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In this study, we calculate the screening masses of 40 spin-zero meson and diquark states composed of
light, heavy, and heavy-light quarks, within a symmetry-preserving framework based on Dyson-
Schwinger equations and a vector × vector contact interaction. This effective interaction reproduces
hadron static properties at T ¼ 0 MeV that are in close agreement with experimental data and results
from more sophisticated interaction kernels. Our analysis reveals that, at temperatures above the critical
temperature, the dressed quark masses of the lightest mesons converge toward their respective current
quark masses. Our work extends this study up to T ¼ 500 MeV. Furthermore, we demonstrate that the
screening masses of meson parity partners become degenerate above a characteristic temperature,
a phenomenon that is likewise reflected in the thermal evolution of their associated Bethe-Salpeter
amplitudes, providing robust evidence for chiral symmetry restoration. A similar trend is observed for
scalar and pseudoscalar diquarks, whose screening masses also converge at high temperatures. As a
consequence, these diquarks shall contribute equally to the baryon screening masses in the high-
temperature regime. Wherever results from other approaches are available, we perform direct
comparisons and observe consistency with our findings.
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I. INTRODUCTION

The recreation of the quark-gluon plasma (QGP) that
existed in the early stages of the universe is a key objective
of current experiments with heavy-ion collisions [1,2].
These collisions can reproduce similar conditions to those
existed in the early universe. The QGP state arises when
bound states are deconfined at high temperatures and chiral
symmetry is restored. In this hot hadronic matter a chiral
phase transition is believed to occur at a certain critical
temperature Tc, which has been estimated to be around
Tc ¼ 155 MeV [3,4]. The QGP can shed light on strong
interactions using nonzero temperatures, and on open
questions regarding confinement, hadronization, and

dynamical chiral symmetry breaking, as well as the
evolution of matter in the early universe [5].
The formation of QGP cannot be observed directly; it

must be inferred through the properties of the hadrons that
are formed in the collisions. As the temperature increases,
the theory transitions from a confined phase with hadronic
degrees of freedom, where chiral symmetry is spontane-
ously broken, to a deconfined phase of quarks and gluons,
where chiral symmetry is restored. This process takes place
during the plasma phase, and the key element to understand
this restoration is precisely the pion, which is the boson
associated with the dynamical breaking of this symmetry.
Consequently, investigating the thermal evolution of pion
properties is relevant to the Hadron Physics program. On
the other hand, mesons composed of light quarks are not
the only relevant states in this context. Heavy-quark bound
states, commonly known as quarkonia, have garnered
significant interest in recent years [6,7]. Experimental
results from collaborations at Relativistic Heavy Ion
Collider (RHIC), Super Proton Synchrotron (SPS), and
the LHC [8–11] have shown that these states are powerful
probes for studying the QGP. This experimental focus has
been complemented by numerous theoretical investigations
[12–16]. At finite temperature, the notion of mass requires
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careful consideration, as two distinct definitions emerge:
the pole mass and the screening mass. The pole mass is
identified through the pole of the propagator, while the
screening mass is derived from the behavior of hadronic
correlation functions at large spatial distances. The mass
dependence of hadrons as a function of temperature has
been studied using various methods, including lattice QCD
[17–19]. In particular, in the meson sector [20–27], it is
well known that as the temperature approaches infinity,
bound states dissolve, and consequently, meson masses

approach their free-theory limit of 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðπTÞ2 þm2

q

q
, withmq

being the quark mass, independent of its spin-parity
structure [28–30]. At extremely high temperatures and in
the limit of vanishing quark masses, the resulting behavior
will be 2πT [31,32]. When symmetry is restored, the
screening masses of meson parity partners become degen-
erate. In relativistic quantum field theory, the parity partner
of a given state can be generated through a simple chiral
rotation of that state. If chiral symmetry were exact, parity
partners would have identical masses. Nonetheless, the
observed spectra of bound states clearly deviate from this
symmetry. One of the most striking signatures of chiral
symmetry restoration is the emergence of degenerate
screening masses between parity partners. Pseudoscalar
diquarks are anticipated to play a role as significant as that
of scalar diquarks.
Results for screening masses of mesons built from

light and strange quarks in the temperature range of
approximately between 140 and 800 MeV can be found
in Ref. [33]. Besides, the dependence of bottomonium
masses on temperature is studied in Refs. [34,35]. Meson
screening masses for different channels in ss̄, sc̄, and cc̄
sectors are found in Ref. [36]. For charmonia see Ref. [37].
The higher mass of heavy quarks allows them to remain
stable at higher temperatures compared to mesons formed
by light quarks. In this paper, we explore the screening
masses of mesons composed of light and heavy quarks
using the contact interaction (CI) model formalism [38].
Within this framework, the gluon propagator becomes
momentum independent (Fig. 1); see Ref. [38] for details.
Since its earliest predictions, this model has proven to

be an excellent tool for computing hadronic observables
and a reliable guide for calculations of meson and baryon

form factors [39–43]. The first calculations of screening
masses for light mesons and baryons in the ground state
using CI formalism at a nonzero temperature were
presented in [22], and more recently in [44], where
mesons containing the strange quark were included. In
addition, the CI model has also been used to investigate
the QCD phase diagram under the influence of an external
magnetic field eB, at finite temperature T and quark
chemical potential μ [45].
Our work is organized as follows: in Sec. II, we describe

the main features of our model, including the gap equation,
which we study for different quark flavors. In Sec. III, we
incorporate temperature into the Bethe-Salpeter equation
and investigate the screening masses of pseudoscalar (PS)
and scalar (S) mesons, as well as their corresponding
diquark partners. Finally, in Sec. IV, we present our
summary and outlook.

II. CONTACT INTERACTION: KEY FEATURES

In this section, we provide a concise overview of the
CI model, highlighting the fundamental elements required
for the computation of screening masses of mesons and
diquarks. This section includes the gap equation, the model
parameters adopted, the temperature dependence of the
quark masses, and the notation that is consistently used
throughout our analysis.

A. The gap equation at finite temperature

In analogy with the temperature-independent case, the
core of our study for T ≠ 0 lies in the dressed-quark
propagator for a quark of flavor f, which is determined
by solving the gap equation,

S−1f ðp;TÞ ¼ iγ⃗ · p⃗þ iγ4ωn þmf

þ 16πα̂IR
3

Z
l;dq

γμSfðq;TÞγμ; ð1Þ

where p ¼ ðωn; p⃗Þ and q ¼ ðωl; q⃗Þ are the four momenta
of the quarks, f represents the quark flavor, mf the current
mass of the quark, and ωn ¼ ð2nþ 1ÞπT is the fermion
Matsubara frequency. Following Ref. [44], we have used
the notation,

Z
l;dq

≔ T
X∞
l¼−∞

Z
d3q⃗
ð2πÞ3 : ð2Þ

For the gluon propagator, we have used the CI approach,
i.e.,

g2DμνðkÞ → 4πα̂IRδμν; ð3Þ

where α̂IR ¼ αIR=m2
g, with αIR the running coupling and

mg ¼ 500 MeV the gluon mass scale [46–48]. The dressed

FIG. 1. Diagrammatic illustration of the contact interaction,
constructed from the simplified gluon propagator model intro-
duced in Eq. (3).
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mass MfðTÞ is then studied by

MfðTÞ ¼ mf þ
16πα̂IR

3

Z
l;dq

4MfðTÞ
sl þMfðTÞ2

; ð4Þ

with sl ¼ q⃗þ ωl, and using the Poincaré invariant
method, we find,

MfðTÞ ¼ mf þMfðTÞ
4α̂IR
3π

CiuðMfðTÞ2;TÞ ð5Þ

where

CiuðMfðTÞ2;TÞ ¼ 2
ffiffiffi
π

p
T
Z

τ2IR

τ2UV

dτ
e−M

2
fτϑ2ðe−4π2T2τÞ

τ3=2
;

with ϑ2ðxÞ the Jacobi theta function and Ciuðσ;TÞ=σ ¼
C̄iuðσ;TÞ. τIR;UV are, respectively, infrared and ultraviolet
regulators or, similarly, ΛIR;UV ¼ τ−1IR;UV.

B. Parameters

For our calculations, we adopt the parameters intro-
duced in Ref. [40], where a unified framework was
employed to compute the masses of mesons and baryons
composed of both light and heavy quarks in the CI model.
These parameters were also used to describe successfully
the parity partners. Therefore, we use the parameters
listed in Table I.
The values in the Table I indicate that α̂IR naturally varies

with the mass scale ΛUV as described in Ref. [49] and
subsequently employed in various later studies [39,50–53].
It is important to highlight that, in the calculation of hadron
masses in their ground and excited states at T ¼ 0 MeV,

we used a constant ΛIR ¼ 0.24 GeV, since this infrared
regulator implements confinement by ensuring the
absence of quark production thresholds in all processes.
However, for screening masses, this value must vary with
temperature [22,44], that is, ΛIR → ΛIRðTÞ. We followed
previous works [22,44] and defined the infrared regulator
evolution as,

ΛIRðTÞ ¼ Λð0Þ
IR

�
MfðTÞ
Mfð0Þ

�
1=4

; ð6Þ

where the value of Λð0Þ
IR corresponds to the constant

infrared scale used at T ¼ 0 MeV, namely 0.24 GeV.
With all these parameters in hand, the following sub-
section explores the behavior of the dressed quark masses
for the u, s, c, and b flavors1 at nonzero temperatures.
Where applicable, our results are compared with those
obtained from more sophisticated approaches.

C. Quark masses

Table II establishes the current quark masses used in our
calculations at T ¼ 0 MeV; however, we now compute
the dressed quark masses as a function of the temperature
using the parameters presented above. Table II presents
the results of our calculation using Eq. (4) for the dressed
mass at zero temperature.
We illustrate the evolution of the screening masses of

these quarks as a function of temperature in Fig. 2. In the
present work, which includes mesons containing heavy
quarks, we adopt Tc ¼ 155 MeV, consistent with values

TABLE I. Parameters used for the ultraviolet regulator and
the coupling constant for different quark combinations α̂IR ¼
α̂IRL=ZH , where α̂IRL ¼ 4.57. Λð0Þ

IR ¼ 0.24 GeV is a fixed param-
eter at T ¼ 0 MeV; for nonzero temperatures this parameter is
modified according to Eq. (6).

Quarks ZH ΛUV [GeV] α̂IR

u, d, s 1 0.905 4.57
c, d, s 3.034 1.322 1.51
c 13.122 2.305 0.35
b, u, s 16.473 2.522 0.28
b, c 59.056 4.131 0.08
b 165.848 6.559 0.03

FIG. 2. Results for the screening quark masses computed across
a temperature range from 0 to 4Tc, with Tc ¼ 155 MeV [3,4]. At
high temperatures, the quark mass asymptotically tends toward its
bare mass, MðTÞ → m.

TABLE II. Current (mf) and dressed masses (Mf) for quarks in
GeV obtained using T ¼ 0 MeV.

mu ¼ 0.007 ms ¼ 0.17 mc ¼ 1.08 mb ¼ 3.92
Mu ¼ 0.367 Ms ¼ 0.53 Mc ¼ 1.52 Mb ¼ 4.75 1We include d quarks by imposing isospin symmetry.
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used in lattice QCD simulations [3,4], to facilitate com-
parison with other approaches. However, it is important to
emphasize that this temperature acts merely as a rescaling
factor in our approach.
It is worth highlighting that, as the temperature rises, the

quark mass decreases, a trend that is particularly pro-
nounced for light quarks. We make this observation more
explicit in Table III, where the current and constituent
(dressed) quark masses are compared at T ¼ 500 MeV.
The largest relative deviation is observed for the charm
quark, reaching 29% with respect to the screening mass,
followed by the bottom quark with a deviation of 17.5%.
For lighter quarks, the discrepancies remain below 3%. In
addition, we point out that the behavior of the dressed quark
masses as a function of temperature is as expected. For
instance, for the u and s quarks, we compare our results
with those obtained using the Nambu–Jona-Lasinio (NJL)
model [54] in Fig. 3 showing the correct trend.

III. BETHE SALPETER EQUATION

Hadrons formed by two quarks, including mesons
and diquarks, can be described as relativistic bound states
using the homogeneous Bethe-Salpeter equation (BSE),
as illustrated diagrammatically in Fig. 4.

This equation, in the case of nonzero temperatures, can
be mathematically expressed as [55],

½ΓðQ;TÞ�tu ¼
Z

d4q
ð2πÞ4 ½χðQ;TÞ�srKrs

tuðQ;TÞ; ð7Þ

where ½ΓðQ;TÞ�tu represents the bound state’s Bethe-
Salpeter amplitude (BSA) and χðQ;TÞ ¼ SðqþQ;TÞ
ΓðQ;TÞSðq;TÞ is the Bethe-Salpeter wavefunction; r, s,
t, u represent color, flavor, and spinor indices, and K is the
relevant quark-antiquark scattering kernel. Additionally,
Q ¼ fQ⃗;Ωmg with Ωm ¼ 2mπT is the Boson Matusbara
frequency. Throughout this article, our analysis is restricted
to the zeroth Matsubara frequency. A general decomposi-
tion of the BSA for mesons (f1f2) in the CI is given by,

ΓiðQ;TÞ ¼ EiðTÞAi þ FiðTÞBi; ð8Þ

with i denoting the type of hadron under study, specifically
S and PS mesons and diquarks; in the following, we shall
discuss the explicit analytical expressions for each case
analyzed in this work. These channels play a central role in
the investigation of chiral symmetry restoration, as will be
further elaborated below.

A. Scalar mesons

For our analysis we consider mesons composed of heavy
(QQ̄), heavy-light (Qq̄), and light (qq̄) mesons, focusing
on the flavors u, d, s, c, and b, with the SUð5Þ multiplets
predicted by the quark model [56–58].
We begin with S mesons, which are of great importance,

as they are the chiral partners of the PS mesons; that is, they
can be obtained through a chiral transformation [59], as
illustrated in Fig. 5.
With a symmetry-preserving regularization of the inter-

action, the Bethe-Salpeter amplitude is independent of the
relative momentum, and the BSA for a S meson comprised
of quarks with flavor f1 and antiquarks with flavor f2 at
nonzero temperature can be expressed as,

ΓSðQ;TÞ ¼ IDESðTÞ; ð9ÞFIG. 3. Quark dressed masses obtained here (solid lines) and
those derived from the NLJ model (dashed lines) in Ref. [54].

TABLE III. Screening masses of the quarks at T ¼ 500 MeV in
comparison with current masses. All masses are in GeV.

Quark mCI
f MðT ¼ 500 MeVÞ

u, d 0.007 0.007
s 0.17 0.176
c 1.08 1.447
b 3.92 4.676 FIG. 4. Diagrammatic representation of the BSE. Blue (solid)

circles represent dressed quark propagators S, red (solid) circle is
the meson BSA Γwhile the blue (solid) rectangle is the dressed-
quark-antiquark scattering kernel K.
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which corresponds to the eigenvalue equation,

1þKSðQ2;TÞ ¼ 0; ð10Þ

where

KSðQ2;TÞ ¼ −
4α̂IR
3π

Z
1

0

dα½−LGðQ;TÞC̄T1
þ ðCT1 − C̄T1 Þ�; ð11Þ

and

LGðQ;TÞ ¼ Mf1Mf2
þ αð1 − αÞQ2;

CT ≔ Ciuðωð1ÞðTÞ;TÞ;
C̄T1 ≔ C̄iu1 ðωð1ÞðTÞ;TÞ;

with

ωð1ÞðTÞ ¼ M2

f2
ðTÞð1 − αÞ þ αM2

f1
ðTÞ þ αð1 − αÞQ2;

Ciu1 ðz;TÞ ¼ −zðd=dzÞCiuðz;TÞ:

The Eq. (10) has a solution when Q2 ¼ −m2
S and the

canonical normalization condition is given by

1

E2
SðTÞ

¼ −
9

2
m2

G
d

dQ2
KSðQ2;TÞ

����
Q2¼−m2

S

: ð12Þ

As is well known, dynamical chiral symmetry breaking
generates a large dressed-quark anomalous chromomag-
netic moment and, as a result, the spin-orbit splitting
between ground-state mesons and their parity partners is
significantly enhanced [60–63]. In this context, for nonzero
temperatures, we capture this behavior and follow the
approach outlined in Ref. [64], introducing spin-orbit
repulsion into the S meson channel through the phenom-
enological coupling gSO ≤ 1. It is evident that, for the
screening masses this factor, which was previously taken
as a constant parameter, must now depend on temper-
ature, as follows:

gqq̄;0
þ

SO ðTÞ ¼ 1 −
MuðTÞ
Muð0Þ

ð1 − 0.322Þ; ð13Þ

such that for T ¼ 0 MeV, one recovers the static

value gqq̄;0
þ

SO ð0Þ ¼ 0.322.
With all the parameters shown above, we present our

results for the masses at T ¼ 0 MeV in Table IV. For our
calculations involving mesons composed of different quark
flavors, we modify Eq. (6) by replacing Mf with the
reduced mass MR ¼ Mf1Mf2

=½Mf1 þMf2
�. It is clear that

at zero temperature, and for mesons with masses above
1.5 GeV, our results can be directly compared with
experimental data [65], showing good agreement.
However, mesons with lower masses such as the σðud̄Þ,
K�

0ðus̄Þ, and f0ðss̄Þ, represent special cases due to ongoing
controversy regarding their internal structure [66–68]. For
instance, the σ meson does not predominantly exhibit a
conventional qq̄ structure. Nonetheless, unitarized chiral
perturbation theory indicates the presence of a subdominant
qq̄ component emerging at a mass of approximately
1–1.2 GeV [69]. It is this qq̄ component of the σ-mesons
to which we refer in Table IV, while the K�

0ðus̄Þ and f0ðss̄Þ
scalar mesons are considered hypothetical states in the
context of our analysis, included primarily for complete-
ness and to enable the construction of their corresponding
diquark partners in future baryonic studies.
Figure 6 displays the screening masses of the S mesons.

Their screening masses remain nearly constant for
T ≈ Tc=2. As the temperature increases, the screening
masses decrease while, as we shall see, they still remain
larger than those of their corresponding parity partners—
until they reach a minimum that is largely attributed to the

temperature dependence of gqq̄;0
þ

SO ðTÞ in Eq. (13). Beyond

FIG. 5. S meson is viewed as the parity partner of PS. Note that
the S in this article only refer to their quark-antiquark content.

TABLE IV. Computed and experimental masses for S mesons
(GeV) and BSA in T ¼ 0 MeV. Column five shows the reduced
mass for each meson, and column six shows the limit
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðπTÞ2 þ ð2MRÞ2

p
at T ¼ 500 MeV. The relative increase from

T ¼ 0 MeV to T ¼ 500 MeV in the free limit is approximately
200% for the mass of the σ meson.

Meson Exp. CI ES 2MR Limit

σðud̄Þ 1 − 1.2a 1.22 0.66 0.367 3.61
K�

0ðus̄Þ � � � 1.34 0.65 0.433 3.63
f0ðss̄Þ � � � 1.46 0.64 0.53 3.66
D�

0ðcūÞ 2.300 2.31 0.39 0.591 3.68
D�

s0ðcs̄Þ 2.317 2.42 0.37 0.785 3.76
B�
0ðub̄Þ � � � 5.49 0.21 0.681 3.71

Bs0ðsb̄Þ � � � 5.59 0.20 0.953 3.83
Bc0ðcb̄Þ � � � 6.44 0.08 2.30 4.78
χc0ðcc̄Þ 3.414 3.33 0.16 1.52 4.18
χb0ðbb̄Þ 9.859 9.50 0.04 4.75 7.00

aThe mass of the σ meson, denotes the estimate for the state’s
dressed-quark core [69,70].
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this point, they start to rise again. This trend observed for
the S mesons agrees with previous findings reported in
Refs. [71–73]. In Table V, we report the temperature TH at

which this turnaround occurs, pointing out the onset of
accelerated growth. Our results reveal the following hier-
archy among the TH temperatures,

Tσ
H < T

K�
0

H < Tf0
H ;

T
D�

0

H < T
D�

s0
H ;

TBc0
H < Tχc0

H < Tχb0
H :

In the case of the B�
0 and Bs0 the TH temperatures coincide.

Table VII shows the deviations of the screening masses at
T ¼ 500 MeV from their free limits. In this S channel, the
smallest deviation occurs for χc0ðcc̄Þ, with 9%, while the

FIG. 6. Screening mass for S mesons composed of the five quark flavors (u, d, s, c, and b). In the upper left panel, the lightest mesons
are shown; the upper right panel displays mesons composed of one light quark and one charm quark. The lower left panel shows mesons
containing different quarks, including a bottom quark, while the lower right panel presents mesons composed of two identical heavy
quarks. The shaded purple band indicates the critical temperature Tc � 0.1Tc. We can observe that near this value most of the screening
masses exhibit a change in their behavior.

TABLE V. Minimum temperatures TH above which the S
meson masses begins to increase. All quantities are in GeV.

Meson TH Meson TH

σðud̄Þ 0.241 B�
0ðub̄Þ 0.239

K�
0ðus̄Þ 0.248 Bs0ðsb̄Þ 0.239

f0ðss̄Þ 0.272 Bc0ðcb̄Þ 0.075
D�

0ðcūÞ 0.252 χc0ðcc̄Þ 0.085
D�

s0ðcs̄Þ 0.283 χb0ðbb̄Þ 0.088
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largest deviation is observed for the meson B�
0ðub̄Þ, which

corresponds to 57%. However, in the case of PS mesons,
the screening masses exhibit a markedly different pattern,
as will be discussed in the following section. At sufficiently
high temperatures, it becomes possible to examine the
connection between these states, offering a clear signature
of chiral symmetry restoration. This feature shall be
analyzed in the following sections.

B. Pseudoscalar mesons

We now focus on PS mesons, which are the lightest
mesonic states and play a crucial role in the study of chiral
dynamics. The BSA for a PS meson comprised of quarks
with flavor f1 and antiquarks with flavor f2 at nonzero
temperature is given by

ΓPSðQ;TÞ ¼ γ5

�
iEPSðTÞ þ

γ ·Q
2MRðTÞ

FPSðTÞ
�
; ð14Þ

and the corresponding kernel takes the form

KPSðQ;TÞ ¼ TrD

Z
d4q
ð2πÞ4 ΓPSð−Q;TÞ ∂

∂Qμ
Sf1ðqþQ;TÞ

× ΓPSðQÞSf2ðq;TÞ; ð15Þ

which explicitly takes the matrix form

�
EPSðTÞ
FPSðTÞ

�
¼ 4α̂IR

3π

"
KEE

PS ðTÞ KEF
PS ðTÞ

KFE
PS ðTÞ KFF

PS ðTÞ

#�
EPSðTÞ
FPSðTÞ

�
ð16Þ

where,

KEE
PS ðTÞ ¼

Z
1

0

dα
n
CT

þ½Mf2
ðTÞMf1ðTÞ−αð1−αÞQ2−ωð1ÞðTÞ�C̄T1

o
;

KEF
PS ðTÞ ¼

Q2

2MRðTÞ
Z

1

0

dα½ð1−αÞMf2
ðTÞþαMf1ðTÞ�C̄T1 ;

KFE
PS ðTÞ ¼

2M2
RðTÞ
Q2

KEF
PS ðTÞ;

KFF
PS ðTÞ ¼−

1

2

Z
1

0

dα½Mf2
ðTÞMf1ðTÞ

þ ð1−αÞM2

f2
ðTÞþαM2

f1
ðTÞ�C̄T1 :

In the computation of observables, one must use the
canonically normalized BSA; i.e., ΓPSðQ;TÞ is rescaled
so that

Qμ

Nc
¼ tr

Z
d4q
ð2πÞ4 ΓPSð−Q;TÞ ∂

∂Qμ
SðqþQ;TÞ

× ΓPSðQ;TÞSðq;TÞ:

In the chiral limit, this means

1¼ Nc

4π2
1

M2ðTÞC
iu
1 ðM2ðTÞ;τ2IR;τ2UVÞEPS½EPS−2FPS�: ð17Þ

With all these ingredients, the solution of Eq. (16) provides
the screening mass of the PS mesons whenQ2 ¼ −m2

PSðTÞ.
In Table VI, we show our results at T ¼ 0 MeV for ten
mesons and compare them with the experimental results,
when possible. It is certain that at zero temperature we can
recover the experimental results [65]. Other studies using
the CI model at T ¼ 0 [74], which only vary the parameter
ΛUV for mesons containing the charm quark, yield similar
mass values with percentage differences of less than 0.5%.
Figure 7 illustrates the temperature dependence of the

screening masses over the range T=Tc ∈ ½0; 300� MeV. For
improved clarity, we include a shaded purple band indicat-
ing the critical temperature range, Tc � 0.1Tc GeV. We
compare our results with those obtained using lattice QCD
calculations, Refs. [13–15], within an effective theory
approach [75], in the basis of thermal QCD sum rules [16]
and in the framework of finite temperature QCD sum
rules [76]. The results for the PS mesons are consistent with
previous studies [22,44], which show that their screening
masses increase with temperature. Below the critical
temperature Tc, the increase is gradual, as can be observed
at various temperatures in Table IX. The temperatures
below the critical point, namely T ¼ 47, 95, 109, 127,
and 152 MeV, exhibit only modest growth, with per-
centage differences in the screening masses remaining
below 12.65%. However, once Tc is surpassed around
T ¼ 169 MeV, these differences increase up to 14.23%,
and at higher temperatures such as T ¼ 500 MeV, they
reach approximately 92%. The table also clearly shows that
these changes are more pronounced for light mesons, while
the increase in the screening masses of heavy mesons is less
drastic. This behavior is observed not only for mesons
composed of light quarks but also for those containing one
or two heavy quarks. This highlights that dynamical chiral

TABLE VI. Computed masses for PS mesons (GeV) and BSAs
with the parameters of Tables I and II.

Meson Exp. CI EPS FPS Charge

πðud̄Þ 0.139 0.14 3.60 0.47 1
Kðus̄Þ 0.493 0.49 3.81 0.59 1
hsðss̄Þ � � � 0.69 4.04 0.74 0
D0ðcūÞ 1.86 1.87 3.03 0.37 0
Dþ

s ðcs̄Þ 1.97 1.96 3.24 0.51 1
Bþðub̄Þ 5.28 5.28 1.50 0.09 1
B0
sðsb̄Þ 5.37 5.37 1.59 0.13 0

Bþ
c ðcb̄Þ 6.27 6.29 0.73 0.11 1

ηcðcc̄Þ 2.98 2.98 2.16 0.41 0
ηbðbb̄Þ 9.40 9.40 0.48 0.10 0
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symmetry breaking and its restoration are less important
effects in heavy-light mesons, and become almost negli-
gible in pure bottomonium systems, where the quark
masses primarily arise from the Higgs mechanism. In most
cases, our results align closely with those from other
models. However, the limited availability of data for
mesons with heavy quarks often leads various models
using different approaches to reach differing conclusions.
Nevertheless, at very high temperatures (T → ∞),
these masses are expected to approach the value
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðπTÞ2 þ ð2MRÞ2

p
, independently of spin and flavor [77].

In Table VII, we show the deviation from this limit at
T ¼ 500 MeV using our results. From the table, it is
straightforward to see that the largest deviation occurs
for the PS meson Bþðub̄Þ, while in this channel the smallest
deviation is observed for ηcðcc̄Þwith only a 21% difference
from the free limit. We also observe that, as mu → 0, the
deviation decreases. The screening masses of the heavier
PS mesons are significantly larger than the free theory
value, which is attributed to the truncations present in our
model. To approach this limit in the case of heavy mesons,
temperatures higher than 500 MeVare required. The results

FIG. 7. Screening mass for PS mesons composed of the five quark flavors (u, d, s, c, and b). The dashed line corresponds to the free
theory limit of m ¼ 2πT. The screening masses tend toward the mass of the meson at T ¼ 0 MeV. As the temperature increases, the
mass of the PS meson increases monotonically. This behavior aligns qualitatively with how the screening mass evolves with temperature
in the Dyson-Schwinger equation (DSE) framework [21,22,78]. In the upper left panel, the lightest mesons are shown; the upper right
panel displays mesons composed of one light quark and one charm quark. The lower left panel shows mesons containing different
quarks, including a bottom quark, while the lower right panel presents mesons composed of two identical heavy quarks. Predictions
obtained using other models are presented as markers preserving the color coding of our results in each panel for comparison; exact
values are listed in Table IX.
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obtained at T ¼ 500 MeV allow us to observe the follow-
ing mass splittings between mesons

mσðud̄Þ −mπðud̄Þ ¼ 0.01 GeV;

mK�
0
ðus̄Þ −mKðus̄Þ ¼ 0 MeV;

mf0ðss̄Þ −mhsðss̄Þ ¼ 0.02 GeV;

mD�
0
ðcūÞ −mD0ðcūÞ ¼ −0.06 GeV;

mD�
s0
ðcs̄Þ −mDþ

s
ðcs̄Þ ¼ 0.01 GeV;

mB�
0
ðub̄Þ −mBþðub̄Þ ¼ −0.21 GeV;

mBs0
ðsb̄Þ −mB0

s
ðsb̄Þ ¼ −0.1 GeV;

mBc0
ðcb̄Þ −mBþ

c
ðcb̄Þ ¼ 0.27 GeV;

mχc0ðcc̄Þ −mηcðcc̄Þ ¼ 0.45 GeV;

mχb0ðbb̄Þ −mηbðbb̄Þ ¼ 0.21 GeV: ð18Þ

From these equations, it is straightforward to see that the
masses of the parity partners are nearly equal at this
temperature. For example, in the light sector, the mass
differences were approximately 750 MeV at zero temper-
ature; however, at T ¼ 500 MeV the differences are reduced
to less than 2%. Therefore, chiral restoration occurs at
approximately 500 MeV, as evidenced by Eq. (18).
The screening mass associated with the pion is of

particular interest, as this meson serves as the Goldstone
boson of chiral symmetry. Our results indicate that the pion
mass increases monotonically with temperature, in agree-
ment with previous studies based on the Dyson-Schwinger
and Bethe-Salpeter equations framework [79]. Similarly
to the S mesons, we can define a temperature (TH) at which
the screening mass suddenly changes its behavior. A
characteristic temperature TH can be defined as the point
at which the screening masses exhibit an inflection in their

temperature dependence, marking the onset of accelerated
growth. This is identified by the condition M00ðTHÞ ¼ 0,
where the second derivative of the mass with respect to
temperature vanishes. For light mesons, this temperature
corresponds to the critical temperature. We show this value
for the different mesons in Table VIII. In addition, our results
reveal the following hierarchy among the TH temperatures,

Tπ
H > TK

H > Ths
H ;

Tηc
H > Tηb

H :

On the other hand, we obtain the bound state amplitudes
from the homogeneous BSE. Their evolution in T is depicted
in Fig. 8. From this Fig. 8 several key features can be
identified. At T ¼ 0 MeV, the amplitudes correspond to
mesons previously reported in the literature and are con-
sistent with experimental values. As temperature increases,

FIG. 8. BSA for the PS mesons evaluated at Q ¼ ðQ⃗;ω0Þ and
plotted as function of T. The plot illustrates the convergence of
Eπ and Eσ to a common value at high temperatures. Moreover,
due to the absence of an Fσ component, the Fπ component
vanishes in the high-temperature regime.

TABLE VII. Screening masses in GeV at T ¼ 500 MeV,
showing their deviation from the 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðπTÞ2 þ ð2MRÞ2

p
limit at

this temperature.

Scalar Pseudoscalar

Mass Dev (%) Mass Dev (%)

σðud̄Þ 2.10 42 πðud̄Þ 2.09 42(33)a

K�
0ðus̄Þ 2.11 42 Kðus̄Þ 2.11 42(33)a

f0ðss̄Þ 2.14 41 hsðss̄Þ 2.12 42(33)a

D�
0ðcūÞ 2.68 27 D0ðcūÞ 2.74 25

D�
s0ðcs̄Þ 2.74 27 Dþ

s ðcs̄Þ 2.73 27
B�
0ðub̄Þ 5.84 57 Bþðub̄Þ 6.05 63

Bs0ðsb̄Þ 5.92 54 B0
sðsb̄Þ 6.02 57

Bc0ðcb̄Þ 7.06 47 Bþ
c ðcb̄Þ 6.79 42

χc0ðcc̄Þ 3.77 9 ηcðcc̄Þ 3.32 21
χb0ðbb̄Þ 9.91 41 ηbðbb̄Þ 9.70 39

aThe results correspond to the scenario where the quark masses
are considered very small, that is, MR → 0, and the limit is 2πT.

TABLE VIII. TH for the PS mesons. In this case TH marks the
point where the initially monotonic increase in mass becomes
significantly more rapid.

Meson TH Meson TH

πðud̄Þ 0.182 Bþðub̄Þ 0.061
Kðus̄Þ 0.127 B0

sðsb̄Þ 0.063
hsðss̄Þ 0.118 Bþ

c ðcb̄Þ 0.068
D0ðcūÞ 0.086 ηcðcc̄Þ 0.111
Dþ

s ðcs̄Þ 0.095 ηbðbb̄Þ 0.076
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the behavior of the amplitudes closely mirrors that of the
screening masses in both the PS and S channels. Above
1.8Tc, the difference between the amplitudes Eπ and Eσ

drops below 1.2%, signaling that the lightest opposite-parity
meson channels become nearly degenerate, which is a
clear indication of the onset of symmetry restoration.
Furthermore, we observe that for PS mesons the Fπ

component vanishes at high temperatures, which is in
perfect agreement with studies using the Schwinger–
Dyson equations [21].

C. Diquarks

An interaction that binds mesons also generates strong
diquark correlations in the color-3̄ channel. It follows
moreover that one may obtain the mass and Bethe-
Salpeter amplitude for a diquark with spin-parity JP from
the equation for a J−P meson in which the only change is a
halving of the interaction strength. The sign flip in parity
arises from the fact that fermions and antifermions have
opposite parity. With this observation, we make the
following changes to obtain the S and PS diquarks masses.
The eigenvalue equation in the case of scalar diquarks (DS)
is given by

�
EDSðTÞ
FDSðTÞ

�
¼4α̂IR

6π

"
KPS

EEðTÞ KPS
EFðTÞ

KPS
FEðTÞ KPS

FFðTÞ

#�
EDSðTÞ
FDSðTÞ

�
: ð19Þ

Therefore, the equations that will provide us the masses of
the PS diquarks (DPS) is

0 ¼ 1þ 1

2
KSð−m2

DPS;TÞ: ð20Þ

It is worth emphasizing that a different value of gqqSOðTÞ is
employed for diquarks compared to mesons. This modi-
fication is essential to accurately reproducing the
observed baryon masses, as detailed in Refs. [53,80].
Specifically, the one used in the diquark sector is scaled
by a factor of 1.8 relative to that used for mesons. This
enhancement effectively lowers the diquark masses,
thereby allowing for a realistic description of the baryon
spectrum. Accordingly, for the diquark sector we use the
following values,

gqq;0
−

SO ðTÞ ¼ 1 −
MuðTÞ
Muð0Þ

ð1 − 0.582Þ; ð21Þ

TABLE IX. PS meson screening masses computed at T ¼ 47, 95, 109, 127, 152, 169 MeVand T ¼ 500 MeV are compared with the
lattice results presented in Refs. [13–15], within an effective theory approach [75], in the basis of thermal QCD sum rules [16] and in the
framework of finite temperature QCD sum rules [76]. These temperatures span both the hadronic phase and the deconfined phase, lying
below and above the critical temperature. The results indicate that the ground-state screening mass remains approximately constant at
low temperatures, but exhibits a rapid increase once the critical temperature is exceeded. Columns four, six, eight, ten, 12, and 14 display
the percentage difference between the screening masses in the adjacent columns. All quantities are in MeV.

T (MeV) 47 % 95 % 109 % 127 % 152 % 169 % 500

π CI 139 0.71 140 0.71 141 2.08 144 3.35 149 3.24 154 92.64 2093
Ref. [13] 239 1.24 242 0.41 243 1.22 246 2.76 253 14.23 295 � � � � � �

K CI 499 0.60 502 0.40 504 1.18 510 2.11 521 2.25 533 74.74 2110
Ref. [13] 493 2.76 507 0.39 509 0.20 508 1.55 516 4.8 543 � � � � � �

hs CI 701 0.28 703 0.42 706 0.84 712 1.52 723 1.22 732 65.54 2124
Ref. [14] � � � � � � � � � � � � � � � � � � 849 12.65 972 3.37 1006 � � � � � �

D CI 1855 0.27 1860 0.20 1864 0.37 1871 0.74 1885 0.63 1897 30.9 2746
Ref. [13] 1876 0.11 1878 0.11 1876 0.37 1869 0.70 1856 3.11 1800 � � � � � �

Ds CI 1945 0.15 1948 0.15 1951 0.26 1956 0.56 1967 0.40 1975 27.76 2734
Ref. [13] 1972 0.31 1966 0.05 1965 0.10 1963 0.77 1948 1.83 1913 � � �

Bþ CI 5281 0.23 5293 0.17 5302 0.26 5316 0.45 5340 0.34 5358 11.50 6054
Ref. [75] 4260 2.65 4150 1.97 4070 2.01 3990 6.97 3730 � � � � � � � � � � � �

B0
s CI 5368 0.19 5378 0.17 5387 0.26 5401 0.42 5424 0.33 5442 9.68 6025

Ref. [75] 5160 1.38 5090 0.79 5050 1.81 4960 2.06 4860 � � � � � � � � � � � �
Bþ
c CI 6277 0.11 6284 0.10 6290 0.16 6300 0.27 6317 0.24 6332 6.77 6792

Ref. [16] � � � � � � � � � � � � � � � � � � 6300 1.29 6220 2.30 6080 � � � � � �
ηc CI 2952 0.03 2953 0.07 2955 0.10 2958 0.24 2965 0.20 2971 10.57 3322

Refs. [14,15] � � � � � � � � � � � � � � � � � � 2970 0.34 2980 0.33 2990 21.93 3830

ηb CI 9392 0.04 9396 0.02 9398 0.05 9403 0.10 9412 0.08 9420 2.97 9708
Ref. [76] � � � � � � � � � � � � � � � � � � 9610 1.05 9510 0.63 9450 � � � � � �
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such as we recover at T ¼ 0 MeV, the spin-orbit enhace-
ment predicted in previous analyses.
In Table X, we present the results for the diquarks

obtained at T ¼ 0 MeV, which are in excellent agreement

with those reported in Ref. [40] and were used to
calculate baryon masses. This fact implies that the
computation of baryons at finite temperature within the
quark-diquark framework will require the inputs calcu-
lated in this work.
In Fig. 9, we show the screening masses of the S and PS

diquarks as a function of temperature. From this plot, it is
immediately evident that S diquarks exhibit the same
increasing behavior as PS mesons. Similarly, PS diquarks
display a thermal behavior comparable to that observed in S
mesons. It is also evident that, as the temperature increases,
the screening masses of diquark parity partners tend to
converge. To provide a clearer comparison of the behavior
of mesons and diquarks, Fig. 10 presents the screening
masses of both the lightest and heaviest states in each
channel. This plot highlights key features of our results.

TABLE X. Masses at T ¼ 0 MeV for scalar diquarks (DS) and
pseudoscalar diquarks (DPS) obtained using the parameters
described in Tables I and II.

DS DPS DS DPS

ud 0.77 1.15 ub 5.37 5.47
us 0.92 1.27 sb 5.46 5.57
ss 1.06 1.40 cc 3.17 3.33
cu 2.08 2.28 cb 6.35 6.44
cs 2.17 2.40 bb 9.43 9.50

FIG. 9. Comparison of the screening masses of PS and S diquarks. The shaded purple band indicates the critical temperature
Tc � 0.1Tc. The solid lines correspond to PS diquarks, while the dashed-dotted lines represent S diquarks.
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For instance, the masses of the lightest parity partners
converge to the same value, indicating

mπ ≈mσ; when T > 1.85Tc;

m½ud�0− ≈m½ud�0þ when T > 1.68Tc: ð22Þ

In our study, for T > 1.85Tc, the mass difference between
the pion and σ mesons falls below 3%, indicating that
the parity partners become effectively degenerate. This
suggests that the dynamical chiral symmetry breaking
effect weakens progressively as the temperature rises,
and the chiral symmetry can be restored once the temper-
ature reaches the critical value [81]. Finally, in the heavy
sector, the screening masses of mesons and diquarks exhibit
a slower convergence toward their asymptotic values.

IV. SUMMARY AND PERSPECTIVE

In this work, we present the screening masses of spin-
zero mesons and diquarks composed of light and heavy
quarks—a total of 40 states—using the DSE approach.
We employ a symmetry-preserving treatment of a vector ×
vector contact interaction. Our results reveal several
important features, which we summarize below:

(i) Our study of the u, d, s, c, and b quark masses
reveals that, at high temperatures, their screening
masses decrease, as shown in Fig. 2. Our work
also includes a comparison with other approaches,
presented in Fig. 3.

(ii) The S and PS meson masses at zero temperature
are presented in Tables IV and VI, while the
corresponding masses of their diquark partners at

finite temperature are shown in TableX. It is important
to emphasize that our results for scalar mesons below
1–1.5 GeV correspond to hypothetical quark–
antiquark bound states. These states are controversial
due to the ongoing debate concerning their internal
structure [66–68]. In our analysis, they are included for
completeness and in order to compute their corre-
sponding diquark partners, which are essential for
the calculation of baryon screening masses within the
quark–diquark approximation [44]. In contrast, the
heavier scalar mesons above this mass range, which
havebeen experimentallymeasured, showgoodagree-
ment with our predictions.

(iii) The behavior of the screening masses of mesons and
diquarks are presented in Figs. 6, 7, and 10. In the
calculations presented here, the screening masses of
PS mesons exhibit a consistently increasing trend. In
contrast, the S mesons show a markedly different
behavior: their screening masses decrease up to a
certain temperature TH, and then increase again
beyond that point. Our analysis indicates that the
variation in behavior between pseudoscalar and
scalar mesons is primarily due to the introduction
of spin-orbit repulsion in the scalar channel, imple-
mented through the phenomenological coupling

gqq̄;0
þ

SO ðTÞ. This result is consistent with masses
calculated using other models.

(iv) We also present in Table VII the deviation of our
screening masses for S and PS mesons from the
free limit.

(v) A clear correlation between the behavior of
the screening masses and their corresponding

FIG. 10. Comparison of the screening masses for the lightest (a) and heaviest (b) mesons and diquarks in the PS and S channels. Red
lines denote mesonic states, while blue lines correspond to diquark states; dash-dotted curves represent positive-parity channels, and
solid curves represent negative-parity channels.
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Bethe-Salpeter amplitudes is evident, as illustrated
in Fig. 8.

(vi) In Fig. 10, we show that mπ and mσ have approx-
imately equal screening masses for T > 1.85Tc,
providing clear evidence that chiral symmetry has
been restored.

(vii) The Eq. (18) allows us to deduce that the masses of
the meson parity partners become nearly degenerate
at around 500 MeV; therefore, chiral restoration
occurs at approximately this temperature for the
mesons studied in this work.

(viii) At sufficiently high temperatures, the screening
masses of diquarks parity partners become degen-
erate. Consequently, their contributions to the
screening masses of baryons in the high-temperature
regime become indistinguishable.

Our calculations are expected to provide valuable guidance
for future experiments seeking to understand the funda-
mental aspects of the quark-gluon plasma in connection
with heavy mesons. An important contribution of our work
is the study of heavy quarks as a function of temperature, as
theoretical studies on this topic are scarce. The investiga-
tions presented in this paper can be extended in several
directions. A natural first step is to implement these
calculations for vector and axial vector mesons. Given
that the diquark results are already available, extending
the framework to compute baryon properties at finite

temperature, within the quark diquark picture, becomes a
straightforward task. Moreover, the computation of meson
elastic and transition form factors at nonzero temperature
are both feasible and promising for future studies.
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Investigadoras por México SECIHTI program. L. X.
Gutiérrez-Guerrero, R. J. Hernández-Pinto, and M. A.
Ramírez-Garrido thank SECIHTI for the support received
through Project CBF2023-2024-268, Física Hadronica en
JLab: Descifrando la Estructura Interna de Mesones y
Bariones, from the 2023–2024 frontier science call. The
work of L. X. Gutiérrez-Guerrero and R. J. Hernández-
Pinto is partly supported by SECIHTI (Mexico) through the
Sistema Nacional de Investigadores.

DATA AVAILABILITY

The data are not publicly available. The data are
available from the authors upon reasonable request.

[1] A. Ayala, C. A. Dominguez, and M. Loewe, Adv. High
Energy Phys. 2017, 9291623 (2017).

[2] H. Elfner and B. Müller, J. Phys. G 50, 103001 (2023).
[3] A. Andronic, P. Braun-Munzinger, K. Redlich, and J.

Stachel, Nature (London) 561, 321 (2018).
[4] A. Bazavov et al., Phys. Rev. D 85, 054503 (2012).
[5] K. Yagi, T. Hatsuda, and Y. Miake, J. Phys. Conf. Ser. 50, 8

(2006).
[6] X. Yao, W. Ke, Y. Xu, S. Bass, and B. Müller, Nucl. Phys.

A982, 755 (2019).
[7] R. Rapp and H. van Hees,Heavy Quarks in the Quark-Gluon

Plasma (World Scientific, Singapore, 2010), pp. 111–206.
[8] J. Adams et al. (STAR Collaboration), Nucl. Phys. A757,

102 (2005).
[9] B. B. Abelev et al. (ALICE Collaboration), Phys. Lett. B

734, 314 (2014).
[10] NA50 Collaboration, Eur. Phys. J. C 39, 335 (2005).
[11] S. Chatrchyan (CMS Collaboration), Phys. Rev. Lett. 109,

222301 (2012); 120, 199903(E) (2018).
[12] E. V. Veliev, H. Sundu, K. Azizi, and M. Bayar, Phys. Rev.

D 82, 056012 (2010).
[13] G. Aarts, C. Allton, R. Bignell, T. J. Burns, S. C. García-

Mascaraque, S. Hands, B. Jäger, S. Kim, S. M. Ryan, and
J.-I. Skullerud, arXiv:2209.14681.

[14] A. Bazavov and J. H. Weber, Prog. Part. Nucl. Phys. 116,
103823 (2021).

[15] S. Mukherjee, Nucl. Phys. A820, 283C (2009).
[16] E. V. Veliev, K. Azizi, H. Sundu, and N. Aksit, Nucl. Phys.

B, Proc. Suppl. 219–220, 170 (2011).
[17] G. Aarts, C. Allton, S. Hands, B. Jäger, C. Praki, and J.-I.

Skullerud, Phys. Rev. D 92, 014503 (2015).
[18] L. Giusti, T. Harris, D. Laudicina, M. Pepe, and P. Rescigno,

Phys. Lett. B 855, 138799 (2024).
[19] S. Takeuchi, Eur. Phys. J. C 79, 548 (2019).
[20] R. Rapp and J. Wambach, Adv. Nucl. Phys. 25, 1 (2000).
[21] P. Maris, C. D. Roberts, S. M. Schmidt, and P. C. Tandy,

Phys. Rev. C 63, 025202 (2001).
[22] K.-l. Wang, Y.-x. Liu, L. Chang, C. D. Roberts, and S. M.

Schmidt, Phys. Rev. D 87, 074038 (2013).
[23] C. A. Dominguez, M. Loewe, and Y. Zhang, Nucl. Phys. B,

Proc. Suppl. 234, 305 (2013).
[24] Sumit, N. Haque, and B. K. Patra, Phys. Lett. B 845, 138143

(2023).
[25] S. Mallik and S. Sarkar, Eur. Phys. J. C 25, 445 (2002).
[26] C. A. Dominguez, M. S. Fetea, and M. Loewe, Phys. Lett. B

387, 151 (1996).
[27] C. Song, Phys. Rev. D 49, 1556 (1994).
[28] W. Florkowski and B. L. Friman, Z. Phys. A 347, 271 (1994).

SCREENING MASSES FOR SCALAR AND PSEUDOSCALAR … PHYS. REV. D 112, 034024 (2025)

034024-13

https://doi.org/10.1155/2017/9291623
https://doi.org/10.1155/2017/9291623
https://doi.org/10.1088/1361-6471/ace824
https://doi.org/10.1038/s41586-018-0491-6
https://doi.org/10.1103/PhysRevD.85.056010
https://doi.org/10.1088/1742-6596/50/1/002
https://doi.org/10.1088/1742-6596/50/1/002
https://doi.org/10.1016/j.nuclphysa.2018.10.005
https://doi.org/10.1016/j.nuclphysa.2018.10.005
https://doi.org/10.1016/j.nuclphysa.2005.03.085
https://doi.org/10.1016/j.nuclphysa.2005.03.085
https://doi.org/10.1016/j.physletb.2014.05.064
https://doi.org/10.1016/j.physletb.2014.05.064
https://doi.org/10.1140/epjc/s2004-02107-9
https://doi.org/10.1103/PhysRevLett.109.222301
https://doi.org/10.1103/PhysRevLett.109.222301
https://doi.org/10.1103/PhysRevLett.120.199903
https://doi.org/10.1103/PhysRevD.82.056012
https://doi.org/10.1103/PhysRevD.82.056012
https://arXiv.org/abs/2209.14681
https://doi.org/10.1016/j.ppnp.2020.103823
https://doi.org/10.1016/j.ppnp.2020.103823
https://doi.org/10.1016/j.nuclphysa.2009.01.070
https://doi.org/10.1016/j.nuclphysbps.2011.10.091
https://doi.org/10.1016/j.nuclphysbps.2011.10.091
https://doi.org/10.1103/PhysRevD.92.014503
https://doi.org/10.1016/j.physletb.2024.138799
https://doi.org/10.1140/epjc/s10052-019-6941-y
https://doi.org/10.1007/0-306-47101-9_1
https://doi.org/10.1103/PhysRevC.63.025202
https://doi.org/10.1103/PhysRevD.87.074038
https://doi.org/10.1016/j.nuclphysbps.2012.12.037
https://doi.org/10.1016/j.nuclphysbps.2012.12.037
https://doi.org/10.1016/j.physletb.2023.138143
https://doi.org/10.1016/j.physletb.2023.138143
https://doi.org/10.1007/s10052-002-1007-x
https://doi.org/10.1016/0370-2693(96)01021-0
https://doi.org/10.1016/0370-2693(96)01021-0
https://doi.org/10.1103/PhysRevD.49.1556
https://doi.org/10.1007/BF01289794


[29] A. Bazavov, F. Karsch, Y. Maezawa, S. Mukherjee, and P.
Petreczky, Phys. Rev. D 91, 054503 (2015).

[30] F. Karsch, E. Laermann, S. Mukherjee, and P. Petreczky,
Phys. Rev. D 85, 114501 (2012).

[31] V. L. Eletsky and B. L. Ioffe, Sov. J. Nucl. Phys. 48, 384
(1988).

[32] W.M. Alberico, A. Beraudo, A. Czerska, P. Czerski, and A.
Molinari, Nucl. Phys. A792, 152 (2007).

[33] M. Cheng et al., Eur. Phys. J. C 71, 1564 (2011).
[34] P. Petreczky, S. Sharma, and J. H. Weber, Phys. Rev. D 104,

054511 (2021).
[35] A. Rothkopf, Phys. Rep. 858, 1 (2020).
[36] O. Kaczmarek, Lect. Notes Phys. 999, 281 (2022).
[37] F. S. Navarra and C. A. A. Nunes, Phys. Lett. B 356, 439

(1995).
[38] L. X. Gutierrez-Guerrero, A. Bashir, I. C. Cloet, and C. D.

Roberts, Phys. Rev. C 81, 065202 (2010).
[39] L. X. Gutiérrez-Guerrero, A. Bashir, M. A. Bedolla, and E.

Santopinto, Phys. Rev. D 100, 114032 (2019).
[40] L. X. Gutiérrez-Guerrero, G. Paredes-Torres, and A. Bashir,

Phys. Rev. D 104, 094013 (2021).
[41] L. X. Gutiérrez-Guerrero, A. Raya, L. Albino, and R. J.

Hernández-Pinto, Phys. Rev. D 110, 074015 (2024).
[42] R. J. Hernández-Pinto, L. X. Gutiérrez-Guerrero, M. A.

Bedolla, and A. Bashir, Phys. Rev. D 110, 114015 (2024).
[43] G. Paredes-Torres, L. X. Gutiérrez-Guerrero, A. Bashir, and

A. S. Miramontes, Phys. Rev. D 109, 114006 (2024).
[44] C. Chen, F. Gao, and S.-x. Qin, Phys. Rev. D 112, 014022

(2025).
[45] A. Ahmad and M. Ishtiaq, Int. J. Theor. Phys. 64, 101

(2025).
[46] A. C. Aguilar, D. Binosi, C. T. Figueiredo, and J.

Papavassiliou, Eur. Phys. J. C 78, 181 (2018).
[47] D. Binosi and J. Papavassiliou, Phys. Rev. D 97, 054029

(2018).
[48] F. Gao, S.-X. Qin, C. D. Roberts, and J. Rodriguez-

Quintero, Phys. Rev. D 97, 034010 (2018).
[49] M. A. Bedolla, J. J. Cobos-Martínez, and A. Bashir, Phys.

Rev. D 92, 054031 (2015).
[50] M. A. Bedolla, K. Raya, J. J. Cobos-Martínez, and A.

Bashir, Phys. Rev. D 93, 094025 (2016).
[51] K. Raya, M. A. Bedolla, J. J. Cobos-Martínez, and A.

Bashir, Few Body Syst. 59, 133 (2018).
[52] P.-L. Yin, C. Chen, G. Krein, C. D. Roberts, J. Segovia, and

S.-S. Xu, Phys. Rev. D 100, 034008 (2019).
[53] P.-L. Yin, Z.-F. Cui, C. D. Roberts, and J. Segovia, Eur.

Phys. J. C 81, 327 (2021).
[54] X.-L. Sheng, S.-Y. Yang, Y.-L. Zou, and D. Hou, Eur. Phys.

J. C 84, 299 (2024).
[55] E. E. Salpeter and H. A. Bethe, Phys. Rev. 84, 1232 (1951).
[56] M. Gell-Mann, Phys. Lett. 8, 214 (1964).

[57] G. Zweig, in Developments in the Quark Theory of
Hadrons. VOL. 1. 1964–1978, edited by D. Lichtenberg
and S. P. Rosen (1964), pp. 22–101, 10.17181/CERN-TH-
412.

[58] G. Zweig (1964), 10.17181/CERN-TH-401.
[59] R. J. Hernández-Pinto, L. X. Gutiérrez-Guerrero, A. Bashir,

M. A. Bedolla, and I. M. Higuera-Angulo, Phys. Rev. D
107, 054002 (2023).

[60] R. Bermudez, L. Albino, L. X. Gutiérrez-Guerrero, M. E.
Tejeda-Yeomans, and A. Bashir, Phys. Rev. D 95, 034041
(2017).

[61] A. Bashir, R. Bermudez, L. Chang, and C. D. Roberts, Phys.
Rev. C 85, 045205 (2012).

[62] L. Chang, Y.-X. Liu, and C. D. Roberts, Phys. Rev. Lett.
106, 072001 (2011).

[63] L. Chang and C. D. Roberts, Phys. Rev. C 85, 052201
(2012).

[64] H. L. L. Roberts, L. Chang, I. C. Cloet, and C. D. Roberts,
Few Body Syst. 51, 1 (2011).

[65] S. Navas et al. (Particle Data Group), Phys. Rev. D 110,
030001 (2024).

[66] N. Santowsky, G. Eichmann, C. S. Fischer, P. C. Wallbott,
and R. Williams, Phys. Rev. D 102, 056014 (2020).

[67] N. Santowsky and C. S. Fischer, Phys. Rev. D 105, 034025
(2022).

[68] N. Santowsky, G. Eichmann, C. S. Fischer, P. C. Wallbott,
and R. Williams, arXiv:2103.14673.

[69] J. R. Pelaez and G. Rios, Phys. Rev. Lett. 97, 242002
(2006).

[70] J. Ruiz de Elvira, J. R. Pelaez, M. R. Pennington, and D. J.
Wilson, Phys. Rev. D 84, 096006 (2011).

[71] W.-j. Fu and Y.-x. Liu, Phys. Rev. D 79, 074011 (2009).
[72] A. Bhattacharyya, P. Deb, S. K. Ghosh, S. Maity, S. Raha,

R. Ray, K. Saha, and S. Upadhaya, Phys. Rev. D 102,
074006 (2020).

[73] X. Li, W.-J. Fu, and Y.-X. Liu, Phys. Rev. D 99, 074029
(2019).

[74] F. E. Serna, B. El-Bennich, and G. Krein, Phys. Rev. D 96,
014013 (2017).

[75] G. Montana, A. Ramos, L. Tolos, and J. M. Torres-Rincon,
EPJ Web Conf. 259, 12008 (2022).

[76] E. V. Veliev, K. Azizi, H. Sundu, and N. Aksit, J. Phys. G
39, 015002 (2012).

[77] C. E. Detar and J. B. Kogut, Phys. Rev. Lett. 59, 399 (1987).
[78] D. Blaschke, G. Burau, Y. L. Kalinovsky, P. Maris, and P. C.

Tandy, Int. J. Mod. Phys. A 16, 2267 (2001).
[79] F. Gao and M. Ding, Eur. Phys. J. C 80, 1171 (2020).
[80] Y. Lu, C. Chen, C. D. Roberts, J. Segovia, S.-S. Xu, and H.-

S. Zong, Phys. Rev. C 96, 015208 (2017).
[81] Y. Mo, S.-x. Qin, and Y.-x. Liu, Phys. Rev. C 82, 025206

(2010).

M. A. RAMÍREZ-GARRIDO et al. PHYS. REV. D 112, 034024 (2025)

034024-14

https://doi.org/10.1103/PhysRevD.91.054503
https://doi.org/10.1103/PhysRevD.85.114501
https://doi.org/10.1016/j.nuclphysa.2007.04.019
https://doi.org/10.1140/epjc/s10052-011-1564-y
https://doi.org/10.1103/PhysRevD.104.054511
https://doi.org/10.1103/PhysRevD.104.054511
https://doi.org/10.1016/j.physrep.2020.02.006
https://doi.org/10.1007/978-3-030-95491-8
https://doi.org/10.1016/0370-2693(95)00836-A
https://doi.org/10.1016/0370-2693(95)00836-A
https://doi.org/10.1103/PhysRevC.81.065202
https://doi.org/10.1103/PhysRevD.100.114032
https://doi.org/10.1103/PhysRevD.104.094013
https://doi.org/10.1103/PhysRevD.110.074015
https://doi.org/10.1103/PhysRevD.110.114015
https://doi.org/10.1103/PhysRevD.109.114006
https://doi.org/10.1103/527r-mtxb
https://doi.org/10.1103/527r-mtxb
https://doi.org/10.1007/s10773-025-05968-w
https://doi.org/10.1007/s10773-025-05968-w
https://doi.org/10.1140/epjc/s10052-018-5679-2
https://doi.org/10.1103/PhysRevD.97.054029
https://doi.org/10.1103/PhysRevD.97.054029
https://doi.org/10.1103/PhysRevD.97.034010
https://doi.org/10.1103/PhysRevD.92.054031
https://doi.org/10.1103/PhysRevD.92.054031
https://doi.org/10.1103/PhysRevD.93.094025
https://doi.org/10.1007/s00601-018-1455-y
https://doi.org/10.1103/PhysRevD.100.034008
https://doi.org/10.1140/epjc/s10052-021-09097-6
https://doi.org/10.1140/epjc/s10052-021-09097-6
https://doi.org/10.1140/epjc/s10052-024-12643-7
https://doi.org/10.1140/epjc/s10052-024-12643-7
https://doi.org/10.1103/PhysRev.84.1232
https://doi.org/10.1016/S0031-9163(64)92001-3
https://doi.org/10.17181/CERN-TH-412
https://doi.org/10.17181/CERN-TH-412
https://doi.org/10.17181/CERN-TH-401
https://doi.org/10.1103/PhysRevD.107.054002
https://doi.org/10.1103/PhysRevD.107.054002
https://doi.org/10.1103/PhysRevD.95.034041
https://doi.org/10.1103/PhysRevD.95.034041
https://doi.org/10.1103/PhysRevC.85.045205
https://doi.org/10.1103/PhysRevC.85.045205
https://doi.org/10.1103/PhysRevLett.106.072001
https://doi.org/10.1103/PhysRevLett.106.072001
https://doi.org/10.1103/PhysRevC.85.052201
https://doi.org/10.1103/PhysRevC.85.052201
https://doi.org/10.1007/s00601-011-0225-x
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.102.056014
https://doi.org/10.1103/PhysRevD.105.034025
https://doi.org/10.1103/PhysRevD.105.034025
https://arXiv.org/abs/2103.14673
https://doi.org/10.1103/PhysRevLett.97.242002
https://doi.org/10.1103/PhysRevLett.97.242002
https://doi.org/10.1103/PhysRevD.84.096006
https://doi.org/10.1103/PhysRevD.79.074011
https://doi.org/10.1103/PhysRevD.102.074006
https://doi.org/10.1103/PhysRevD.102.074006
https://doi.org/10.1103/PhysRevD.99.074029
https://doi.org/10.1103/PhysRevD.99.074029
https://doi.org/10.1103/PhysRevD.96.014013
https://doi.org/10.1103/PhysRevD.96.014013
https://doi.org/10.1051/epjconf/202225912008
https://doi.org/10.1088/0954-3899/39/1/015002
https://doi.org/10.1088/0954-3899/39/1/015002
https://doi.org/10.1103/PhysRevLett.59.399
https://doi.org/10.1142/S0217751X01003457
https://doi.org/10.1140/epjc/s10052-020-08766-2
https://doi.org/10.1103/PhysRevC.96.015208
https://doi.org/10.1103/PhysRevC.82.025206
https://doi.org/10.1103/PhysRevC.82.025206

	Screening masses for scalar and pseudoscalar mesons and their diquark partners: Insights from the contact interaction model
	I. INTRODUCTION
	II. CONTACT INTERACTION: KEY FEATURES
	A. The gap equation at finite temperature
	B. Parameters
	C. Quark masses

	III. BETHE SALPETER EQUATION
	A. Scalar mesons
	B. Pseudoscalar mesons
	C. Diquarks

	IV. SUMMARY AND PERSPECTIVE
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


