
Open heavy flavor mesons in hot asymmetric strange hadronic matter:
A QCD sum rule approach

Amruta Mishra *

Department of Physics, Indian Institute of Technology Delhi, Hauz Khas, New Delhi—110016, India

(Received 7 May 2025; accepted 18 July 2025; published 19 August 2025)

The in-medium masses of the pseudoscalar open charm (D, D̄, Ds and D̄s) and open bottom (B, B̄, Bs

and B̄s) mesons in hot asymmetric strange hadronic matter are studied within a QCD sum rule approach.
These are computed using the medium modifications of the light quark condensates (hq̄iqii, with
ðqi; i ¼ 1; 2; 3Þ≡ ðu; d; sÞ), the scalar gluon condensate, hαsπ Ga

μνGaμνi, the twist-2 tensorial gluon operator,
hαsπ ðGa

μσGa
ν
σuμuν − 1

4
Ga

μσGaμσÞi (where uμ is the four-velocity of the medium) and other operators in the
operator product expansion up to mass dimension 5. Within a chiral SU(3) model, the quark condensates
are obtained from the medium modifications of the nonstrange and strange scalar-isoscalar fields (σ and ζ),
and the scalar-isovector field, δ, whereas, the gluon (scalar and twist-2) condensates are computed from
the in-medium value of the dilaton field, χ, which is incorporated within the chiral model to mimic
the broken scale invariance of QCD. The mixed quark-gluon condensate hq̄igsσ ·Gqii is calculated from
the in-medium quark condensate hq̄iqii. The splittings of the masses of the D − D̄ (B − B̄), as well as
Ds − D̄s ðBs − B̄sÞ in the hadronic medium are due to the odd part of the spectral function. For the strange-
charm (strange-bottom) mesons (ðqi; i ¼ 3Þ≡ s), the value of hqi†qii dominates over the contributions
from the other operators, hqi†iD2

0qii and hqi†gsσ:Gqii, of the odd part of the spectral function. This is
observed as opposite behavior of the particle-antiparticle mass splittings with the mass of the particle to be
larger (smaller) than the antiparticle mass in nuclear (hyperonic) matter. The density and isospin asymmetry
effects are observed to be the dominant medium effects which might have observable consequences on the

production of charmonia and open charm mesons, and, on the production ratios, Dþ=D− and D0=D̄0, in
asymmetric heavy ion collisions in the Compressed Baryonic Matter experiment at FAIR at the future
facility at Gesellschaft für Schwerionenforschung (GSI).

DOI: 10.1103/swgb-17sw

I. INTRODUCTION

The study of the properties of hadrons under extreme
conditions of temperature and/or density is an important
subject of research in strong interaction physics. The topic
is of direct relevance for the experimental observables of
the relativistic heavy-ion collision experiments, as well as
of relevance for study of the bulk properties of compact
objects, e.g., the neutron stars. The light vector mesons
have been extensively studied in the literature, as the
medium modifications of these mesons can be observed
in the dilepton spectra arising from heavy ion collision
experiments [1]. In the recent years, a lot of studies on the
in-medium properties of heavy flavor hadrons have been

initiated due to its relevance and possible observability in
the relativistic heavy ion collision experiments [2]. The
spectral modification of the charm hadrons will be inves-
tigated via p̄-A collisions at the Facility for Antiproton and
Ion Research (FAIR) at the future facility at GSI, Darmstadt
[3,4] and charm production using pion beams on protons
in Japan Proton Accelerator Research Complex (J-PARC)
[5–7]. The charm (bottom) meson-nucleon interaction can
also lead to possibility of formation of charm (bottom)
mesons bound in atomic nuclei.
The properties of heavy flavor mesons in the (hot)

hadronic matter have been studied extensively in the
literature. These have been investigated using the potential
models [8], the coupled channel approach [9], the quark
meson coupling model [10–12] heavy quark symmetry and
interaction of these mesons with nucleons via pion
exchange [13], heavy meson effective theory [14], studying
the heavy flavor meson as an impurity in nuclear matter
[15], and the QCD sum rule approach [16–33]. Using
leading order QCD formula [34–36], the medium mod-
ifications of the masses of the charmonium states due to the
medium change of the scalar gluon condensate were
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studied in a linear density approximation in Ref. [37],
which showed much larger mass shifts for the excited states
[ψð3686Þ and ψð3770Þ], as compared to the mass shift of
J=ψ . Within a chiral effective model [38–42], the in-
medium masses of the charmonium (bottomonium) states
[43–45] as well as of the open heavy flavor mesons
[43,44,46–50] have been studied. Within the chiral effec-
tive model, the mass modifications of the quarkonium
states arise due to the medium modification of a scalar
dilaton field, which is introduced in the model to mimic the
broken scale invariance of QCD. The open heavy flavor
mesons have been studied due to their interactions with the
baryons and the scalar mesons in the hadronic medium. The
model has been used to study the partial decay widths of the
heavy quarkonium states to the open heavy flavor mesons,
in the (magnetized) hadronic medium [44,51] using a
light quark pair creation model [52], namely the 3P0 model
[53–56] as well as using a field theoretical model for
composite hadrons [57–60]. Within the chiral effective
model, in the presence of an external magnetic field, the
effects of magnetized Dirac sea have been investigated on
the properties of heavy flavor mesons in the hadronic
medium [61–63]. The magnetized Dirac sea, accounting for
the anomalous magnetic moment of nucleons is observed to
lead to the phenomenon of inverse magnetic catalysis at
finite densities for symmetric as well as asymmetric nuclear
matter in presence of strong magnetic fields. Recently, the
effects of the Dirac sea as well as mixing of the pseudo-
scalar and vector mesons on the masses, decay widths, and
the production cross-sections of the charmonium states in
hot magnetized strange hadronic matter have been inves-
tigated in Ref. [64].
Within the chiral SU(3) model, using the medium

changes of the light quark condensates (hūui, hd̄di and
hs̄si), obtained from the nonstrange isoscalar (σ) isovector
(δ) and strange (ζ) scalar fields and gluon condensates
calculated from the scalar dilaton field, χ, the light vector
mesons (ω, ρ and ϕ), in (magnetized) hadronic matter have
been studied within the framework of the QCD sum rule
approach [65,66]. The effects of the magnetized Dirac sea
on the spectral properties of light vector and axial-vector
mesons in hot magnetized nuclear matter [67] and of the
ground state heavy quarkonia [68] have also been studied
with the QCD sum rule approach. In the present work, we
investigate the masses of the open charm (D, D̄, Ds) and
open bottom (B, B̄, Bs) mesons in isospin asymmetric
strange hadronic matter at finite temperature. In Sec. II, we
briefly describe the QCD sum rule approach used to
compute the masses of the open charm and open bottom
mesons, retaining the operators up to dimension 5 in the
operator product expansion of the spectral function. Unlike
the case of a vacuum, in the hadronic medium, there is
splitting between the masses of the particles and their
antiparticles arising due to the odd part of the spectral
function. In Sec. III, we describe the chiral SU(3) model
used to compute the in-medium values of the quark (light

and strange), the gluon (scalar and twist-2), and the mixed
quark-gluon operators, which are used for the calculation of
the in-medium masses of the pseudoscalar open charm and
open bottom mesons. Section IV discusses the results and
in Sec. V, we summarize the findings of the present work.

II. QCD SUM RULE APPROACH

The QCD sum rule approach relates the hadronic
properties, encoded in spectral functions, to the QCD
condensates [69,70]. The basic ingredient is the two-point
correlation function given as

ΠðqÞ ¼ i
Z

d4xe−iq:xhΩjTðjðxÞjð0Þ†ÞjΩi; ð1Þ

where, jΩi is the physical ground state. Unlike the case of
vacuum, the two-point correlation function in the hadronic
medium has contributions, which are odd in q0, and, can be
written in terms of even and odd functions of q0 as

Πðq0; q⃗Þ ¼ Πeðq0; q⃗Þ þ q0Πoðq0; q⃗Þ; ð2Þ
with Πeðq0; q⃗Þ¼ 1

2
ðΠðq0; q⃗ÞþΠð−q0; q⃗ÞÞ and Πoðq0; q⃗Þ ¼

1
2q0

ðΠðq0; q⃗Þ − Πð−q0; q⃗ÞÞ. It might be noted here that

ΠeðoÞðq0; q⃗Þ depends on q20. The Borel transformed sum
rules for the even and odd parts, for q⃗ ¼ 0, are given as [25]

B½Πe
OPEðω2; q⃗ ¼ 0Þ�ðM2Þ

¼ 1

π

�Z
sþ
0

s−
0

ds ImΠðphÞðsÞ

þ
�Z

s−
0

−∞
þ
Z

∞

sþ
0

�
ds ImΠðsÞ

�
se−

s2

M2 ; ð3Þ

and

B½Πo
OPEðω2; q⃗ ¼ 0Þ�ðM2Þ

¼ 1

π

�Z
sþ
0

s−
0

ds ImΠðphÞðsÞ

þ
�Z

s−
0

−∞
þ
Z

∞

sþ
0

�
ds ImΠðsÞ

�
e−

s2

M2 : ð4Þ

In the above equations,ω2¼−q20, the subscript “OPE” deno-
tes the operator product expansion hΩjTðjðxÞjðyÞ†ÞjΩi ¼P

n Cnðx − yÞhΩjOnjΩi, where hΩjOnjΩi are the QCD
condensates for the operators On, Cnðx − yÞ are the
Wilson coefficients, sþ0 ðs−0 Þ is the continuum threshold for
the particle (antiparticle), andM is the Borel mass. The open
charm and open bottom mesons have been studied in
symmetric nuclear matter within the QCD sum rue approach
keeping operators up to dimension 5 in the OPE side of the
spectral function in Ref. [25]. In the present work, we study
the in-medium masses of these pseudoscalar mesons in hot
isospin asymmetric strange hadronic matter, again, retaining
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QCD operators up to dimension 5 in the operator product
expansion. The spectral functions of the open heavy flavor
mesons are obtained using the current operators for the
particles (pi), ji ¼ jpi ≡ iq̄iγ5Q, with ðqi; i ¼ 1; 2; 3Þ≡
ðu; d; sÞ, where the heavy quark Q ¼ c corresponds to
D0, Dþ, and Dþ

s mesons, and Q ¼ b corresponds to B−,
B̄0, and B̄s

0 mesons, respectively. The current operator is
j†i ≡ iQ̄γ5qi, for the antiparticles (D̄0, D−, D−

s for charm
sector and Bþ, B0 and Bs

0 for the bottom sector). For the
phenomenological hadronic spectral function, we take the
ansatz [25]

ImΠðphÞðsÞ ¼ πFþδðs −mþÞ − πF−δðsþm−Þ; ð5Þ

where m� corresponds to the mass of the particle (anti-
particle). In Eqs. (3) and (4), we change the integration
variable from s to s̃ð¼ s2Þ in the integrals corresponding to
the continuum parts of the spectral functions, and choose the
continuum thresholds for the particle and antiparticle to be
s�0 ¼ � ffiffiffiffiffi

s̃0
p

, similar to the case of vacuum.We also assume,
according to semilocal duality hypothesis, that ImΠðs̃Þ
corresponding to the particle and antiparticle continuum

parts of the spectral function on the right-hand side of the
Eqs. (3) and (4) are the same as the perturbative contribution
of the spectral function, ImΠper

OPEðsÞ, as calculated in
operator product expansion [26]. It might be noted here that
for the odd part of the spectral function, the perturbative
contributions from the particle and antiparticle cancel with
each other for the choice of the continuum thresholds
s�0 ¼ � ffiffiffiffiffi

s̃0
p

, as in the present work. The Borel transformed
sum rules for the even and odd parts of the spectral function
are then obtained as [25]

B½Πe
OPEðω2; q⃗ ¼ 0Þ�ðM2Þ

¼ 1

π

Z
∞

m2
Q

ds̃ ImΠper
OPEðs̃; q⃗ ¼ 0Þe−s̃=M2 þ e−m

2
Q=M

2

PeðM2Þ

¼ mþFþe−m
2
þ=M

2 þm−F−e−m
2
−=M2

þ 1

π

Z
∞

s̃0

ds̃ ImΠper
OPEðs̃Þe−s̃=M

2 ð6Þ

with

PeðM2Þ ¼ −mQhq̄iqii þ
1

2
mqihq̄iqii

�
1þm2

Q

M2

�
þ mQ

2M2

�
m2

Q

2M2
− 1

�
hq̄igsσ ·Gqii

þ 1

12

�
αs
π
GμνGμν

�
þ
��

7

18
þ 1

3
ln

�
μ2m2

Q

M4

�
−
2γE
3

��
m2

Q

M2
− 1

�
−
2

3

m2
Q

M2

�

×

�
αs
π

�
Ga

μσGa
ν
σuμuν −

1

4
Ga

μσGaμσ

��
þ 2

�
m2

Q

M2
− 1

�
hqi†iD0qii

þ 4

�
m3

Q

2M4
−
mQ

M2

��
hq̄iD2

0qii −
1

8
hq̄igsσ ·Gqii

�
; ð7Þ

and,

B½Πo
OPEðω2; q⃗¼ 0Þ�ðM2Þ¼ e−m

2
Q=M

2

PoðM2Þ
¼Fþe−m

2
þ=M

2 −F−e−m
2
−=M2 ð8Þ

with

PoðM2Þ ¼ hqi†qii − 4

�
m2

Q

2M4
−

1

M2

�
hqi†D2

0qii

−
1

M2
hqi†gsσ · Gqii: ð9Þ

The QCD condensates corresponding to the even and odd
parts of the spectral function occur in the polynomials
PeðM2Þ and PoðM2Þ, given by Eqs. (7) and (9), respec-
tively. For the polynomial PeðM2Þ, the first and second
terms the arise due to the quark-antiquark condensate

(hq̄iqii), retaining the term proportional to the light quark
mass (mqi ) [16] as given by the second term. The first term,
due to the largemass of the heavy quark (mQ) is the dominant
contribution to the mass of the open charm (bottom) meson,
arising from the dimension 3 quark-antiquark condensate in
the operator product expansion. The strong coupling con-
stant, αs is given as αs ¼ 4π=½ðð11−2Nf=3Þ lnðμ2=Λ2

QCDÞÞ�,
withΛQCD ¼ 500 MeV, and,Nf ¼ 4 (5) for the study of the
open charm (bottom)mesons. μ, the renormalization scale, is
taken to be mass of the largest quark in the system, i.e., the
mass of the charm (bottom) quark, for investigating the mass
of the open charm (bottom) mesons [25], γE is the Euler
constant. The other terms are the higher mass dimension
operators, which include the dimension-4 scalar and twist-2
gluon condensates, the mixed quark-gluon operator (the
abbreviationσ ·G is used for σμνGμν), and terms proportional
to the operators hqi†iD0qii and hq̄iD2

0qii. In the term
proportional to the twist-2 gluon condensate operator, uμ
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is the four-velocity of the hadronic medium. We study the
spectral functions of the open heavy flavor mesons in the rest
frameof the hadronicmedium, forwhichuμ ¼ ð1; u⃗ ¼ 0Þ. In
the odd part of the Borel transformed spectral function, the
dominant contribution in Eq. (9) is from the number density
of the quark (hqi†qii), along with the contributions from the
dimension 5 operators, hq̄iD2

0qii and hqi†gsσ ·Gqii. The
masses for the particles and antiparticle, m�, corresponding
to the open heavy flavor mesons, are solved by using the
spectral function given by Eq. (5) in the Eqs. (3) and (4) [25].
The expressions for themasses of the particle and antiparticle
are given as [26]

m� ¼
�
1

4

�
gf0 − fg0

f2 þ gg0

�
2

−
�
ff0 þ g02

f2 þ gg0

��
1=2

� 1

2

�
gf0 − fg0

f2 þ gg0

�
ð10Þ

where, f ¼ 1
π

R s̃0
m2

Q
ds̃ Im Πper

OPEðs̃; ⃗q ¼ 0Þe−s̃=M2 þ
e−m

2
Q=M

2

PeðM2Þ, with PeðM2Þ given by Eq. (7), g ¼
e−m

2
Q=M

2

PoðM2Þ, the odd part of the spectral function as
given byEq. (8), and,f0 and g0 denote the derivatives off and
gwith respect to1=M2. As can be observed fromEq. (10), the
mass difference between the particles (D0,Dþ and Dþ

s ) and
their antiparticles (D̄0,D− andD−

s ) for the charm sector, and
between the particles (B−, B̄0 and B̄s

0) and their antiparticles
(Bþ,B0 andB0

s) for the bottomsector, in thehadronicmedium
arise from thevalues of hqi†qii, hqi†iD2

0qii and hqi†gsσ:Gqii
of the odd part of the spectral function (g), hence due to the
expectation values of the QCD operators hqi†qii, hqi†D2

0qii
and hqi†gsσ ·Gqii in PoðM2Þ, given by Eq. (9). The in-
medium QCD condensates are calculated within a chiral
SU(3) model, as described in the following section.

III. CHIRAL SU(3) MODEL

In this section, we briefly describe the chiral SU(3)
model [40–42,64], which is used to obtain the in-medium
QCD condensates in the hot asymmetric strange hadronic
matter. The expectation values of these QCD operators are
central to the calculation of the in-medium masses of the
open charm and open bottom mesons within the framework
of the QCD sum rule approach, as described in the previous
section. The chiral SU(3) model [40–42] is based on a
nonlinear realization of chiral symmetry [71–73] and
incorporates the broken scale invariance of QCD through
the introduction of a scalar dilaton field, χ [38,39]. The
Lagrangian density of chiral SU(3) model is written as [40]

L¼Lkinþ
X

W¼X;Y;V;A;u

LBW þLvecþL0þLχ þLSB: ð11Þ

In Eq. (11), Lkin is the kinetic energy term, LBW is the
baryon-meson interaction term, where, W ¼ X, Y, V, A, u

correspond to the interactions of the baryons with the scalar,
pseudoscalar singlet, vector meson, axial-vector meson,
and pseudoscalar octet mesons, respectively. The baryon-
spin-0 interaction terms generate the baryon masses. Lvec
describes the dynamical mass generation of the vector
mesons via couplings to the scalar mesons, containing
additionally quartic self-interactions of the vector fields.
L0 contains the meson-meson interaction terms, Lχ is the
QCD scale breaking term in the Lagrangian density,
including a logarthimic potential of the scalar dilaton field,
χ, and LSB describes the explicit chiral symmetry breaking.
In the present study of isospin asymmetric strange hadronic
matter at finite temperature, the mean field approximation is
used, in which the meson fields are replaced by their
expectation values. The meson fields that have nonzero
expectation values are the scalar (σ; ζ; δ) and the vector
fields, ωμ → ωδμ0, ρμa → ρδμ0δa3, and ϕμ → ϕδμ0, and
the expectation values of the other mesons are zero. We
also use the approximations ψ̄ iψ j → δijhψ̄ iψ ii≡ δijρ

s
i and

ψ̄ iγ
μψ j → δijδ

μ0hψ̄ iγ
0ψ ii≡ δijδ

μ0ρi, where ρsi and ρi are
the scalar and number density of baryon of species, i. In the
above approximation, the terms that contribute to the
baryon-meson interaction, LBW of Eq. (11) arise from
the interactions due to the scalar (S) and the vector (V)
mesons, and are given as

LBS þ LBV ¼
X
i

ψ̄ iðgσiσ þ gζiζ þ gδiδ − gωiγ0ω

− gρiγ0ρ − gϕiγ0ϕÞψ i: ð12Þ

The explicit symmetry breaking term in the chiral model is
given by

LSB ¼ −
�
χ

χ0

�
2

Tr
�
diag

�
m2

πfπ
2

ðσ þ δÞ; m
2
πfπ
2

ðσ − δÞ;
� ffiffiffi

2
p

m2
KfK −

1ffiffiffi
2

p m2
πfπ

�
ζ

��
; ð13Þ

which reduces to Eq. (8), and in QCD, this term is given as
LQCD
SB ¼ −Tr½diagðmuūu;mdd̄d;mss̄sÞ�. In the above, the

matrices, whose traces give the corresponding Lagrangian
densities, have been explicitly written down, and a com-
parison of their matrix elements relates the quark conden-
sates to the values of the scalar fields as [65]

muhūui ¼
�
χ

χ0

�
2 m2

πfπ
2

ðσ þ δÞ;

mdhd̄di ¼
�
χ

χ0

�
2 m2

πfπ
2

ðσ − δÞ;

mshs̄si ¼
�
χ

χ0

�
2
� ffiffiffi

2
p

m2
KfK −

1ffiffiffi
2

p m2
πfπ

�
ζ: ð14Þ
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The mediummodifications of the quark condensates hq̄iqii,
with qi ≡ u, d, s for i ¼ 1; 2; 3, are obtained from the
medium modifications of the scalar fields (σ and ζ and δ).
The scalar gluon condensate hαsπ Ga

μνGaμνi and the
expectation value of the twist-2 tensorial gluon operator,
hαsπ ðGa

μσGa
ν
σuμuν − 1

4
Ga

μσGaμσÞi, are obtained from the in-
medium value of the dilaton field, χ [19], which is
incorporated in the chiral SU(3) model to simulate the
broken scale invariance of QCD. The Lagrangian density
for the scalar dilaton field, χ, is given as [19]

Lχ ¼
1

2
ð∂μχÞð∂μχÞ − k4χ4 −

1

4
χ4 ln

�
χ4

χ40

�

þ d
3
χ4 ln

��ðσ2 − δ2Þζ
σ20ζ0

��
χ

χ0

�
3
�
; ð15Þ

where the last two terms in the above Lagrangian density
are the scale breaking terms. The energy momentum tensor
obtained from the above Langrangian density is given as

Tμν ¼ð∂μχÞ
�

∂Lχ

∂ð∂νχÞ
�
−gμνLχ ≡ ð∂μχÞð∂νχÞ−gμνLχ : ð16Þ

Accounting for the finite mass of the quarks, the energy
momentum of the QCD can be written in terms of a
symmetric traceless part and a trace part as

Tμν ¼ −STðGa
μσGa

ν
σÞ

þ gμν
4

�
βQCD
2g

Ga
σκGaσκ þ

X
i

miq̄iqi

�
; ð17Þ

writing

�
αs
π
Ga

μσGa
ν
σ

�
¼

�
uμuν −

gμν
4

�
G2; ð18Þ

where uμ is the four-velocity of the nuclear medium, taken
as uμ ¼ ð1; 0; 0; 0Þ, we obtain the energy momentum tensor
in QCD as

Tμν ¼ −
�
π

αs

��
uμuν −

gμν
4

�
G2

þ gμν
4

�
βQCD
2g

Ga
σκGaσκ þ

X
i

miq̄iqi

�
: ð19Þ

We calculate the expectation values of the scalar and twist-2
gluon operators by equating the energy momentum tensor
for the dilaton field with that of QCD, multiplying both
sides by gμν and ðuμuν − gμν

4
Þ [uμ ¼ ð1; 0; 0; 0Þ is the four-

velocity of the hadronic medium at rest] respectively,
and summing over the indices (μ and ν) [19]. We then
obtain [19]

Tμ
μ ¼

X
i

miq̄iqiþ
�
βQCD
2g

Ga
μνGμνa

�
¼−ð1−dÞχ4 ð20Þ

and,

�
αs
π
Ga

μσGa
ν
σ

��
uμuν−

gμν

4

�

≡3

4
G2¼

3αs
4π

�
−ð1−dþ4k4Þðχ4−χ0

4Þ

−χ4 ln

�
χ4

χ0
4

�
þ4

3
dχ4 ln

��ðσ2−δ2Þζ
σ20ζ0

��
χ

χ0

�
3
��

: ð21Þ

In Eq. (20), the first term of the trace of the energy-
momentum tensor within the chiral SU(3) model is the
negative of the explicit chiral symmetry breaking term,
LSB given by Eq. (13). It might be noted here that in
deriving the relation of the twist-2 gluon operator with the
dilaton field [given by Eq. (21)], we have assumed that the
dilaton field, χ, is nonrelativistic, and hence have assumed
that hð∂iχÞð∂iχÞimedium ≃ hð∂iχÞð∂iχÞivac. Using the QCD β
function at one loop level, for Nc colors and Nf flavors

βQCDðgÞ ¼ −
11Ncg3

48π2

�
1 −

2Nf

11Nc

�
; ð22Þ

for Nc ¼ 3 and Nf ¼ 3, the scalar gluon condensate is
obtained as

�
αs
π
Ga

μνGaμν

�
¼ 8

9

�
ð1 − dÞχ4 þ

�
χ

χ0

�
2
�
m2

πfπσ

þ
� ffiffiffi

2
p

m2
kfk −

1ffiffiffi
2

p m2
πfπ

�
ζ

��
: ð23Þ

The parameter d in Eq. (20) originates from the second
logarithmic term of Eq. (15). The parameter d, along
with the other parameters corresponding to the meson-
meson interaction Lagrangian density, L0 of the general
Lagrangian given by (11), are fitted so as to ensure extrema
in the vacuum for the σ, ζ, and χ field equations, to
reproduce the vacuum masses of the η and η0 mesons, the
mass of the σ meson around 500 MeV, and pressure,
pðρ0Þ ¼ 0, with ρ0 as the nuclear matter saturation density
[40,47]. The scalar fields (the nonstrange isoscalar field, σ,
the strange isoscalar field, ζ, and the isovector field δ), the
dilaton field, χ, and the vector fields (nonstrange isoscalar
ω, strange isoscalar ϕ, and nonstrange isovector ρ) are
obtained by minimizing the thermodynamic potential Ω for
given values of temperature, baryonic density, ρB, the
isospin asymmetry parameter, η ¼ − ΣiI3iρi

ρB
, and the strange-

ness fraction, fs ¼ Σijsijρi
ρB

, where, I3i and jsij denote the
third component of the isospin quantum number and the
number of strange quarks in the ith baryon, respectively.
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The effects of the scalar and twist-2 gluon condensates,
as obtained from the medium modification of the dilaton
field, χ, within the chiral SU(3) model, on the masses of the
vector and pseudoscalar charmonium ground states (J=ψ
and ηc) were studied in Ref. [19] and on the masses of the
heavy quarkonium (charmonium and bottomonium) states
in Ref. [68], using the QCD sum rule approach. In the
present work, the effects of the medium modifications of
the QCD operators, up to dimension 5, on the masses of the
open charm and open bottom mesons are investigated
within the QCD sum rule approach. The nonstrange
(hūui, hd̄di) and strange (hs̄si) quark condensates are
obtained from the scalar fields using Eq. (14) and the
scalar and twist-2 gluon condensates are calculated from
the dilaton field, χ, using Eqs. (20) and (21) within the
chiral SU(3) model. The dimension 5 mixed quark-gluon
condensate hq̄igsσ · Gqii in the operator product expansion
is obtained from the in-medium quark condensate hq̄iqii,
with i ¼ 1; 2; 3≡ u, d, s, as computed within the chiral
SU(3) model, by using the relation

hq̄igsσ:Gqii ¼ 2λ2qhq̄iqii: ð24Þ

The values of the parameter λq estimated using different
methods are, however, observed to be widely different
[69,74–79]. Using the leading order approximations for the
parton distribution functions [80], the values of the higher
order operators (or combinations of these operators) used in
the present investigation are as follows [81]. The estimates
for qi ¼ u, d are

hq†i iD0qii ¼ 0.18 GeVρB; ð25Þ

−hq̄iD2
0qii þ

1

8
hq̄igsσ:Gqii ¼ 0.3 GeV2ρB; ð26Þ

and

−hq†i D2
0qii þ

1

12
hqi†gsσ:Gqii ¼ 0.031 GeV2ρB; ð27Þ

for the case of symmetric nuclear matter. For the strange
quark (qi ¼ s), the estimate for the above operator is taken
to be hs†iD0si ¼ 0.06 GeVρB [69]. For the consideration
of the strange-heavy flavor mesons, the estimates of the
combinations of the operators given by Eqs. (26) and (27)
(for qi ¼ s) are given as [25]

− hs̄D2
0si þ

1

8
hs̄gsσ:Gsi

¼ y

�
−hq†i D2

0qii þ
1

12
hqi†gsσ:Gqii

�
ð28Þ

and

− hs†D2
0si þ

1

12
hs†gsσ:Gsi

¼ y

�
−hq†i D2

0qii þ
1

12
hqi†gsσ:Gqii

�
; ð29Þ

where, qi ¼ u or d in the rhs of the above equations, which
have equal values for the operators for symmetric nuclear
matter. In Eqs. (28) and (29), y is the strangeness content of
the nucleon, given as

y ¼ hs̄simed=hq̄qimed; ð30Þ

with hs̄simed ¼ hs̄si − hs̄sivac, and hq̄qimed ¼ ðhūuimed þ
hd̄dimedÞ=2 is the average of the quark-antiquark conden-
sates for u and d quarks after subtracting the vacuum
contributions. For the isospin asymmetric nuclear (hyper-
onic) matter as considered in the present investigation, we
generalize the above relations as follows. For the non-
strange quarks, qi ¼ u, d, for i ¼ 1; 2,

−hq̄iD2
0qi þ

1

8
hq̄igsσ:Gqii ¼ 0.3 GeV2

�hq̄iqiimed

hq̄qimed

�
ρB;

ð31Þ

− hq†i D2
0qii þ

1

12
hqi†gsσ:Gqii

¼ 0.031 GeV2

�hq̄iqiimed

hq̄qimed

�
ρB: ð32Þ

For the QCD operators involving the strange quark, we take

−hs̄D2
0si þ

1

8
hs̄gsσ:Gsi ¼ 0.3 GeV2ρBy; ð33Þ

−hs†D2
0si þ

1

12
hs†gsσ:Gsi ¼ 0.031 GeV2ρBy; ð34Þ

where y is the strangeness content of the nucleon defined
by Eq. (30). The estimate for the operator hq†i gsσ:Gqii ¼
0.33 GeV2ρB, for qi ¼ u or d for the symmetric nuclear
matter [25] is generalized to the isospin asymmetric case in
the present investigation as

hq†i gsσ:Gqii ¼ 0.33 GeV2

�hq̄iqiimed

hq̄qimed

�
ρB; ð35Þ

for qi ¼ u and d, and, for the operator with strange quark
given as,

hs†gsσ · Gsi ¼ 0.33 GeV2ρBy: ð36Þ

Using the estimates for the combinations of the operators
given by Eqs. (32) and (34), one obtains the estimates for
hqi†D2

0qii, for ðqi; i ¼ 1; 2; 3Þ≡ ðu; d; sÞ. Using the values
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for the QCD operators for the even and odd parts of the
spectral function as obtained above, the masses of the open
charm and open bottom mesons are computed within the
QCD sum rule approach.

IV. RESULTS AND DISCUSSIONS

In this section, we discuss the results obtained for the in-
medium masses of the open charm (D, D̄, Ds and D̄s) and
open bottom (B, B̄, Bs and B̄s) mesons, and their anti-
particles in asymmetric strange hadronic matter at finite
temperatures. These are computed using the QCD sum rule
approach retaining QCD operators up to dimension 5, with
the medium dependence, e.g., the temperature, isospin
asymmetry, strangeness, and density dependence of these
operators calculated using a chiral SU(3) model. In the
present investigation, we choose the quark mass parameters
to be mu ¼ md ¼ 6 MeV, ms ¼ 185 MeV, mc ¼ 1.5 GeV
and mb ¼ 4.7 GeV. The light quark condensates (hq̄iqii,
ði ¼ 1; 2; 3Þ≡ ðu; d; sÞ) are obtained from the values
of the scalar fields, σ, ζ, and δ in the chiral SU(3) model
by using Eq. (14). For the chosen values of the masses
of the quarks, the vacuum values of the light quark

condensates are obtained as hq̄qivac ¼ hūuivac ¼ hd̄divac ¼
ð−241.1 MeVÞ3 and hs̄sivac ¼ ð−288.1 MeVÞ3. The non-
strange quark condensate, hq̄qivac may be compared with
the value of ð−225 MeVÞ3 [81] and the average estimate of
ð−272 MeVÞ3 of the flavor lattice averaging group [82]. As
may be observed, for the strange quark condensate, the
value of ð−288.1 MeVÞ3 in the present investigation
has close agreement with the estimates of hs̄sivac ¼
ð−290 MeVÞ3 [83] and hs̄sivac ¼ ð−296 MeVÞ3 [84] from
lattice calculations. The value of hs̄sivac of ð−288.1 MeVÞ3
in the present work as well as from the lattice calculations
[83,84] are much higher than the value hs̄sivac ¼
ð−208 MeVÞ3 obtained using the parametrization hs̄si ¼
0.8hq̄qi used in Ref. [81]. In the present work, the light
quark condensates in vacuum are observed to be modified
to the values hūui ¼ hd̄di ¼ ð−206.1 MeVÞ3 and hs̄si ¼
ð−277.3 MeVÞ3 in symmetric nuclear matter at nuclear
matter saturation density (ρ0). The strangeness content
nucleon, y, as defined in Eq. (30) has a value of 0.49 for
ρB ¼ ρ0 in the chiral model as used in the present
investigation. The strangeness content, y, is related to
the nucleon σ term as [69,85]
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FIG. 1. Masses of DþðD−Þ [in panels (a), (c) and (e)] and
D0ðD̄0Þ [in panels (b), (d) and (f)] mesons are plotted as functions
of the Borel mass M for T ¼ 50, 100, and 150 MeV in nuclear
matter (fs ¼ 0) for baryon density ρB ¼ 2ρ0 and η ¼ 0.5, as the
solid (dashed) lines. These are compared to the case of η ¼ 0
(shown as dotted lines). The Borel curve for ρB ¼ 0 is also shown
in the figure as the dot-dashed line.
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FIG. 2. Masses of DþðD−Þ (in panels (a), (c) and (e)) and
D0ðD̄0Þ (in panels (b), (d) and (f)) mesons are plotted as functions
of the Borel mass M for T ¼ 50, 100 and 150 MeV in hyperonic
matter (with fs=0.3) for baryon density ρB ¼ 2ρ0 and η ¼ 0.5, as
the solid (dashed) lines. These are compared to the case of η=0
(shown as dotted lines). The Borel curve for ρB ¼ 0 is also shown
in the figure as the dot-dashed line.
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y ¼ σ0N
σN

− 1; ð37Þ

with the nucleon σ term defined as

σN ¼ ðmu þmdÞ
ðhq̄qimed − hq̄qivacÞ

ρB
: ð38Þ

In Eq. (37), σ0N is the value of the nucleon σ term σN , when
the strangeness content of the nucleon (y) is taken to be zero.
Using the estimates for σN and σ0N as 45 and 35 MeV
respectively [69,85], the value of y is obtained to be 0.286 at
the nuclear matter saturation density. The value for y
estimated using lattice calculations in Ref. [86] is 0.36.
Thevalue of y is thus not well estimated, and is variedwithin
the range 0–0.5 [87].Wemight note here that the value of the
nucleon σ term [using the Eq. (38)] for the obtained value of
y ¼ 0.49 in the present investigation, is calculated to be
σN ¼ 54.8 MeV. This value of the present work may be
compared to the often used value of 45 MeV [69].
In the present work, the value for the scalar

gluon condensate, hαsπ Ga
μνGaμνi, obtained in vacuum is

ð373.1 MeVÞ4 ¼ 0.019 GeV4, which is modified to

ð370.6 MeVÞ4 ¼ 0.0189 GeV4 at ρB ¼ ρ0 in symmetric
nuclear matter. The value of 0.019 GeV4 in vacuum may be
compared with the lattice results of 0.028 GeV4 [88] and
0.077 GeV4 [89]. The estimate of the scalar gluon con-
densate is thus observed to be larger in the lattice
calculations as well as present work, as compared to the
value of 0.012 GeV4 obtained in the QCD sum rule
calculations in Ref. [90]. As has already been mentioned,
the parameter λ2q relating the mixed quark-gluon condensate
to the quark condensate [given by Eq. (24)] is not well
estimated [69]. The estimates for λ2q in vacuum are
0.4 GeV2 using the standard QCD sum rule approach
[74], 1.25 GeV2 [75] and 0.5–0.55 GeV2 [76,77] estimated
using lattice QCD, and λ2q ∼ 1.2 GeV2 in a QCD sum rule
analysis of the pion wave function using nonlocal con-
densates [78] as well as within an instanton liquid model
[79]. In the present work, we take the value of this
parameter to be λ2q ¼ 1.2 GeV2. For the charm sector,

the vacuum masses for the DðD0; DþÞ and D̄ðD̄0; D−Þ
mesons are obtained to be 1869 MeV for s̃0 ¼ 7.5 GeV2,
and the vacuum mass of D�

s is obtained to be around
1916 MeV for s̃0 ¼ 15 GeV2. For the bottom sector, the
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FIG. 3. Mass shifts of DþðD−Þ [in panels (a), (c), and (e)] and
D0ðD̄0Þ [in panels (b), (d), and (f)] mesons are plotted as
functions of the baryon density in units of nuclear matter
saturation density for T ¼ 50, 100, and 150 MeV in nuclear
matter (fs ¼ 0) for η ¼ 0.5, as the solid (dashed) lines, and are
compared to the case of η ¼ 0 (shown as dotted lines).
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vacuum masses for the BðBþ; B0Þ and B̄ðB−; B̄0Þ mesons
are obtained to be 5277.8 MeV for s̃0 ¼ 37.8 GeV2, and
the mass of B0

sðB̄0
sÞ is obtained to be around 5366.455 MeV

for s̃0 ¼ 42.3 GeV2. There is a splitting between the
masses of the open heavy flavor particles (D0, Dþ, Dþ

s ,
B−, B̄0 and B̄s

0) and their antiparticles (D̄0,D−,D−
s , Bþ, B0

and B0
s), which arises from the contributions from the

number density of the i-th quark (hqi†qii), along with the
contributions from the dimension 5 operators, hq̄iD2

0qii and
hqi†gsσ · Gqii of the odd part of the spectral function.
In Figs. 1 and 2, we plot the masses of the charged and

neutral open charm mesons as functions of the Borel mass,
M, for the cases of nuclear matter (fs ¼ 0) and strange
hadronic matter (with fs ¼ 0.3) for ρB ¼ 2ρ0 and T ¼ 50,
100, and 150 MeV. These are shown for the isospin
asymmetry parameter, η ¼ 0.5, and are compared to the
case of isospin symmetric case (η ¼ 0). The vacuum case is
shown as the dot-dashed line. At finite densities, shown for
ρB ¼ 2ρ0 in these figures, the mass of the antiparticle
D−ðD̄0) is observed to be higher than DþðD0Þ both in the
hot nuclear matter and strange hadronic matter. As can be
observed from these figures, the effect of isospin

asymmetry is to reduce (increase) the mass of DþðD0Þ
within the iso-doublet (D0, Dþ), and of D̄0ðD−Þ within the
iso-doublet (D−, D̄0) for both nuclear matter as well as in
strange hadronic matter. The effect from isospin asymmetry
is observed to be much smaller for the neutral particleD0 as
compared to the effects on its antiparticle D̄0.
The shifts in the masses of the charged (D�) and neutral

(D0; D̄0) from the vacuum values are plotted as functions of
the baryon density in units of nuclear matter saturation
density, in Figs. 3 and 4 for nuclear matter (fs ¼ 0) and
strange hadronic matter (with fs ¼ 0.3), respectively. The
effect from isospin asymmetry is observed to be appreci-
able for higher values of the baryon density, especially for
D̄0 meson. In isospin symmetric (η ¼ 0) nuclear (hyper-
onic) matter, the masses of open charm mesons within the
DðD0; DþÞ and D̄ðD−; D̄0Þ doublets are degenerate. At
ρB ¼ ρ0, the difference in the mass of the particle D0ðDþÞ
(∼1912 MeV) and the mass of its antiparticle D̄0ðD−Þ
(∼1944 MeV) is around 32 MeV, which may be compared
to the mass difference of around 30MeV in Ref. [25] for the
isospin symmetric (η ¼ 0) nuclear matter. In the presence
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FIG. 5. Masses of Dþ
s and D−

s mesons are plotted as functions
of the Borel mass M for T ¼ 50, 100, and 150 MeV in panels (a),
(c), and (e) and in panels (b), (d), and (f), in nuclear (fs ¼ 0) and
hyperonic (with fs ¼ 0.3) matter for baryon density ρB ¼ 2ρ0
and η ¼ 0.5, as the solid (dashed) lines, and are compared to the
case of η ¼ 0 (shown as dotted lines). The Borel curve for ρB ¼ 0
is shown as the dot-dashed line.
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FIG. 6. Mass shifts of Dþ
s and D−

s mesons are plotted as
functions of the baryon density in units of nuclear matter
saturation density for η ¼ 0.5 [in panels (a), (c), and (e) for
nuclear matter (fs ¼ 0) and in panels (b), (d), and (f) for strange
hadronic matter with fs ¼ 0.3] for T ¼ 50, 100, and 150 MeVas
the solid (dashed) lines, and are compared to the case of η ¼ 0
(shown as dotted lines).
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of strangeness in the medium (with fs ¼ 0.3), as plotted
in Fig. 4, for isospin symmetric matter (η ¼ 0), the
mass difference of D0ðDþÞ (∼1914.4 MeV) and D̄0ðD−Þ
(∼1935.9 MeV) is observed to be modified to 21.5 MeV. In
the presence of isospin asymmetry, the mass splitting
between the charged (neutral) particle and antiparticle,
DþðD0Þ and D−ðD̄0Þ, is observed to increase (drop) as the
density is raised. However, the effect from the isospin
asymmetry is lessened in the presence of strangeness in the
medium, as can be seen from Figs. 3 and 4.
In Fig. 5, the masses of the strange-charm mesons, D�

s
are plotted as functions of the Borel mass,M for the nuclear
and strange hadronic matter for ρB ¼ 2ρ0. The Borel curves
for these masses are shown for the vacuum (shown as a dot-
dashed line). In nuclear matter, unlike the observation of
the mass of the particle, DþðD0Þ to be smaller than the
mass of the antiparticle, D−ðD̄0Þ (as seen in Figs. 1 and 3),
the opposite trend of the mass of particle (Dþ

s ) to be higher
than the mass of antiparticle (Dþ

s ) is observed in nuclear
matter (fs ¼ 0). On the other hand, the nonzero value of
hs†si in the strange hadronic matter leads to the antiparticle
(D−

s ) mass to be higher than that ofDþ
s in hyperonicmedium.

Note that hq†i qii for the DðD̄Þ mesons corresponds to the
number density of the nonstrange quarks (u or d), whereas,
for D�

s , hq†i qii≡ hs†si, the number density of the s quark,
which is 0 for nuclear matter. The mass splitting between the
particle and antiparticle is thus mainly driven by the term
hq†i qii, which dominates over the contributions from the
dimension 5 operators hqi†iD2

0qii and hqi†gsσ:Gqii. In
Fig. 6, the mass shifts of the strange-charm mesons are
plotted as functions of the baryon density in units of nuclear
matter saturation density. With isospin asymmetry, the mass
shifts of both D�

s mesons are observed to be smaller as
compared to the isospin symmetric case for nuclear matter.
The trend is opposite in the presence of strangeness in the
medium. The effect due to isospin asymmetry is observed to
be marginal in strange hadronic matter for T ¼ 50 and
100MeV,whereas, at the higher temperature,T ¼ 150MeV,
the effect is much larger.
The masses of the B and B̄ mesons are plotted as

functions of the Borel mass in Figs. 7 and 8 for ρB ¼ 2ρ0
for nuclear matter (fs ¼ 0) and strange hadronic matter
(with fs ¼ 0.3), respectively, for values of the temperature,
T ¼ 50, 100, and 150 MeV. The density dependence of the
mass shifts of B and B̄ mesons are shown in Figs. 9 and 10
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FIG. 8. Masses of B−ðBþÞ (in panels (a), (c) and (e)) and
B̄0ðB0Þ (in panels (b), (d) and (f)) mesons are plotted as functions
of the Borel mass M for T ¼ 50, 100 and 150 MeV in hyperonic
matter (with fs=0.3) for baryon density ρB ¼ 2ρ0 and η ¼ 0.5, as
the solid (dashed) lines, and, are compared to the case of η=0
(shown as dotted lines). The Borel curve for ρB ¼ 0 is shown as
the dot-dashed line.
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FIG. 7. Masses of B−ðBþÞ [in panels (a), (c), and (e)] and
B̄0ðB0Þ [in panels (b), (d), and (f)] mesons are plotted as functions
of the Borel mass M for T ¼ 50, 100 and 150 MeV in nuclear
matter (fs ¼ 0) for baryon density ρB ¼ 2ρ0 and η ¼ 0.5, as the
solid (dashed) lines, and are compared to the case of η ¼ 0
(shown as dotted lines). The Borel curve for ρB ¼ 0 is shown as
the dot-dashed line.
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for fs ¼ 0 and fs ¼ 0.3, respectively. Similar to the cases
of D and D̄ mesons (see Figs. 1–4), the masses of the
antiparticles are observed to be larger than the masses of the
particles in nuclear matter as well as in strange hadronic
matter. For isospin symmetric nuclear (hyperonic) matter,
the masses of the mesons within the B≡ ðBþ; B0Þ and B̄≡
ðB−; B̄0Þ doublets are degenerate. The masses of B (B̄) for
T ¼ 50, 100, and 150 MeV are obtained as 5384.5
(5349.44), 5378.12 (5343.77), and 5374.27 (5340.35) for
ρB ¼ ρ0 and 5462.26 (5384), 5453 (5376.87), and 5446.69
(5372) for ρB ¼ 2ρ0 in symmetric nuclear matter. For
ρB ¼ ρ0, the mass shift of B (B̄) in isospin symmetric
nuclear matter from the vacuum value of 5277.8 MeV is
thus observed to be 106.7 (71.64), 100.32 (66), and 96.47
(62.55), corresponding to B − B̄ mass splittings as 35.06,
34.32 and 33.92, respectively. These values are similar to
the value of the D − D̄ mass splitting of around 32 MeV in
isospin symmetric nuclear matter at ρB ¼ ρ0. The mass
shifts (in MeV) from the vacuum values for the B and B̄
mesons (∼107 and 72) are observed to be much larger than
the values of around 75 and 43 for the D̄ and D mesons in
isospin symmetric nuclear matter. The effect of isospin

asymmetry is observed to be larger for the antiparticles (Bþ

and B0) as compared to the particles (B− and B̄0). There is
observed to be a drop (rise) in the mass of BþðB0) within
the isospin doublet ðBþ; B0Þ and in the mass of B̄0ðB−Þ
within the isospin doublet ðB̄0; B−Þ, for isospin asymmetric
(with η ¼ 0.5) nuclear and hyperonic matter as compared to
the isospin symmetric cases. However, the isospin asym-
metry effect is observed to be marginal for the mass of B̄0.
In Fig. 11, the Borel curves for the strange-bottom

mesons (B0
s and B̄s

0) are shown for density ρB ¼ 2ρ0
and Fig. 12 shows the density dependence of the mass
shifts of these mesons for the nuclear and the strange
hadronic matter. The mass of the antiparticle (B0

s) is
observed to have lower mass as compared to the mass
of the particle (B̄0

s) in nuclear matter (fs ¼ 0) for which
hq†i qii≡ hs†si is zero, whereas, the opposite trend is
observed when there is nonzero strangeness in the medium.
The lower (higher) mass of the particle, B̄0

s as compared to
the antiparticle, B0

s in the nuclear (hyperonic) matter shows
that the term hs†si dominates over the other two terms in
the odd part of the spectral function, which is responsible
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FIG. 9. Mass shifts of B−ðBþÞ [in panels (a), (c), and (e)] and
B̄0ðB0Þ [in panels (b), (d), and (f)] mesons are plotted as functions
of the baryon density in units of nuclear matter saturation density
for T ¼ 50, 100, and 150 MeV in nuclear matter (fs ¼ 0) for
η ¼ 0.5, as the solid (dashed) lines, and, are compared to the case
of η ¼ 0 (shown as dotted lines).
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FIG. 10. Mass shifts of B−ðBþÞ (in panels (a), (c) and (e)) and
B̄0ðB0Þ (in panels (b), (d) and (f)) mesons are plotted as functions
of the baryon density in units of nuclear matter saturation density
for T ¼ 50, 100 and 150 MeV in hyperonic matter (with fs=0.3)
for η ¼ 0.5, as the solid (dashed) lines, and, are compared to the
case of η=0 (shown as dotted lines).
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for the splitting of the masses between the particle and its
antiparticle. The behavior of the mass splitting at finite
densities is similar to the case of strange-charm mesons (as
shown in Figs. 5 and 6). Similar to the strange-charm
sector, where the isospin asymmetry leads to a drop (rise) of
the masses of both Dþ

s and D−
s mesons in nuclear (hyper-

onic) matter, the masses of both B̄0
s and B0

s mesons are also
observed to have a downward (upward) shift in nuclear
(hyperonic) medium (see Figs. 11 and 12). However, the
mass modifications due to isospin asymmetry are observed
to be marginal for T ¼ 50 and 100 MeV in hyperonic
matter.
For the sake of comparison, we show the density

dependence of the mass shifts of the mesons studied in
the present work, in the hot nuclear and hyperonic matter in
Figs. 13 and 14 for the charm sector and in Figs. 15 and 16
for the bottom sector. The masses are plotted for the isospin
symmetric (η ¼ 0) as well as for asymmetric matter (with
η ¼ 0.5) for values of the temperature, T ¼ 50, 100, and
150 MeV. The mass shifts of the open heavy flavor mesons
with the nonstrange quark (antiquark) constituents are
observed to be larger than the strange-charm (strange-
bottom) mesons. As has already been mentioned, the

antiparticles (D− and D̄0 for the charm sector and Bþ

and B0 for the bottom sector) have larger mass shifts, as
compared to the particles (Dþ and D0 for the charm sector
and B− and B̄0 for the bottom sector), both in nuclear and
hyperonic matter. The same trend of the antiparticle having
a larger mass shift as compared to the particle is observed
in hyperonic matter, for both strange-charm and strange-
bottom mesons, as might be observed in Figs. 14 and 16,
whereas the opposite trend is observed when the strange-
ness fraction in the medium is zero, i.e., in nuclear medium
(see Figs. 13 and 15). This opposite behavior of the strange-
heavy flavor mesons in nuclear and hyperonic media, as
has already been seen from Figs. 5, 6, 11, and 12, arises
due to the term proportional to the strange quark number
density in the odd part of the spectral function for hyper-
onic matter, which is zero in nuclear matter. The isospin
asymmetry in the medium leads to a splitting in the
masses between the mesons of the iso-doublets [ðD0;DþÞ,
ðD̄0; D−Þ for the open charm mesons and ðB−; B̄0Þ,
ðBþ; B0Þ for the open bottom mesons]. As may be observed
from Figs. 13 and 14, due to isospin asymmetry in the
medium (shown for isospin asymmetry parameter,
η ¼ 0.5), there is an upward (downward) shift in the mass

5375

5400

5425

5450

5475
m
(M
eV
)

2.0 2.1 2.2 2.3 2.4

B=2 0, =0.5 fs=0

T=50 MeV

Bs
0

Bs
0

B=0 (a) 5375

5400

5425

5450

5475

2.0 2.1 2.2 2.3 2.4

fs=0.3

T=50 MeV

Bs
0

Bs
0

B=0 (b)

5375

5400

5425

5450

5475

m
(M
eV
)

2.0 2.1 2.2 2.3 2.4

T=100 MeV

fs=0

Bs
0

Bs
0

B=0 (c) 5375

5400

5425

5450

5475

2.0 2.1 2.2 2.3 2.4

T=100 MeV

fs=0.3

Bs
0

Bs
0

B=0 (d)

5375

5400

5425

5450

5475

m
(M
eV
)

2.0 2.1 2.2 2.3 2.4
M (GeV)

T=150 MeV

fs=0

Bs
0

Bs
0

B=0 (e) 5375

5400

5425

5450

5475

2.0 2.1 2.2 2.3 2.4
M (GeV)

T=150 MeV

fs=0.3

Bs
0

Bs
0

B=0 (f)

FIG. 11. Masses of B̄0
s and B0

s mesons are plotted as function of
the Borel mass M for T ¼ 50, 100, and 150 MeV for nuclear
matter (fs ¼ 0) in panels (a), (c), and (e) and for hyperonic (with
fs ¼ 0.3) in panels (b), (d), and (f), for baryon density ρB ¼ 2ρ0
and η ¼ 0.5 as the solid (dashed) line, and compared to the case
of η ¼ 0 (shown as dotted line). The Borel curve for ρB ¼ 0 is
shown as the dot-dashed line.
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FIG. 12. Mass shifts of B̄0
s andB0

s mesons are plotted as function
of the baryon density in units of nuclear matter saturation density
for η ¼ 0.5 [in panels (a), (c), and (e) for nuclear matter (fs ¼ 0)
and in panels (b), (d), and (f) for strange hadronic matter with
fs ¼ 0.3] for T ¼ 50, 100, and 150MeVas the solid (dashed) line,
and compared to the case of η ¼ 0 (shown as dotted line).
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of the D− (D̄0) for the antiparticle doublet, whereas there is
a drop (rise) in the mass of Dþ (D0) for the particle iso-
doublet, in both nuclear and hyperonic matter. The isospin
asymmetry is observed to lead to a much larger particle–
antiparticle mass difference for the charged sector (Dþ and
D−), whereas, there is observed to be a reduction in the
particle–antiparticle mass difference for the neutral (D0 and
D̄0) mesons. Hence, the effects of the isospin asymmetry
might modify the particle ratios, Dþ=D− and D0=D̄0, as
well as the dilepton yield from theDD̄ in asymmetric heavy
ion collision experiments. It might be noted here that the
results discussed as well as shown in the figures in the
present work correspond to the maximum possible isospin
asymmetry (η ¼ 0.5), which is, however, not realized in the
heavy ion collision experiments. For a smaller value of
isospin asymmetry parameter, η ¼ 0.3 and T ¼ 100 MeV,
one observes the particle–antiparticle mass difference (in
MeV) to be modified to around 39 and 157 for densities ρ0
and 3ρ0, respectively, for the charged open charm mesons,
and 21 and 83 for theD0 and D̄0 mesons, from the values of
30 and 121 for the charged as well as neutral open charm

mesons in isospin symmetric (η ¼ 0) nuclear matter. The
effect due to isospin asymmetry is thus observed to be
appreciable, especially at high densities.
The effect of the baryon density is observed to be the

dominant medium effect for the modifications of the
masses of the open charm and open bottom mesons
considered in the present work. There are significant
contributions due to the isospin asymmetry of the medium,
leading to appreciable increase (decrease) in the particle–
antiparticle mass difference in the charged (neutral) mesons
at high densities, for both charm (D, D̄) and bottom (B, B̄)
sectors. With accessible energy for study of charm mesons
at the CBMExperiment at FAIR at the future facility of GSI
[91,92], which will be designed to investigate matter at high
densities and moderate temperatures, the medium modifi-
cations of the masses of the D and D̄ mesons could have
observable consequences in the particle ratios, e.g.,
Dþ=D−, D0=D̄0 in asymmetric nuclear collisions at
CBM, FAIR. The medium modifications of the D and D̄
mesons can modify the spectral properties of the charmo-
nium states, which can subsequently affect the production
of the open and hidden charmed mesons. Also, the dilepton
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FIG. 13. Mass shifts of the open charm mesons are plotted as a
functions of baryon density in units of nuclear matter saturation
density for the isospin symmetric (η ¼ 0) nuclear matter (fs ¼ 0)
in panels (a), (c), and (e), and for the isospin asymmetric (with
η ¼ 0.5) nuclear matter (fs ¼ 0) in panels (b), (d), and (f), for
T ¼ 50, 100, and 150 MeV, respectively. These mass shifts are
shown as the short-dash-dotted, dashed, closely spaced dotted,
solid, widely spaced dotted, and long-dash-dotted for theD−, D̄0,
D0, Dþ, Dþ

s and D−
s mesons, respectively.
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FIG. 14. Mass shifts of the open charm mesons are plotted as a
functions of baryon density in units of nuclear matter saturation
density for the isospin symmetric (η=0) hyperonic matter (with
fs=0.3) in panels (a), (c) and (e), and, for the isospin asymmetric
(with η=0.5) hyperonic matter (with fs=0.3) in panels (b), (d) and
(f), for T ¼ 50, 100 and 150 MeV respectively. These mass shifts
are shown as the short-dash-dotted, dashed, closely spaced
dotted, solid, widely spaced dotted, long-dash-dotted for the
D−, D̄0, D0, Dþ, Dþ

s and D−
s mesons respectively.
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yield arising semileptonically from the DD̄ correlated pairs
can be modified in the isospin asymmetric hadronic matter.
The measurement of the invariant dilepton spectra by an
electron pair spectrometer at the J-PARC 50-GeV proton
spectrometer is being carried out to explore the chiral
symmetry of QCD at around nuclear density through study
of the medium modifications of the vector mesons pro-
duced in pA collisions and decaying to eþe− pairs [93],
with the E16 experiment at J-PARC specifically designed
to study the mass of the ϕ mesons, due to its narrow width.
The K� and K1 mesons can be produced at the J-PARC
facility using the kaon beam, and partial chiral symmetry
restoration in the hadronic medium can lead to reduction in
the mass difference of these chiral partners. However, due
to hadronic rescattering, there is expected to be enhance-
ment in the production ratio of Kþ=K�, which can be a
probe for chiral symmetry restoration [94]. In the future,
with upgrade of the spectrometer at the J-PARC facility, the
measurement of charm hadrons could be possible. The
measurements of various hadrons can give a better under-
standing of the medium modifications of the hadron masses
as well as a better insight to chiral symmetry restoration at
high densities [95].

V. SUMMARY

In the present work, we have studied the medium
modifications of the masses of the open charm (D, D̄,
Ds, and D̄s) and open bottom (B, B̄, Bs, and B̄s) in isospin
asymmetric strange hadronic matter at finite temperature.
These are computed using a QCD sum rule approach
retaining the QCD operators up to dimension 5 in the
operator product expansion. The values of the QCD
operators are calculated within a chiral SU(3) model.
The mass splitting of the particles (D0, Dþ, Dþ

s , B−, B̄0,
B̄0
s) and their antiparticles (D̄0, D−, D−

s , Bþ, B0, B0
s) arises

due to the odd part of the spectral function. In nuclear
matter, the masses of the particles DþðD0Þ and B−ðB̄0Þ
mesons are observed to be smaller than the masses of the
antiparticlesD−ðD̄0Þ and BþðB0Þ. For the strange-charm as
well as strange-bottom mesons, the opposite behavior of
the masses of particles (Dþ

s and B̄0
s) to be higher than the

masses of antiparticles (D−
s and B0

s) is observed in nuclear
matter, whereas, in the strange hadronic matter, the nonzero
value of hq†i qii≡ hs†si leads the masses of the antiparticles
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FIG. 16. Mass shifts of the open bottom mesons are plotted as a
functions of baryon density in units of nuclear matter saturation
density for the isospin symmetric (η=0) hyperonic matter (with
fs=0.3) in panels (a), (c) and (e), and, for the isospin asymmetric
(with η=0.5) hyperonic matter (with fs=0.3) in panels (b), (d) and
(f), for T ¼ 50, 100 and 150 MeV respectively. These mass shifts
are shown as the short-dash-dotted, dashed, closely spaced
dotted, solid, widely spaced dotted, long-dash-dotted for the
B0, Bþ, B̄0, B−, B̄0

s and B0
s mesons respectively.
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FIG. 15. Mass shifts of the open bottom mesons are plotted as
a functions of baryon density in units of nuclear matter
saturation density for the isospin symmetric (η ¼ 0) nuclear
matter (fs ¼ 0) in panels (a), (c), and (e), and for the isospin
asymmetric (with η ¼ 0.5) nuclear matter (fs ¼ 0) in panels
(b), (d), and (f), for T ¼ 50, 100, and 150 MeV, respectively.
These mass shifts are shown as the short-dash-dotted, dashed,
closely spaced dotted, solid, widely spaced dotted, and long-
dash-dotted for the B0, Bþ, B̄0, B−, B̄0

s , and B0
s mesons,

respectively.
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(D−
s and B0

s) to be higher than that of Dþ
s and B̄0

s in
hyperonic medium. The sign of the difference in the masses
of the particle and antiparticle (mþ −m−) is observed to be
opposite in nuclear and hyperonic matter, both for the
strange-charm as well as strange-bottom mesons, In the
mass splitting between the particle and antiparticle arising
due to the odd part of the spectral function, the term
proportional to hq†i qii≡ hs†si for the strange-charm
(strange-bottom) mesons thus dominates over the other
QCD operators hqi†iD2

0qii and hqi†gsσ:Gqii. The effects
from density and isospin asymmetry, particularly, on the

masses of the D, D̄, B, and B̄ mesons are observed to be
appreciable. These can modify, e.g., the production of the
charmonia and open charm mesons, and the production
ratios Dþ=D−, D0=D̄0 in asymmetric relativistic heavy ion
collision experiments at the CBM Experiment at the future
facility at GSI.
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