
Vρ

)
, (43)

(
ωD+

ωD−

)
=

⎛
⎝

√
M�2

D+ + M�
D+Ṽ +

σ√
M�2

D− + M�
D−Ṽ −

σ

⎞
⎠ ∓

(
Ṽω − 1

2
Vρ

)
, (44)

(
ωD0

ωD̄0

)
=

⎛
⎝

√
M�2

D0 + M�
D0Ṽ −

σ√
M�2

D̄0 + M�
D̄0Ṽ +

σ

⎞
⎠ ∓

(
Ṽω + 1

2
Vρ

)
, (45)

(
ωB+

ωB−

)
=

⎛
⎝

√
M�2

B+ + M�
B+Ṽ +

σ√
M�2

B− + M�
B−Ṽ −

σ

⎞
⎠ ±

(
Ṽω + 1

2
Vρ

)
(46)

(
ωB0

ωB̄0

)
=

⎛
⎝

√
M�2

B0 + M�
B0Ṽ −

σ√
M�2

B̄0 + M�
B̄0Ṽ +

σ

⎞
⎠ ±

(
Ṽω − 1

2
Vρ

)
, (47)

where Ṽ ±
σ = (gq

Pσ σ ± 1
2 gq

Pδδ
3) and Ṽω = 1.42Vω.

IV. RESULTS AND DISCUSSIONS

In the present work, we study medium modifica-
tions of masses and excitation energies of open strange
(K+, K−, K0, K̄0), open charm (D+, D−, D0, D̄0), and
open bottom (B+, B−, B0, B̄0) mesons in both the symmetric
nuclear matter (SNM) as well as in the asymmetric nuclear
matter (ANM) using the QMCδ model. It is assumed that the
in-medium masses of the pseudoscalar mesons are generated
through the interactions of the constituent light quarks (an-
tiquarks) with the scalar meson fields (σ and δ) through the
scalar density of (anti)quarks, given by Eq. (28). On the other
hand, the excitation energies are modified by both the scalar
and vector meson fields using Eqs. (42)–(47). The parameters
of the model as well as the in-medium properties of the pseu-
doscalar mesons are presented in the following subsections.
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TABLE I. Representative inputs (I), parameters that are used in the present study, and some relevant properties calculated at nuclear
saturation density, ρ0 (denoted by asterisk symbol) in the asymmetric nuclear matter. The chosen values of current quark masses (in MeV) are
mu = 2.16, md = 4.67, ms = 93.4, mc = 1270, and mb = 4180 [7] and the calculated bag constant, B = (211.2378 MeV)4.

M(MeV) (I) R (fm) Z M�(MeV) R� (fm)

p 938.272 0.6 (I) 4.0015 733 0.59
n 939.565 0.6003 4.0012 719 0.58
K0 (K̄0) 497.611 0.4824 3.2860 419.7 (434.3) 0.4771 (0.4790)
K+ (K−) 493.677 0.4811 3.2924 430.5 (415.9) 0.4775 (0.4756)
D0 (D̄0) 1864.84 0.5798 1.8423 1788.3 (1802.4) 0.5758 (0.5772)
D+ (D−) 1869.66 0.5808 1.8319 1807.1 (1792.9) 0.5782 (0.5769)
B0 (B̄0) 5279.66 0.6508 −0.2609 5204.1 (5217.9) 0.6470 (0.6482)
B+ (B−) 5279.34 0.6507 −0.2638 5217.7 (5204.0) 0.6483 (0.6469)

A. Parameters of QMCδ model

We first state the parameters of the model we have chosen
in the present work before discussing the results. The bag
parameters B and Z are fitted from the mass and the given
bag radius of the proton in the free space, using Eqs. (26)
and (27). It might be noted here that we have considered in
the present study, the small isospin breaking effect between
proton and neutron due to the electromagnetic corrections [7].
Using slightly different masses (in MeV) of u and d quarks,
mu = 2.16, md = 4.67, for the heavier quarks ms = 93.4,
mc = 1270, and mb = 4180 [7] and the bag constant, B =
(211.2378 MeV)4 the values of R and Z are calculated. These
are shown in Table I. Next, with the meson masses taken as
mσ = 550 MeV, mω = 783 MeV, mρ = 770 MeV, and mδ =
983 MeV, we fix the nucleon meson coupling constants
gσ , gω, gρ , and gδ using the bulk properties of nuclear matter
such as binding energy per nucleon (−15.7 MeV), incom-
pressibility (200–300 MeV), symmetry energy (32.5 MeV),
and slope of the symmetry energy (88 ± 25 MeV), at satu-
ration density (0.15 fm−3) [72]. From these, the quark meson
coupling constants are obtained using relation (13), as shown
in Table II. As has been stated earlier, for investigating the
properties of open strange, charm, and bottom mesons with
the vector meson fields we take gq

Pω = 1.42 × gq
ω.

B. Meson (scalar and vector) fields
and quark masses in nuclear medium

We first examine the behavior of the mean scalar and vector
meson fields, which interact with the light (anti)quarks in
the dense symmetric nuclear matter (SNM) and asymmetric
nuclear matter (ANM) within the QMCδ model. The meson
fields are determined by solving the coupled nonlinear equa-
tions (6)–(8) using the mean field approximation. Figure 1
illustrates the density dependence of the mean meson fields,
where η = 0 and η = 0.5 represent the SNM and the high-
est degree of asymmetry which corresponds to pure neutron

TABLE II. Values of quark-meson-field coupling constants [72].

gq
σ gq

δ gq
ω gq

ρ

5.98 12.60 2.98 12.59

matter, respectively. As can be seen from Eqs. (30)–(35), the
expectation value of σ (δ) meson field is obtained from the
sum (difference) of positive quantities, i.e., [2Sup + (−)Sd p]
for proton and [Sun + (−)2Sdn] for neutron. As a consequence
of this, the δ meson attains much smaller expectation values
as compared to the σ meson in the asymmetric dense nuclear
matter as depicted in Fig. 1. In the asymmetric nuclear matter,
due to the presence of the δ field, the expectation value of the
σ field decreases in the high-density regions as compared to
SNM. This is because these two fields are coupled to each
other (see Eq. (6)), and the obtained expectation values of
these fields are dependent on the nucleon scalar densities (ρs

i ),
which are different for different values of isospin asymmetry
parameter η. On the other hand, the expectation value of the
ρ meson depends on (ρp − ρn). Therefore, the matter with a
neutron excess induces a negative isovector density, which
gives rise to the negative in-medium expectation value of
the mean vector isovector meson field at finite densities in
the ANM. Within the QMCδ model, the interaction of light
quarks and antiquarks with these mean meson fields results
in modifications of the quark and antiquark properties in
the nuclear medium. The scalar fields influence their masses
[see Eqs. (16)–(19)], while the vector fields, together with
the scalar fields, alter the energies of the (anti)quarks. The
graphical representation of the in-medium behaviors of the
light quarks’ (u, d) and light antiquarks’ (ū, d̄) masses on
the baryon density are shown in Fig. 2. In SNM, due to the
attractive potential exerted by the scalar-isoscalar field, there
is observed to be a reduction in the masses of quarks and
antiquarks in the nuclear medium. In ANM, the inclusion of
the δ meson field leads to the breaking of isospin degeneracy
of the masses of the light quark and antiquark doublets and
causes mass splitting between (u, d) as well as (d̄, ū). At
saturation density (ρ0) it is visible from Fig. 2 that there is
almost 32 MeV difference between u and d quark masses and
around 37 MeV difference between ū and d̄ masses, which
increases with the increase in density. Such considerable mass
splittings can be understood from Eqs. (16)–(19), where the δ

meson induces opposite interactions between the (anti)quarks
within the isospin doublets and hence leads to a repulsive
contribution to the u(d̄ ) mass and attractive contribution for
d (ū) mass. As a result, the mass drop of the u quark becomes
lesser than that of the d quark in ANM, and the mass drop
of ū quark (in SNM which is identical to u quark) becomes
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(a) (b)

FIG. 1. Behaviors of the mean meson fields as a function of baryon density ρB, in the units of saturation density (ρ0 = 0.15 fm−3). The
results are shown for both the (a) symmetric (η = 0) and (b) asymmetric (η = 0.5) nuclear matter.

higher than the mass shift of d̄ quark (which is identical to d
quark in SNM), as can be seen from Fig. 2 and which lead
to significant mass splittings between the light (anti)quarks.
Furthermore, it is important to note that as we have considered
small current masses for the (anti)quarks, the obtained values
of effective (anti)quark masses in the nuclear medium are neg-
ative, which indicates the attractive nature of scalar potentials,
as stated in Eqs. (14) and (15) in Sec. II. Therefore, the naive
interpretation of the physical mass for a particle, which is
positive, should not be applied for m∗

q , which in any case is
not observable [90].

C. Masses of open strange and open heavy flavor mesons
in nuclear medium

In this subsection, we present the results for in-medium
masses of K (K̄ ), D(D̄), and B(B̄) mesons in symmetric as
well as asymmetric nuclear matter. The properties of these
mesons in nuclear matter undergo medium modifications due
to the interactions of their constituent light (anti)quarks with
the mean meson fields within the QMCδ model. Therefore
the scalar fields attaining different values from their vacuum
values at finite densities leads to mass modifications of these
mesons, which are shown in Fig. 3. We observe that the in-
medium masses of the respective mesons decrease nonlinearly
with the increase of baryon density, ρB. In symmetric nuclear
matter (SNM), the K (K̄ ), D(D̄), and B(B̄) mesons follow a
similar decreasing pattern, accompanied by a small isospin
symmetry breaking contribution due to their different charges
(see Sec. IV A). However, one can see from Fig. 3 that the
effective masses of the members in the isospin doublets have a
splitting in the asymmetric nuclear matter (ANM). This is due
to the incorporation of the scalar-isovector δ meson field in the
model. The δ meson treats the constituent light quarks, i.e.,
up and down quarks(antiquarks) differently as might be seen
from Eqs. (16)–(19) and the mass splitting in the asymmetric
nuclear matter between them is illustrated in Fig. 2. In SNM,
at ρB = ρ0, both the K0(K̄0) and K+(K−) meson masses are
observed to undergo a reduction of approximately 14% from
their vacuum masses. In asymmetric nuclear matter, there is

observed to be splitting between the masses of the isodoublets.
In the context of the K meson doublet, the K0(K+) meson
contains a light d (u) quark, which has a drop (rise) in the
ANM (see discussion in Sec. IV B). This leads to a splitting
between the K0 and K+ mesons within the kaon isodoublet.
Further, there are also contributions to the masses of the
mesons within an isospin doublet due to the different bag
parameters of the charged and neutral mesons (see Table I).
Therefore in ANM, there is a drop(rise) of K0(K+) by about
1.4%(2%) and rise(drop) of K̄0(K−) of about 2%(1.4%) as
compared to the value in symmetric nuclear matter at ρB = ρ0.
Figures 3(a) and 3(b) distinctly demonstrate that the masses of
K0(K−) and K+(K̄0) shows a contrasting behavior in ANM,
with K0(K−) experiencing a decrease in mass and K+(K̄0)
encountering an increase in mass relative to their values in
SNM. Figures 3(c) and 3(d) display the in-medium behavior
of the D and D̄ meson masses. In SNM, at ρB = ρ0, both the
charged and neutral D meson masses exhibit a decrease of
approximately 4% from their vacuum masses. For asymmetric
nuclear matter (η = 0.5), at ρB = ρ0, the D0 and D− meson
masses undergo a decrease of around 0.3%, while the D+ and
D̄0 meson masses experience an increase of roughly 0.5%
as compared to their respective masses in SNM. As can be
observed from Figs. 3(e) and 3(f), due to the small vacuum
mass differences between the charged and the neutral open
bottom mesons, in SNM, the mass difference between masses
of the members of the isodoublets are negligible. In SNM,
the masses of open bottom mesons decrease by around 1.3%
at nuclear saturation density. Similar to other pseudoscalar
mesons, the B and B̄ mesons also experience mass splittings in
ANM. The mass of the B0 (B−) meson experiences a reduction
of approximately 0.1%, while the B+ (B̄0) meson undergoes
an increment of roughly 0.16% at ρB = ρ0, in ANM (η = 0.5)
as compared to their masses in SNM. The in-medium masses
of the studied mesons at the saturation density (ρ0) are pre-
sented in the Table I. The mass shift of B+ and B0 mesons
are observed to be more, with increasing density, whereas the
mass shifts for B− and B̄0 remain almost constant as compared
to the values in symmetric nuclear matter. The percentage of
reduction of masses in the medium is observed to be larger
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(a)

(b)

FIG. 2. Masses of light (a) quarks and (b) antiquarks with respect
to baryon density, in the units of saturation density (ρ0 = 0.15 fm−3).
Broken lines represent the masses in symmetric nuclear matter.
Dashed lines: (u, ū), dash-dotted lines: (d , d̄), solid lines: η = 0.5.

for the open strange mesons as compared to the open heavy
flavor mesons, which is attributed to the increasing order of
their masses in free space [65].

Based on the above analysis, it can be observed that the
medium modifications for K+, K̄0, D+, D̄0, B+, and B̄0 meson
masses are more pronounced and repulsive as compared to
their isospin counterparts. This disparity arises due to the
individual nature of mean field potentials experienced by the
mesons in the medium. Specifically, K+(us̄), K̄0(sd̄ ), D+(cd̄ ),
D̄0(uc̄), B+(ub̄), and B̄0(bd̄ ) experience an attractive scalar
isoscalar potential and a repulsive scalar isovector potential,
whereas both the mean scalar field potentials are attractive for
their isospin counterparts K0(ds̄), K−(sū), D0(cū), D−(dc̄),
B0(db̄), and B−(bū) mesons in the asymmetric nuclear matter.
The isospin effects are observed to be more pronounced at
higher baryon densities. Such strong isospin dependence on
the in-medium masses of the pseudoscalar mesons should
influence their production and propagation in the isospin
asymmetric nuclear matter.

In the present study, we have also taken into account the
medium modifications of the bag radii for the nucleons [72]
and pseudoscalar mesons (see Table I). The behavior of the in-
medium proton and neutron radii has already been discussed
in Ref. [72]. The temperature dependence of the bag radius
of the nucleons has also been studied in the literature [91].
Within the present model, the hadron bags in the symmetric as
well as asymmetric nuclear matter are observed to shrink with
the increase in density, as can be seen from Fig. 4. In ANM,
there occurs splitting of radii between the isospin doublets of
the corresponding mesons, where the shift in radii of K0(K−),
D0(D−), and B0(B−) become greater than their respective
isodoublet counterparts K+(K̄0), D+(D̄0), and B+(B̄0) due
to the opposite effects arising from scalar isovector meson
field.

D. Excitation energies of open strange
and open heavy flavor mesons

We next analyze the behavior of the excitation energies
(ωP) of the pseudoscalar mesons (P) for 	k = 0 in the nuclear
medium. In isospin asymmetric nuclear matter, the interac-
tions between the mean scalar fields (σ, δ) as well as the mean
vector (ω, ρ) fields with the (anti)quarks in the medium lead to
the modifications of the excitation energies of these hadrons.
In Fig. 5, the in-medium excitation energies are shown. In
the isospin symmetric nuclear matter (η = 0), the considered
vectorial (ω) interaction is attractive for K̄ ≡ (K̄0, K−), D ≡
(D0, D+), and B̄ ≡ (B̄0, B−) mesons leading to a drop in the
excitation energies of these mesons, whereas it is repulsive for
K ≡ (K0, K+), D̄ ≡ (D̄0, D−), and B ≡ (B0, B+) mesons in
the nuclear medium, leading to an increase in the correspond-
ing excitation energies. The splitting becomes comparatively
large in the high-density region. In isospin asymmetric nu-
clear matter, the presence of the scalar isovector field δ and
the vector isovector field ρ leads to the splitting within the
isodoublets. As can be seen from Fig. 5(a), in the presence
of isospin asymmetry, the K0 excitation energy is seen to
increase whereas K+ excitation energy drops in the asym-
metric medium compared to its values in SNM. At η = 0.5,
ωK+ (ωK0 ) is seen to drop(rise) by about 13% and 30% from
the values (in MeV) of 545.9(549.6) and 698.9(762.4) in SNM
for densities ρ0 and 3ρ0, respectively. This isospin asymmetry
effect is observed to be more pronounced at higher baryon
densities. For the K̄0 and K− mesons, due to the isovec-
torial (δ, ρ) interactions, there is a further drop(rise) in the
excitation energy of K̄0(K−) from the value in SNM. For
η = 0.5, ωK− (ωK̄0 ) (in MeV) is observed to be 281.3(422.5)
and 335.9(−108.5) at ρ0 and 3ρ0 as compared to the values
of 348.9(352.9) and 108.2(112.1) in SNM. Consequently, the
presence of δ and ρ mesons generates a repulsive potential for
K− meson, which indicates a less favorable K− condensation
[67] in the matter with a higher neutron fraction as com-
pared to the symmetric case. However, the threshold condition
ωK̄0 = 0 implies the possibility of K̄0 condensation in such an
environment [25,26]. For values of densities of ρ0 and 3ρ0,
for η = 0.5, the excitation energy ωD+ (ωD0 ) is observed to de-
crease(increase) by approximately 4% and 15%, respectively,
from the SNM value. For the density ρ0(3ρ0), ωD− has an
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(a) (b)

(c) (d)

(e) (f)

FIG. 3. The effective masses of (a) K , (b) K̄ , (c) D, (d) D̄, (e) B, and (f) B̄ mesons as a function of baryon density ρB (in the units of ρ0).
Solid lines: η = 0.5. Broken lines: η = 0.

increase of around 4%(11%) and for ωD̄0 , an almost similar
amount of decrease of around 3.7%(10.7%), compared to
their SNM values. The in-medium behaviors of B(B̄) mesons
are similar to those of K (K̄ ) mesons, owing to the presence of
identical light (anti)quark constituents. Figures 5(e) and 5(f)
show the in-medium behavior of the open bottom mesons.
In SNM, the excitation energies of the B mesons show an
upward trend, whereas the B̄ mesons display a decreasing
trend. In asymmetric nuclear matter, as depicted in Fig. 5(e),
the excitation energies of B0 (B+) experience an increase
(decrease) of approximately 1.4% at ρ0, and a rise (drop) of
4% at 3ρ0, relative to their values in SNM. On the contrary,
ωB− and ωB̄0 are observed to have ascending and descending
behaviors respectively, with a deviation of about 1.4% at ρ0,

which becomes almost 4.6% at 3ρ0 with respect to their values
at η = 0.

In the present work, the excitation energies of the pseu-
doscalar mesons are obtained from the scalar as well as
vector interaction terms as represented by Eqs. (42)–(47).
The excitation energies of the isospin doublet members of
K (K̄ ), D(D̄), and B(B̄) mesons undergo splittings due to
isovectorial (δ, ρ) interactions in the ANM. The attractive
nature of D and B̄ mesons in the nuclear medium can lead
to the formation of bound states of these mesons with fi-
nite nuclei [89]. The density effects, as well as isospin
asymmetry effects on the open strange and open heavy
flavor mesons, are observed to be quite appreciable and
these can modify the production and propagation of these

025201-9



ARPITA MONDAL AND AMRUTA MISHRA PHYSICAL REVIEW C 109, 025201 (2024)

(a) (b)

(c)

FIG. 4. Variation of bag radii (in fm) for (a) K (K̄ ), (b) D(D̄), and (c) B(B̄) mesons in the SNM (solid lines) as well as in ANM (broken
lines), as a function of baryon density ρB (in the units of ρ0) in the QMCδ model.

mesons arising from the asymmetric heavy ion collision
experiments.

V. SUMMARY

To summarize we have investigated how the proper-
ties of K ≡ (K0, K+), K̄ ≡ (K̄0, K−), D ≡ (D0, D+), D̄ ≡
(D̄0, D−), B ≡ (B0, B+), and B̄ ≡ (B̄0, B−) mesons are af-
fected in the symmetric as well as asymmetric nuclear matter
using the QMCδ model. The quark meson coupling model
(QMCδ), a quark-based approach that describes in-medium
hadron properties by considering their internal structure re-
sponses to the nuclear medium. Here, the medium effects
are simulated through the interactions of scalar (σ, δ) as well
as vector (ω, ρ) meson fields with the confined light quarks
(antiquarks) of the hadrons. We have adopted a mean field
approximation where the meson fields are replaced by their
expectation values. In SNM, there is a drop in the mass
of the light quark(antiquark) in the nuclear medium due to
the interaction with the scalar σ field. However, the isospin
asymmetry effects on the properties of pseudoscalar mesons
arise due to the scalar isovector δ and the vector isovector
ρ meson. In the presence of the isospin asymmetry in the
medium there is a splitting in the masses of quark doublets
as well as antiquark doublets due to the interaction with the δ

meson. As a consequence, the masses of each isospin doublets

of K (K̄ ), D(D̄), and B(B̄) mesons exhibit splittings in ANM
which are observed to increase with increasing baryon density.

In addition, we have studied the excitation energies of
the considered pseudoscalar mesons in the nuclear medium.
For this, we have adapted a quark-based pseudoscalar
meson-nucleon interaction, where the quark and antiquark
constituents of the pseudoscalar mesons directly interact with
the scalar as well as vector meson fields generated in the
nuclear matter leading to the medium modification of their
excitation energies. Due to the coupling of ω meson, the
pseudoscalar mesons along with the light quark(antiquark)
are observed to undergo an increase(drop) in their excitation
energies, whereas the scalar σ field leads to a drop in their
masses as well as excitation energies. The isospin asymmetry
in the medium introduces a splitting of the excitation energies
within the members of the isodoublets due to the isovectorial
interaction (δ and ρ). Whereas, the mass degeneracy is lifted
due to the interaction with the δ meson. In particular, in
neutron rich environment, the δ and ρ mesons induce opposite
interactions between the mesons within the isospin doublets of
K (K̄ ), D(D̄) and B(B̄) mesons. The isospin asymmetric effects
which are observed to be more pronounced at high densities
should have observable consequences in the particle ratios,
e.g., K+/K0, K−/K̄0, D+/D0, D−/D̄0, B+/B0, and B−/B̄0

in the forthcoming asymmetric heavy ion collisions in com-
pressed baryonic matter (CBM) experiments at FAIR at GSI.
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(a) (b)

(c) (d)

(e) (f)

FIG. 5. The excitation energies (ω) of (a) K , (b) K̄ , (c) D, (d) D̄, (e) B, and (f) B̄ mesons at 	k = 0 (in MeV) vs. baryon density ρB (in the
units of ρ0), where the solid lines correspond to η = 0.5 and the broken lines correspond to symmetric nuclear matter (η = 0).

The future experiments at FAIR, with the P̄ANDA detector at
the high-energy storage ring (HESR) [92] collider, are poised
to provide a comprehensive exploration of the properties of
the charm and bottom states, where the present study of open
heavy flavor mesons can be relevant.
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