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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 x vector contact interaction. This effective interaction reproduces
hadron static properties at 7= 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 7 = 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

3.8

comparisons and observe consistency with our findings.

DOI: 10.1103/jfzy-2nt4

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 7'., which has been estimated to be around
T. = 155 MeV [3,4]. The QGP can shed light on strong
interactions using nonzero temperatures, and on open
questions regarding confinement, hadronization, and

“Contact author: miguelramirez.fcfm@ms.uas.edu.mx
“Contact author: roger@uas.edu.mx

*Contact author: higuera@jlab.org

SContact author: Ixgutierrez @secihti.mx

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2025/112(3)/034024(14)

034024-1

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

Published by the American Physical Society
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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 24/ (zT)? + mg, with m,,

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 22T [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 ss, s¢, and cc
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
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Diagrammatic illustration of the contact interaction,
constructed from the simplified gluon propagator model intro-
duced in Eq. (3).

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 7 and quark
chemical potential p [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 7 # 0 lies in the dressed-quark
propagator for a quark of flavor f, which is determined
by solving the gap equation,

S (psT) =iy - b + iyaw, + my

16”&IR

3 / 7S (@ T)y,, (1)
¢,dq

where p = (w,,, p) and g = (wy, ¢) are the four momenta
of the quarks, f represents the quark flavor, m the current
mass of the quark, and w, = (2n + 1)zT is the fermion
Matsubara frequency. Following Ref. [44], we have used
the notation,

L= [ o )

=—o0

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

gzD/w(k) - 4”&IR5[ID’ (3)

where a1 = ar/ mé, with aig the running coupling and
m, = 500 MeV the gluon mass scale [46-48]. The dressed
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TABLE 1. Parameters used for the ultraviolet regulator and
the coupling constant for different quark combinations o =
L/ Zy, where g = 4.57. Al(g> = 0.24 GeV is a fixed param-
eter at 7 = 0 MeV; for nonzero temperatures this parameter is
modified according to Eq. (6).

Quarks Zy Ayy [GeV] R
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
mass M(T) is then studied by
4M(T)

16H&IR/
My(T) = m; + . (4
AN =m =37 s ey Y

with s, = ¢+ w,, and using the Poincaré invariant
method, we find,

4a1r

My(T) =my + M(T) v

CUMATIAT)  (5)
where

—M? 47272
B e M9, (e T

cvuy(rysm) =2var [ art ),

Tuv

with 9,(x) the Jacobi theta function and C(o;T)/c =
C"(0;T). Ty are, respectively, infrared and ultraviolet
regulators or, similarly, A yy = TI_RI’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 ;g naturally varies
with the mass scale Ayy 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 7 = 0 MeV,

TABLEIL.  Current (m,) and dressed masses (M ;) for quarks in
GeV obtained using 7 = 0 MeV.

m, = 0.007
M, =0.367

m, =0.17
M, =053

m. = 1.08
M, =152

m, = 3.92

1.0

0.8 Mc/2

M [GeV]
=

0.41m,

0.2

0.0

00 05 10 15 20 25 30 35
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FIG. 2. Results for the screening quark masses computed across
a temperature range from 0 to 47, with T, = 155 MeV [3,4]. At
high temperatures, the quark mass asymptotically tends toward its
bare mass, M(T) — m.

we used a constant Ajg = 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, Aig = Ar(T). We followed
previous works [22,44] and defined the infrared regulator
evolution as,

(6)

Awr(T) = AR (Mf(T)> 1/4’

M;(0)
where the value of Ag;) corresponds to the constant
infrared scale used at 7 =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, ¢, and b flavors' 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 7= 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 7. = 155 MeV, consistent with values

'"We include d quarks by imposing isospin symmetry.
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TABLEIII.  Screening masses of the quarks at 7 = 500 MeV in
comparison with current masses. All masses are in GeV.

Quark m! M(T = 500 MeV)
u, d 0.007 0.007
s 0.17 0.176
c 1.08 1.447
b 3.92 4.676

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 7 = 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.

0.25 0.50 0.75 1.00 1.25 1.50 1.75
T/T.

FIG. 3. Quark dressed masses obtained here (solid lines) and
those derived from the NLJ model (dashed lines) in Ref. [54].

is .
A Y
® =@ %
W w -
is

FIG. 4. Diagrammatic representation of the BSE. Blue (solid)
circles represent dressed quark propagators S, red (solid) circle is
the meson BSA I" while the blue (solid) rectangle is the dressed-
quark-antiquark scattering kernel /C.

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

d*q
(2n)*

where [['(Q;T)],, represents the bound state’s Bethe-
Salpeter amplitude (BSA) and y(Q;7T)=S(q+ Q;7T)
I'(Q;T)S(q;T) is the Bethe-Salpeter wavefunction; r, s,
t, u represent color, flavor, and spinor indices, and /C is the
relevant quark-antiquark scattering kernel. Additionally,
0= {Q Q,} with Q,, = 2m=T 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 (f; f,) in the CI is given by,

(Q:T)),, = / (0 T), K(O: ). (7)

(0 T) = E{(T)A; + Fi(T)B;, (8)

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
(Q0), heavy-light (Qg), and light (¢g) mesons, focusing
on the flavors u, d, s, ¢, and b, with the SU(5) 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 f, and antiquarks with flavor f, at
nonzero temperature can be expressed as,

FS(Q;T) = IDES(T)’ (9)

034024-4
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JPC =0+t

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

which corresponds to the eigenvalue equation,

14+ Ks(Q*%T) =0, (10)
where
N 4ong
Ks(Q*T) = ~ 3, da[~L(Q;T)Cq
+(cr=-chl (11)
and
Ls(Q:T) = My M7 + a(l —a)Q%,
CT = C(0")(T); T),
Cf = (0(T);T),
with

o(T) = M%(T)(l —a) +aM; (T) + a(l —a) 0%,
Ci(z;T) = —z(d/dz)C"(z; T).

The Eq. (10) has a solution when Q? = —m?% and the
canonical normalization condition is given by

1 _ 9 2 d 2.
Eé(T) - sz dQ2 ’CS(Q ’T) sz_mg' (12)

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 ggo < 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:

TABLE IV. Computed and experimental masses for S mesons
(GeV) and BSA in T = 0 MeV. Column five shows the reduced
mass for each meson, and column six shows the limit
24/ (aT)? + (2Mg)? at T = 500 MeV. The relative increase from
T =0 MeV to T =500 MeV in the free limit is approximately
200% for the mass of the 6 meson.

Meson Exp. CI Eg 2Mp Limit
o(ud) 1-12° 1.22 0.66 0.367 3.61
K5 (u3) = 1.34 0.65 0.433 3.63
fo(s3) - 1.46 0.64 0.53 3.66
Dj(cit) 2.300 2.31 0.39 0.591 3.68
D*y(c5) 2.317 2.42 0.37 0.785 3.76
Bj(ub) e 5.49 0.21 0.681 3.71
By (sb) e 5.59 0.20 0.953 3.83
B(ch) b 6.44 0.08 2.30 4.78
Zeo(cT) 3.414 3.33 0.16 1.52 4.18
Jv0(bb) 9.859 9.50 0.04 475 7.00

“The mass of the & meson, denotes the estimate for the state’s
dressed-quark core [69,70].

Mll(T>
M, (0)

such that for 7 =0 MeV, one recovers the static
value g72°" (0) = 0.322.

With all the parameters shown above, we present our
results for the masses at T = 0 MeV in Table IV. For our
calculations involving mesons composed of different quark
flavors, we modify Eq. (6) by replacing M, with the
reduced mass Mg = My M7 /[My + Mz]. Itis 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 a(uEZ),
K{(us), and f(s5), represent special cases due to ongoing
controversy regarding their internal structure [66—68]. For
instance, the ¢ meson does not predominantly exhibit a
conventional gg structure. Nonetheless, unitarized chiral
perturbation theory indicates the presence of a subdominant
qq component emerging at a mass of approximately
1-1.2 GeV [69]. It is this gg component of the o-mesons
to which we refer in Table IV, while the K{(u5) and f(s5)
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~T./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

g (1) =1- (1-032%),  (13)

temperature dependence of gg’%m(T) in Eq. (13). Beyond

034024-5
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F2.6
D%, (c3)
F2.4
F2.2
F2.0
0.4-
1.8
7.00 - F10
Xbo(bb) Lg
6.75
-8
6.50 -
'S‘ BCO(CE) _7
QL 6.25 1
) 6
6.00 A
=
)
5.75 - _
Bso(sb) r4
Xco(cCC) ]
5.50 T
Bgy(ub) F3
5.25 - 2
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
T/T. T/T.

FIG. 6. Screening mass for S mesons composed of the five quark flavors (i, d, s, ¢, 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 7. + 0.17 .. We can observe that near this value most of the screening
masses exhibit a change in their behavior.

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

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 7'y at

K f
TS, <T < Ty
TABLE V. Minimum temperatures 75 above which the S H H H>

meson masses begins to increase. All quantities are in GeV. TZS < TZ?o’

Meson Ty Meson Ty Tzco < Th < T4

o(ud) 0.241 Bj(ub) 0.239

K (us 0.248 B.(sh 0.239 o
fo((s:v)) 0272 BSOEE B)) 0075 In the case of the B(; and By, the T;; temperatures coincide.
'DO*( ci) 0.252 )((-l(?( cc) 0.085  Table VII shows the deviations of the screening masses at
Dgo(ﬁ) 0.283 120( bb) 0.088 I =500 MeV from their free limits. In this S channel, the

034024-6
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largest deviation is observed for the meson Bjj(ub), 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 f, and antiquarks with flavor f, at nonzero
temperature is given by

y-0

WFPS(T) . (14)

Tps(0:T) =75 |:iEPS<T) +

and the corresponding kernel takes the form

d4
Krs(@:T) =Ty [ 3 ST os(0:T) 55-5,, (4 + @:7)
X Tps(Q)S7(q: 7). (15)
which explicitly takes the matrix form
|:EPS(T):| _ 4R Kes(T)  Kis(T) [EPS(T):| (16)
Fps(T) 3z | K§(T)  KRs(T) | LFps(T)

where,

1
KEE(T) = / da{cT
0

+ (M ()M, (T) - a1 ) Q% — o (T)]CT },

2 1 -
() = gy | dal( =@M (7) + aty, (T)CT.
2
KEG(T) = 5 K ),

KE(r) == [ dala(r)ny (1)

2 2 T
+(1 —a)ME(T)—i—aM ](T)]Cl .

In the computation of observables, one must use the
canonically normalized BSA; i.e., [pg(Q;T) is rescaled
so that

S(qg+Q:T)

Q/,{ d4
N, t/(2 plrst QT)aQu

x Tps(0;T)S(q; T).

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

Meson Exp. CI Epg Fpg Charge
7(ud) 0.139 0.14 3.60 0.47 1
K(us) 0.493 0.49 3.81 0.59 1
hy(s5) ‘e 0.69 4.04 0.74 0
D%(cit) 1.86 1.87 3.03 0.37 0

D (c3) 1.97 1.96 3.24 0.51 1
B*(ub) 5.28 5.28 1.50 0.09 1
BI(sb) 5.37 5.37 1.59 0.13 0

B (cb) 6.27 6.29 0.73 0.11 1
n.(cc) 2.98 2.98 2.16 0.41 0

1, (bb) 9.40 9.40 0.48 0.10 0

In the chiral limit, this means

N, 1
4 MA(T) !

CY(M*(T);tx. 7y ) Eps[Eps —2F ps).  (17)

With all these ingredients, the solution of Eq. (16) provides
the screening mass of the PS mesons when Q% = —m34(T).
In Table VI, we show our results at 7 = 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 = 0 [74], which only vary the parameter
Ayy 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/T . € [0, 300] MeV. For
improved clarity, we include a shaded purple band indicat-
ing the critical temperature range, 7. £+ 0.17. 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 7., the increase is gradual, as can be observed
at various temperatures in Table IX. The temperatures
below the critical point, namely 7 = 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 T, is surpassed around
T =169 MeV, these differences increase up to 14.23%,
and at higher temperatures such as 7 = 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

034024-7
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FIG. 7. Screening mass for PS mesons composed of the five quark flavors (u, d, s, ¢, and b). The dashed line corresponds to the free
theory limit of m = 2zT. The screening masses tend toward the mass of the meson at 7 = 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.

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 (7 — o),
these masses are expected to approach the value

2./(nT)* + (2Mg)?, independently of spin and flavor [77].

In Table VII, we show the deviation from this limit at
T =500 MeV using our results. From the table, it is
straightforward to see that the largest deviation occurs
for the PS meson B* (ub), while in this channel the smallest
deviation is observed for 7.(c¢) with only a 21% difference
from the free limit. We also observe that, as m, — 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 MeV are required. The results
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TABLE VII. Screening masses in GeV at 7 = 500 MeV,
showing their deviation from the 2v/(zT)? + (2Mg)? limit at

this temperature.

TABLE VIII. T} for the PS mesons. In this case 7, marks the
point where the initially monotonic increase in mass becomes
significantly more rapid.

Meson Ty Meson Ty

m(ud) 0.182 B*(ub) 0.061
K(us) 0.127 BY(sb) 0.063
hy(s5) 0.118 B} (cb) 0.068
DO(cit) 0.086 1e(cc) 0.111
Dy (c5) 0.095 1y(bb) 0.076

Scalar Pseudoscalar

Mass Dev (%) Mass Dev (%)
o(ud) 2.10 42 m(ud) 209 42(33)°
K (u3) 2.11 42 K (u5) 2.11 42(33)"
fo(s3) 2.14 41 hy(s5) 212 42(33)"
Dj(cit)  2.68 27 D%ci)  2.74 25
Diy(cs) 274 27 Df(c5) 273 27
Bj(ub)  5.84 57 B*(ub)  6.05 63
By(sb) 592 54 BY(sh) 6.02 57
Bo(ch 7.06 47 Bf(ch) 679 42
Ze0(c?) 3.77 9 1.(ce) 3.32 21
2po(bb) 991 41 1, (bb) 9.70 39

*The results correspond to the scenario where the quark masses
are considered very small, that is, Mp — 0, and the limit is 2z7.

obtained at 7 = 500 MeV allow us to observe the follow-
ing mass splittings between mesons

my(ud) — m,(ud) = 0.01 GeV,
mp: (us) — mg(us) = 0 MeV,
my, (s5) — my, (s5) = 0.02 GeV,
mpy(cit) —mpo(cit) = —0.06 GeV,
mp- (¢5) = mp:(c5) = 0.01 GeV,
mp:- (ub) — mg+ (ub) = —0.21 GeV,
mp (sb) — mpo(sb) = —0.1 GeV,
mp_,(cb) — my: (cb) = 0.27 GeV,
m, (cc)—m, (ct) = 0.45 GeV,
m,, (bb) — m,, (bb) = 0.21 GeV. (18)

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 = 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 (7) at which
the screening mass suddenly changes its behavior. A
characteristic temperature 7 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 M"(T) = 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 T temperatures,

K h,
TH>Ty > Ty,

e "
Ty >Ty.

On the other hand, we obtain the bound state amplitudes
from the homogeneous BSE. Their evolution in 7 is depicted
in Fig. 8. From this Fig. 8 several key features can be
identified. At 7 =0 MeV, the amplitudes correspond to
mesons previously reported in the literature and are con-
sistent with experimental values. As temperature increases,

5..
4_

£, (ud)
3_
2_
1_

Ey (ud)

T N

~.
0+ : : \'.—'—'_'_.'_'_'_? ______ -
0.0 0.5 1.0 1.5 2.0 2.5 3.0
TIT:
FIG. 8. BSA for the PS mesons evaluated at Q = (Q @q) and

plotted as function of 7. The plot illustrates the convergence of
E, and E, to a common value at high temperatures. Moreover,
due to the absence of an F, component, the F, component
vanishes in the high-temperature regime.
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TABLE IX. PS meson screening masses computed at 7 = 47, 95, 109, 127, 152, 169 MeV and T = 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
/4 CI 139  0.71 140  0.71 141 2.08 144 3.35 149 3.24 154  92.64 2093
Ref. [13] 239 1.24 242 041 243 1.22 246 2.76 253 14.23 295 e e
K CI 499  0.60 502 0.40 504 1.18 510 2.11 521 225 533 7474 2110
Ref. [13] 493 276 507  0.39 509  0.20 508 1.55 516 4.8 543 e
hy CI 701 0.28 703 042 706  0.84 712 1.52 723 1.22 732 6554 2124
Ref. [14] ce e oo 849 1265 972 337 1006 -
D CI 1855 027 1860 020 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 .
Dy CI 1945 0.15 1948 0.15 1951 0.26 1956 0.56 1967 040 1975 27776 2734
Ref. [13] 1972 031 1966 0.05 1965 0.10 1963 0.77 1948 1.83 1913 e
Bt CI 5281 023 5293 0.17 5302 0.26 5316 0.45 5340 0.34 5358 11.50 6054
Ref. [75] 4260 2.65 4150 197 4070 2.01 3990 6.97 3730 e e e e
BY CI 5368 0.19 5378 0.17 5387 0.26 5401 042 5424 0.33 5442 9.68 6025
Ref. [75] 5160 138 5090 0.79 5050 1.81 4960 2.06 4860 e e e e
BY CI 6277 0.11 6284 0.10 6290 0.16 6300 027 6317 024 6332 6.77 6792
Ref. [16] . e e e e e 6300 1.29 6220 230 6080 . e
Ne CI 2952 0.03 2953 007 2955 0.10 2958 024 2965 020 2971 10.57 3322
Refs. [14,15] =z e e e e e 2970 0.34 2980 0.33 2990 2193 3830
N CI 9392  0.04 9396 0.02 9398 0.05 9403 0.10 9412 0.08 9420 297 9708
Ref. [76] 9610 1.05 9510 0.63 9450
the behawor of thfe amplitudes closely mirrors that of the Eps(T) dag KCES(T) KES(T) | [Eps(T)
screening masses in both the PS and S channels. Above Fps(T) “or |l xPs(my sy | | F (7)) (19)
1.8T¢c, the difference between the amplitudes E, and E, DS re(T) Kpr(T) DS

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 F,
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-3 channel. It follows
moreover that one may obtain the mass and Bethe-
Salpeter amplitude for a diquark with spin-parity J* from
the equation for a J=" 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

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

1

It is worth emphasizing that a different value of gif,(T') 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,

M,(T)

qq.0~ _
T)=1
9s0 ( ) Mu (0)

(1-0.582),

(21)
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TABLE X. Masses at 7 = 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 ch 6.35 6.44
cs 2.17 2.40 bb 9.43 9.50

such as we recover at T = 0 MeV, the spin-orbit enhace-
ment predicted in previous analyses.

In Table X, we present the results for the diquarks
obtained at 7 = 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.

2.75

2.50 1

3.2

- 3.0

r2.8

r2.6

r2.4

r2.2

- 10

FIG. 9. Comparison of the screening masses of PS and S diquarks. The shaded purple band indicates the critical temperature
T.+£0.1T,. The solid lines correspond to PS diquarks, while the dashed-dotted lines represent S diquarks.
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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.

For instance, the masses of the lightest parity partners
converge to the same value, indicating

m, X mg,

when 7' > 1.85T,.,

m[ud]o_ ~ m[”d]m when T > 168Tc (22)
In our study, for 7 > 1.85T ., the mass difference between
the pion and ¢ 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 X
vector contact interaction. Our results reveal several
important features, which we summarize below:

(1) Our study of the u, d, s, ¢, 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

(iii)

finite temperature are shown in Table X. 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
have been experimentally measured, show good agree-
ment with our predictions.

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 7y, 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
gggm(T). This result is consistent with masses
calculated using other models.

(iv) We also present in Table VII the deviation of our

(v) A clear correlation between the

034024-12
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Bethe-Salpeter amplitudes is evident, as illustrated
in Fig. 8.

(vi) In Fig. 10, we show that m, and m, have approx-
imately equal screening masses for 7 > 1.85T,
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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