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We investigate the in-medium modification and dissociation of heavy quarkonium in a hot QCDmedium
at finite quark chemical potential and in the weak magnetic-field regime. Starting from the one-loop
resummed gluon propagator in the imaginary-time formalism, and incorporating nonperturbative effects
through a phenomenological correction to the hard thermal loop description, we compute the real and
imaginary parts of the dielectric permittivity. This, in turn, leads to a complex heavy-quark potential: The
real part is used to determine binding energies by solving the nonrelativistic Schrödinger equation, while
the imaginary part generates thermal decay widths dominated by Landau damping. Within the explored
parameter range, the temperature has the greatest control over Debye screening, potential modification, and
quarkonium stability, whereas finite density and weak magnetic fields introduce comparatively smaller
quantitative changes. As the temperature increases, binding energies decrease and thermal widths grow,
giving rise to the expected hierarchy between ground and excited states and a sequential suppression
pattern in the dissociation temperatures. Overall, our results indicate that while finite chemical potential and
weak magnetic fields can shift quarkonium properties in a measurable way, thermal effects remain the
primary driver of dissociation, with direct relevance for heavy-ion collision phenomenology.
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I. INTRODUCTION

In extreme conditions of temperature and/or density,
hadronic matter is expected to deconfine into a plasma of
quarks and gluons, commonly referred to as the quark-
gluon plasma (QGP). Studying this phase is important for
understanding the early Universe as well as the physics of
compact stars. In the laboratory, QGP is produced in
ultrarelativistic heavy-ion collisions at the RHIC (BNL)
[1,2] and the LHC (CERN) [3,4]. Among the proposed
signatures of this short-lived, strongly interacting medium,
heavy quarkonia (bound states of cc̄ and bb̄) are

particularly valuable because the interquark potential is
Debye screened in the medium, which can lead to quarko-
nium suppression [5].
Over the last few decades, heavy-quark bound states

have been investigated within effective field theories that
exploit the hierarchy of energy scales in a QQ̄ system.
Nonrelativistic QCD (NRQCD) is obtained by integrating
out the heavy-quark mass scale [6], while potential
NRQCD is formulated by integrating out the momen-
tum-exchange scale [7]. Quarkonium spectroscopy has also
been studied from first principles using lattice QCD [8].
Additionally, phenomenological potential models have
been widely employed to investigate the in-medium proper-
ties of quarkonium. A key result is that the in-medium QQ̄
potential becomes complex, with both real and imaginary
parts [9–15]. The real part is screened due to Debye
screening, whereas the imaginary part gives rise to a finite
thermal width. Medium modifications of the QQ̄ potential
have been studied by including both the perturbative
Coulomb component [16] and the nonperturbative string
component [17,18] of the Cornell potential. The imaginary
part of the potential has also been computed using the AdS/
CFT correspondence [19,20]. The authors of [21] extracted
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both the real and imaginary parts of the potential from
thermal Wilson-loop spectral functions using lattice QCD.
In a related study [22], the generalized Gauss law was
employed, with divergences regulated through the Debye
mass. More recently, nonperturbative effects in the poten-
tial have been incorporated via a nonperturbative propa-
gator that accounts for low-frequency modes subsumed in
dimension-two gluon condensates [23].
A strong transient magnetic field is produced in heavy-

ion collisions due to the relative motion of spectator
charges. Its magnitude is estimated to be of order m2

π

(∼1018 Gauss) at the RHIC and of order 10 m2
π at the LHC

[24,25]. In recent years, the implications of a magnetic field
for the properties of QCD matter have been explored
extensively [8,26–29]. Although the magnetic field decays
rapidly in vacuum, its lifetime can be significantly extended
in a conducting medium due to finite electrical conductivity
[30–32]. Since the characteristic quarkonium formation
timescale (∼1=2mQ, where mQ is the charm or bottom
quark mass) is comparable to the timescale over which the
magnetic field can remain sizable, it is important to assess
the impact of the background magnetic field on QQ̄ bound
states. The effect of a magnetic field on QCD bound states
has been studied with a harmonic interaction and a spin-
spin interaction term, in addition to the usual Cornell
potential, in [33,34]. The in-medium properties of heavy-
quark bound states have also been investigated in strong
magnetic field in [35–39] and weak magnetic field [40].
The complex heavy-quark potential in a magnetic back-
ground has been studied using the generalized Gauss law
[41]. Along with magnetic effects, a sizeable quark
chemical potential (up to μ ∼ 100 MeV) can be produced
near the critical temperature [42–44], and in the presence of
a strong magnetic field it can reach ∼200 MeV [45]. The
study of strongly interacting matter at finite baryon density
is essential for the physics of the early Universe and
compact stars. While the QCD phase diagram at vanishing
chemical potential has been extensively explored using
lattice and analytical methods, it remains considerably less
constrained at finite chemical potential due to the sign
problem in lattice calculations. Such baryon-rich matter is
expected to be created in forthcoming experiments at FAIR.
Since in-medium QQ̄ properties provide important infor-
mation about the surrounding medium, it is therefore timely
to examine the combined influence of finite chemical
potential and magnetic field on these bound states.
In the present work, we study the effects of finite quark

chemical potential on the properties of QQ̄ bound states
immersed in a weakly magnetized hot QCD medium. We
first compute the one-loop resummed gluon propagator
using the imaginary-time formalism in the hard thermal
loop approximation. To incorporate nonperturbative con-
tributions, we add a phenomenological term to the
resummed hard thermal loop (HTL) propagator that cap-
tures low-energy effects. The static limit of the 00-

component of the resummed gluon propagator provides
the dielectric permittivity of the medium, which is then
used to determine the medium modification of the heavy-
quark potential. The binding energies of charmonium and
bottomonium states are obtained by solving the
Schrödinger equation with the real part of the potential,
while the imaginary part is used to compute the thermal
width. The dissociation temperature is inferred from the
interplay between the binding energy and the ther-
mal width.
The paper is organized as follows: In Sec. II, we discuss

the medium modification of the complex heavy-quark
potential in the presence of a weak magnetic field, chemical
potential, and temperature. In Sec. II A, we evaluate the real
and imaginary parts of the dielectric permittivity, which
lead to the real and imaginary parts of the heavy-quark
potential in Sec. II B. In Sec. III, we calculate the binding
energy, thermal width, and dissociation of quarkonia. In
Sec. IV, we present and discuss our results. Finally, we
summarize our findings in Sec. V.

II. COMPLEX HEAVY-QUARKONIUM
POTENTIAL

In this section, we discuss the in-mediummodification of
the interaction potential between a heavy quark Q and its
antiquark Q̄ in a hot QCD medium at finite chemical
potential and in the presence of a weak magnetic field.
Owing to the large heavy-quark mass mQ, the scale
hierarchy

mQ ≫ T ≫ ΛQCD; mQ ≫
ffiffiffiffiffiffi
eB

p
; mQ ≫ μ

is well satisfied in the regime of interest. This separation of
scales justifies a potential description of the QQ̄ pair in the
static limit, where medium effects can be encoded through
an effective (complex) potential.
We incorporate medium modifications through a dielec-

tric function ϵðqÞ as

Vðr;T; μ; BÞ ¼
Z

d3q

ð2πÞ3=2 ðe
iq·r − 1ÞVðqÞ

ϵðqÞ ; ð1Þ

where the r-independent subtraction term renormalizes the
heavy-quark free energy (the free energy at infinite sepa-
ration). The Fourier transform of the perturbative Coulomb
part of the Cornell potential VðrÞ ¼ − 4αs

3r reads [27]

VðqÞ ¼ −
4

3

ffiffiffi
2

π

r
αs
q2

: ð2Þ

We emphasize that we start from the perturbative part of the
vacuum potential only. The reason is that the same screen-
ing scale cannot be applied in a straightforward way to both
the Coulomb and string terms due to the intrinsically
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nonperturbative nature of the string contribution. In what
follows, the nonperturbative part is incorporated through a
dimension-two gluon condensate prescription, as described
in Ref. [23].

A. Complex permittivity in a hot QCD medium with
weak magnetic field

The (complex) dielectric permittivity is obtained from
the static limit of the 00-component of the resummed gluon
propagator via linear response theory:

1

ϵðqÞ ¼ − lim
q0→0

q2D00ðq0; qÞ: ð3Þ

The general form of the resummed gluon propagator in the
Landau gauge can be written as [46]

DμνðQÞ ¼ ðQ2 − dÞBμν

ðQ2 − bÞðQ2 − dÞ − a2

þ Rμν

Q2 − c
þ ðQ2 − bÞMμν

ðQ2 − bÞðQ2 − dÞ − a2

þ aNμν

ðQ2 − bÞðQ2 − dÞ − a2
; ð4Þ

where Bμν, Rμν,Mμν, andNμν are tensor structures and a, b,
and d are form factors [46]. Since R00 ¼ M00 ¼ N00 ¼ 0,
the 00-component reduces to

D00ðQÞ ¼ ðQ2 − dÞū2
ðQ2 − bÞðQ2 − dÞ − a2

: ð5Þ

The form factor aðQÞ can be decomposed as

aðQÞ ¼ a0ðQÞ þ a2ðQÞ; ð6Þ

where a0 ∼OðqfBÞ0 and a2 ∼OðqfBÞ2. The zero-field
contribution vanishes, a0 ¼ 0, and a2 enters the propagator
denominator through a2, i.e., at OðqfBÞ4. Since we retain
terms up to OðqfBÞ2 in the weak-field expansion, the
contribution of a can be neglected consistently. Therefore,
up to OðqfBÞ2,

D00ðQÞ ¼ ū2

ðQ2 − bÞ : ð7Þ

1. Real and imaginary parts of the resummed propagator

Using Eq. (7), the real part in the static limit becomes

ℜD00ðq0 ¼ 0; qÞ ¼ −
1

q2 þm2
D
; ð8Þ

where m2
D ¼ ℜbðq0 ¼ 0; qÞ defines the Debye screening

mass in the present medium.
For the imaginary part, one may express ℑD00 in terms

of the real and imaginary parts of the form factor b using
the standard relation [47]

ℑD00ðq0;qÞ¼
2T
q0

ℑbðq0;qÞ
ðQ2−ℜbðq0;qÞÞ2þðℑbðq0;qÞÞ2

: ð9Þ

Rewriting it as

ℑD00ðq0; qÞ ¼ 2T

h
ℑbðq0;qÞ

q0

i

ðQ2 −ℜbðq0; qÞÞ2 þ
�
q0
h
ℑbðq0;qÞ

q0

i�
2
;

ð10Þ

and taking the static limit yields

ℑD00ðq0 ¼ 0; qÞ ¼ 2T

h
ℑbðq0;qÞ

q0

i
q0¼0

ðq2 þm2
DÞ2

: ð11Þ

2. Debye mass and running coupling

In a weakly magnetized medium at finite chemical
potential, the Debye mass is taken as [48]

m2
D ¼ g2T2

3

��
Nc þ

Nf

2

�
þ 6Nfμ̂

2

�

þ
X
f

g2

12π2T2
ðqfBÞ2

×
X∞
l¼1

ð−1Þlþ1l2 coshð2lπμ̂ÞK0

�
mfl

T

�
; ð12Þ

where μ̂ ¼ μ
2πT, qf and mf denote the electric charge and

mass of quark flavor f, and K0 is the modified Bessel
function. The strong coupling is taken to run with
ðT; μ; eBÞ as [49]

αsðΛ2; eBÞ ¼ g2

4π
¼ αsðΛ2Þ

1þ b1αsðΛ2Þ ln
�

Λ2

Λ2þeB

� ; ð13Þ

with

αsðΛ2Þ ¼ 1

b1 ln
�

Λ2

Λ2

MS

� ; ð14Þ

where Λ ¼ 2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðT2 þ μ2

π2
Þ

q
, b1 ¼ 11Nc−2Nf

12π , and ΛMS ¼
0.176 GeV. In Fig. 1, we show the variation of αs with
the magnetic field and temperature.
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Using the corresponding expression for ½ℑbq0 �q0¼0
together with Eq. (11), the imaginary part of the 00-component can be

written in the compact form

ℑD00ðq0 ¼ 0; qÞ ¼
πTM2

ðT;μ;BÞ
qðq2 þm2

DÞ2
; ð15Þ

where M2
ðT;μ;BÞ is defined as

M2
ðT;μ;BÞ ¼

g2T2

3

��
Nc þ

Nf

2

�
þ 6Nfμ̂

2

�
þ
	X

f

g2ðqfBÞ2
8π2T2

X∞
l¼1

ð−1Þlþ1l2K0

�
mfl

T

�

−
X
f

g2ðqfBÞ2
48π2T2

X∞
l¼1

ð−1Þlþ1l2K2

�
mfl

T

�
þ
X
f

g2ðqfBÞ2
384π2

ð8T − 7πmfÞ
m2

fT



: ð16Þ

3. Nonperturbative correction and ϵðqÞ
The temporal component of the resummed gluon propa-

gatorD00ðq0 ¼ 0; qÞ explains the chromoelectric screening
in the hot QCD medium. In order to include the non-
perturbative effects, a phenomenological term induced by
the two-dimensional gluon condensate is added to the
perturbative HTL propagators [23] in the static limit given
as

ℜD00
NPðq0 ¼ 0; qÞ ¼ −

m2
G

ðq2 þm2
DÞ2

; ð17Þ

ℑD00
NPðq0 ¼ 0; qÞ ¼

2πTM2
ðT;μ;BÞm

2
G

qðq2 þm2
DÞ3

; ð18Þ

where m2
G is a parameter proportional to the two-dimen-

sional gluon condensate and is related to the string tension
as σ ¼ αsm2

G=2. It depicts the strength of the gluonic
fluctuations arising from nonperturbative effects.
Physically, this term takes into account the additional
nonperturbative contribution to the screening of chromo-
electric fields beyond the standard Debye screening. The
gluon condensate modifies the gluon self-energy, leading to

higher-order corrections to the resummed HTL propagator.
The inclusion of nonperturbative contributions is crucial for
studying the heavy-quark potential near the deconfinement
temperature, where perturbative methods alone are
insufficient to describe the infrared dynamics of the
QGP. Similarly, the nonperturbative term has been added
to the imaginary part of the HTL propagator, which
modifies the Landau damping of the gluonic modes in
the medium.
Including both HTL and NP contributions, the real and

imaginary parts of D00 are

ℜD00ðq0 ¼ 0; qÞ ¼ −
1

q2 þm2
D
−

m2
G

ðq2 þm2
DÞ2

; ð19Þ

ℑD00ðq0 ¼ 0; qÞ ¼
πTM2

ðT;μ;BÞ
qðq2 þm2

DÞ2
þ
2πTM2

ðT;μ;BÞm
2
G

qðq2 þm2
DÞ3

: ð20Þ

From Eq. (3), it is the real and imaginary parts of 1=ϵðqÞ
that enter the potential:

ℜ

	
1

ϵðqÞ


¼ q2

q2 þm2
D
þ q2m2

G

ðq2 þm2
DÞ2

; ð21Þ

FIG. 1. Variation of coupling with magnetic field (left panel) and with temperature (right panel).
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ℑ

	
1

ϵðqÞ


¼ −

qπTM2
ðT;μ;BÞ

ðq2 þm2
DÞ2

−
2qπTM2

ðT;μ;BÞm
2
G

ðq2 þm2
DÞ3

: ð22Þ

These nonperturbative contributions in 1=ϵðqÞ generate the
string-induced terms in the real and imaginary parts of the
in-medium potential.

B. Real and imaginary parts of the QQ̄ potential

We now compute the real and imaginary parts of the
heavy-quark potential in the presence of the temperature,
chemical potential, and weak magnetic field. Substituting
Eq. (21) into Eq. (1), one obtains the real part of the in-
medium potential (with r̂ ¼ rmD):

ℜVðr;T; μ; BÞ ¼ −
4

3
αs

�
e−r̂

r
þmD

�
þ 4

3

σ

mD
ð1 − e−r̂Þ:

ð23Þ

The dependence on T, μ, and eB enters primarily through
mD (and through αs via the chosen running coupling). In
Fig. 3, we show ReVðrÞ as a function of r.
For the imaginary part, substituting Eq. (22) into Eq. (1)

yields

ℑVCðr;T; μ; BÞ ¼ −
4

3

αsTM2
ðT;μ;BÞ

m2
D

ϕ2ðr̂Þ; ð24Þ

ℑVSðr;T; μ; BÞ ¼ −
4σTM2

ðT;μ;BÞ
m4

D
ϕ3ðr̂Þ; ð25Þ

and the total imaginary potential is

ℑVðr;T; μ; BÞ ¼ ℑVCðr;T; μ; BÞ þ ℑVSðr;T; μ; BÞ: ð26Þ

The functions ϕ2ðr̂Þ and ϕ3ðr̂Þ are [23]

ϕ2ðr̂Þ ¼ 2

Z
∞

0

zdz
ðz2 þ 1Þ2

	
1 −

sinðzr̂Þ
zr̂



; ð27Þ

ϕ3ðr̂Þ ¼ 2

Z
∞

0

zdz
ðz2 þ 1Þ3

	
1 −

sinðzr̂Þ
zr̂



: ð28Þ

In the small-r̂ limit (r̂ ≪ 1), these functions reduce to

ϕ2ðr̂Þ ≈ −
1

9
r̂2ð3 ln r̂ − 4þ 3γEÞ; ð29Þ

ϕ3ðr̂Þ ≈ −
r̂2

12
þ r̂4

900
ð15 ln r̂ − 23þ 15γEÞ: ð30Þ

Keeping only the leading-log terms in this limit, one finds

FIG. 2. Variation of Debye mass with magnetic field (left panel), with chemical potential (middle panel), and with temperature (right
panel).

FIG. 3. Real part of the potential for different strengths of magnetic field (left panel), different strengths of chemical potential (middle
panel), and for different strengths of temperature (right panel).
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ℑVCðr;T; μ; BÞ ¼
4

9

αsTM2
ðT;μ;BÞ

m2
D

r̂2 ln r̂; ð31Þ

ℑVSðr;T; μ; BÞ ¼ −
σTM2

ðT;μ;BÞ
15m4

D
r̂4 ln r̂: ð32Þ

In our calculations, ℑV is treated as a perturbation to the
real potential, and the full expressions in terms of ϕ2 and ϕ3

are used when evaluating the widths. The small-r̂ limit is
useful for understanding parametric behavior and the
regime in which the perturbative treatment is justified,
i.e., when the typical bound-state size remains smaller than
the screening length. We show ImVðrÞ as a function of r
in Fig. 4.

III. PROPERTIES AND DISSOCIATION
OF HEAVY QUARKONIA

In this section, we use the real and imaginary parts of the
in-medium potential to compute the binding energies and
thermal widths of heavy quarkonia, and then infer their
dissociation temperatures in a weakly magnetized thermal
medium at finite chemical potential.

A. Binding energy

We obtain the binding energies and radial wave functions
by solving the time-independent radial Schrödinger equa-
tion numerically using the real part of the in-medium
potential in Eq. (23). In our numerical results (see the
corresponding figures in Sec. IV), the binding energies
decrease with an increasing temperature due to enhanced
screening. For representative states, such as J=ψð1SÞ,
ϒð1SÞ, and ϒð2SÞ at fixed eB ¼ 0.04 GeV2, the
ground-state bottomonium remains the most strongly
bound, while excited states melt earlier. A typical
hierarchy is

EBðϒð1SÞÞ > EBðϒð2SÞÞ > EBðJ=ψð1SÞÞ:

B. Thermal width

The thermal width Γ quantifies the in-medium decay rate
(or inverse lifetime) of a quarkonium state due to medium-
induced dissociation processes. In a complex-potential
approach, the imaginary part acts as a dissipative pertur-
bation and generates a finite width. To leading order in
perturbation theory, the width is given by the expectation
value of ImV over the normalized wave function:

ΓðT; μ; BÞ ¼ −
Z

d3rℑVðr;T; μ; BÞjΨðrÞj2: ð33Þ

For S-wave states, this can equivalently be written as Γ ¼
−4π

R
∞
0 drr2ℑVðrÞjΨðrÞj2 using the corresponding radial

normalization.
In the results presented later, Γ increases with the

temperature, reflecting the strengthening of Landau-damp-
ing-induced broadening as the medium becomes hotter.
States that are more weakly bound develop larger widths
and dissociate earlier, while tightly bound states such as
ϒð1SÞ remain comparatively stable.

C. Medium-induced dissociation criterion

Having obtained both the binding energy BE and the
thermal width Γ, we estimate dissociation temperatures
using the resonance-melting criterion [50]

Γ ≥ 2 BE:

This criterion encodes the condition that the in-medium
width becomes comparable to (or larger than) the energy
required to keep the state bound, signaling the disappear-
ance of a well-defined quarkonium resonance.

IV. RESULTS

In this section, we present and discuss our numerical
results for the heavy-quark potential and quarkonium
properties in the presence of a weak magnetic field eB
and finite chemical potential μ.

FIG. 4. Imaginary part of the potential for different strengths of magnetic field (left panel), different strengths of chemical potential
(middle panel), and for different strengths of temperature (right panel).
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A. Running coupling

Figure 1 shows the dependence of the strong
coupling αs on the temperature and magnetic field, using
the running prescription introduced earlier. The left panel
displays αs as a function of eB at a fixed temperature
T ¼ 0.25 GeV and chemical potential μ ¼ 0.200 GeV,
while the right panel shows the temperature dependence
at fixed eB ¼ 0.02 GeV2.
The coupling decreases monotonically with an increas-

ing temperature, dropping from αs ≃ 0.315 at T ¼
0.25 GeV to αs ≃ 0.262 at T ¼ 0.40 GeV. This trend
follows directly from the one-loop logarithmic running,
since the scale Λ increases with T, leading to a suppression
of αs consistent with asymptotic freedom. In contrast, αs
shows a slight increasing trend with the magnetic field: It
increases marginally from αs ¼ 0.31470 at eB ¼
0.01 GeV2 to αs ¼ 0.31496 at eB ¼ 0.02 GeV2. Thus,
the temperature and magnetic field act in opposite direc-
tions: Increasing T reduces αs significantly, whereas eB
produces only a mild enhancement. This interplay
influences screening through quantities such as the
Debye mass and ultimately affects quarkonium binding
and thermal widths, as discussed below.

B. Debye screening mass

Figure 2 summarizes the behavior of the Debye massmD
in the parameter range explored. The left panel shows mD
as a function of the magnetic field eB at fixed T ¼
0.25 GeV for three values of chemical potential
μ ¼ 0.100, 0.150, and 0.200 GeV. A slight increase in
mD is observed with increasing eB, indicating that a
magnetic background marginally enhances screening.
For each eB, mD also increases with μ, such that

mDðμ ¼ 0.200 GeVÞ > mDðμ ¼ 0.150 GeVÞ
> mDðμ ¼ 0.100 GeVÞ:

The middle panel shows mD as a function of μ at fixed
eB ¼ 0.02 GeV2 for T ¼ 0.25, 0.30, and 0.40 GeV. The
increase with μ is mild, whereas the temperature depend-
ence is much stronger: mD grows substantially as T rises,
which is evident from the well-separated curves. The right
panel displays mD versus T at fixed μ ¼ 0.100 GeV for
eB ¼ 0.01, 0.02, and 0.04 GeV2. The Debye mass
increases almost linearly with the temperature, implying
stronger color screening at higher T. The magnetic-field
effect remains comparatively weak, although a small
enhancement of mD with increasing eB is visible.
This pattern is consistent with the analytic structure of

m2
DðT; μ; BÞ in Eq. (12). The leading thermal contribution

g2T2

3

�
Nc þ

Nf

2

�

scales as T2 and therefore dominates the temperature
dependence, accounting for the strong rise of mD with
T. The chemical-potential dependence enters through the
6Nfg2μ̂2 term; since μ̂ ¼ μ=ð2πTÞ is small in the consid-
ered range, its net effect is a modest increase in mD. The
magnetic-field corrections enter at order ðqfBÞ2 and are
suppressed by explicit factors of 1=T2 and by the Bessel-
function sums, which decrease rapidly when mfl=T ≳ 1.
Consequently, the net eB dependence remains weak for the
moderate temperatures explored. Altogether, the sensitivity
hierarchy observed numerically can be summarized as

T > μ > eB;

i.e., the temperature is the principal driver of Debye
screening, while the finite chemical potential and magnetic
field provide smaller corrections in this parameter window.

C. Real part of the potential

Figure 3 shows the variation of the real part of the heavy-
quark potential ℜ½VðrÞ� with interquark separation r for
different values of eB, μ, and T. The left panel presents
ℜ½VðrÞ� for three magnetic fields eB ¼ 0.01, 0.02, and
0.04 GeV2 at fixed T ¼ 0.25 GeV and μ ¼ 0.15 GeV. The
potential decreases mildly with an increasing magnetic
field, which is also highlighted in the enlarged region,
indicating a small enhancement of effective screening in a
magnetic background. The middle panel showsℜ½VðrÞ� for
μ ¼ 0.10, 0.15, and 0.20 GeV at fixed T ¼ 0.25 GeV and
eB ¼ 0.01 GeV2. A slight suppression at larger separations
is observed as μ increases, again consistent with the mild
growth of mD at finite density. The right panel shows
ℜ½VðrÞ� for T ¼ 0.25, 0.30, and 0.35 GeV at fixed eB ¼
0.01 GeV2 and μ ¼ 0.15 GeV. The temperature depend-
ence is the strongest: As T increases, the magnitude of the
potential decreases across all r, reflecting the rapid increase
in the Debye screening mass and the corresponding flat-
tening of the potential at shorter distances. Overall, the
relative impact follows the hierarchy

T > μ > eB;

so that thermal screening dominates over the density and
magnetic-field effects in the present setup.

D. Imaginary part of the potential

The behavior of the imaginary part ℑVðrÞ is shown in
Fig. 4. The left panel shows ℑVðrÞ for different magnetic
fields eB ¼ 0.01, 0.02, and 0.04 GeV2 at fixed T ¼
0.25 GeV and μ ¼ 0.15 GeV. The curves nearly overlap
over most of the r range; the enlarged region indicates that
jℑVðrÞj decreases slightly with increasing eB, implying a
very mild suppression of the imaginary part in a stronger
magnetic background within the explored regime.
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The middle panel shows ℑVðrÞ for μ ¼ 0.10, 0.15, and
0.20 GeV at fixed T ¼ 0.25 GeV and eB ¼ 0.01 GeV2.
The dependence on μ is again weak: The inset highlights
that the imaginary part becomes slightly less negative as μ
increases, corresponding to a marginal reduction in
damping.
The right panel shows ℑVðrÞ for T ¼ 0.25, 0.30, and

0.35 GeVat fixed μ ¼ 0.15 GeV and eB ¼ 0.01 GeV2. For
all temperatures, ℑVðrÞ is close to zero at small separations
(r < 0.5 fm), while it becomes more negative at larger r,
reflecting enhanced Landau damping and thermal broad-
ening. The magnitude grows strongly with the temperature;
for example, around r ≈ 1.2 fm, ℑVðrÞ reaches approx-
imately −1.5 GeV, −1.75 GeV, and below for T ¼ 0.25,
0.30, and 0.35 GeV, respectively. Hence, the dominant
control of ℑVðrÞ is again provided by the temperature, with
subleading corrections from μ and eB, consistent with the
screening hierarchy discussed above.

E. Binding energies

Figures 5 and 6 show the variation of the absolute value
of the BE with the temperature for the charmonium 1S,
bottomonium 1S, and bottomonium 2S states at fixed
eB ¼ 0.04 GeV2. The left panel of Fig. 5 shows that the
binding energy of the charmonium 1S state decreases with
the temperature, starting near 0.06 GeV at T ≈ 0.24 GeV

and dropping to around 0.01 GeV at T ≈ 0.40 GeV. The
right panel of Fig. 5 shows that the bottomonium 1S state
remains more strongly bound, with the BE decreasing from
about 0.18 GeV at T ¼ 0.24 GeV to 0.06 GeV at
T ¼ 0.40 GeV. Figure 6 shows that the bottomonium 2S
state is more weakly bound: Its BE decreases from about
0.065 GeV at T ¼ 0.24 GeV to around 0.03 GeV at
T ¼ 0.40 GeV, indicating earlier melting of the
excited state.
A clear hierarchy of binding strengths emerges:

EBðϒð1SÞÞ > EBðϒð2SÞÞ > EBðJ=ψð1SÞÞ:

The stronger binding of the bottomonium relative to the
charmonium reflects the heavier quark mass and the
reduced sensitivity to screening. In the present parameter
set, magnetic-field effects at eB ¼ 0.04 GeV2 provide only
modest modifications compared to the dominant thermal
suppression.

F. Thermal widths

The thermal decay widths Γ as functions of the temper-
ature for different quarkonium states at fixed eB ¼
0.04 GeV2 are shown in Figs. 7 and 8. The left panel of
Fig. 7 shows that the width of the charmonium 1S state
increases monotonically with the temperature, rising from
approximately 0.2 GeVat T ¼ 0.24 GeV to about 1.2 GeV
at T ¼ 0.40 GeV. This strong growth signals substantial
in-medium broadening and rapid destabilization of the J=ψ
state as the temperature increases. The right panel of Fig. 7
shows that the bottomonium 1S state has a much smaller
width, increasing from about 0.02 GeVat T ¼ 0.24 GeV to
0.16 GeV at T ¼ 0.40 GeV, consistent with its stronger
binding and greater thermal stability.
Figure 8 shows the bottomonium 2S state, whose width

increases from roughly 1.0 GeVat T ¼ 0.24 GeV to nearly
3.0 GeV at T ¼ 0.40 GeV. The rapid broadening indicates
that the excited 2S state is considerably more vulnerable to
thermal fluctuations and dissociates more readily than the
ground-state bottomonium.

FIG. 5. Variation of BE for charmonium 1S (left panel) and for bottomium 1S (right panel) at magnetic field 0.04 GeV2.

FIG. 6. Variation of BE for bottomonium 2S at magnetic field
0.04 GeV2.
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The ordering of widths is

Γðϒð2SÞÞ > ΓðJ=ψð1SÞÞ > Γðϒð1SÞÞ;

and it is inversely correlated with the binding-energy
hierarchy. States with weaker binding develop larger widths
and melt earlier, while tightly bound states such as ϒð1SÞ
remain more resistant to medium-induced suppression.

G. Dissociation temperatures

Table I lists the dissociation temperatures Td of J=ψð1SÞ,
ϒð1SÞ, and ϒð2SÞ as functions of μ and eB. The results
exhibit a clear sequential pattern:ϒð1SÞ has the highest Td,
followed by ϒð2SÞ, while J=ψ dissociates at the lowest
temperature. At fixed magnetic field, Td decreases mildly
with increasing μ. For example, at eB ¼ 0.01 GeV2, the
dissociation temperature of J=ψ decreases from 0.253 GeV
at μ ¼ 0.10 GeV to 0.248 GeV at μ ¼ 0.20 GeV, with
similar trends for bottomonium states. This behavior
reflects the modest enhancement of screening at higher
density.
The magnetic-field effect on Td is also weak but system-

atic: Comparing eB ¼ 0.01 GeV2 and eB ¼ 0.04 GeV2,
the dissociation temperatures decrease slightly for all states.
Overall, the ordering remains

Tdðϒð1SÞÞ > Tdðϒð2SÞÞ > TdðJ=ψÞ;

supporting the picture of hierarchical quarkoniummelting in
which more strongly bound states survive to higher temper-
atures and stronger medium conditions.

V. CONCLUSION

In thiswork,we have examined how finite quark chemical
potential and weak magnetic fields modify the in-medium
properties and dissociation of heavy-quarkonium states in a
hot QCD medium. Starting from the one-loop resummed
gluon propagator in the imaginary-time formalism, we
incorporated nonperturbative effects through a phenomeno-
logical correction to the HTL propagator. This construction
yields a complex dielectric permittivity and, in turn, a
complex heavy-quark potential. The binding energies of
charmonium and bottomonium states were obtained by
solving the Schrödinger equation with the real part of the
potential, while the imaginary part provided the correspond-
ing thermal decaywidths. Combining these two ingredients,
we extracted dissociation temperatures for different quar-
konium states in amagnetized and baryon-rich environment.
A consistent hierarchy emerges in the influence of the

medium parameters. The temperature is the dominant
driver of screening and quarkonium stability: The Debye
mass increases strongly with T, whereas its dependence on
the chemical potential is mild, and its dependence on the
magnetic field is minimal within the weak-field regime
considered. This follows from the analytic structure of the
screening mass, in which the leading thermal term is
parametrically larger than the finite-density and ðqfBÞ2
corrections. As a result, the real part of the interquark
potential is most strongly suppressed by increasing temper-
ature, leading to a marked reduction in binding. Finite
chemical potential introduces a smaller but visible addi-
tional suppression, while the magnetic field produces only
marginal changes to the potential profile in the explored
parameter window.
The imaginary part of the potential, which encodes

Landau-damping-induced thermal broadening, exhibits

FIG. 7. Gamma for charmonium 1S (left panel) and for bottomium 1S (right panel) at magnetic field 0.04 GeV2.

FIG. 8. Gamma for bottomium 2S at magnetic field 0.04 GeV2.
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the same ordering but with a more pronounced sensitivity
to the temperature. Its magnitude grows with T, reflecting
stronger thermal fluctuations and faster in-medium disso-
ciation at higher temperatures. In comparison, the effects of
μ and eB remain subleading and lead only to small
quantitative changes in the width. Taken together, these
trends suggest that thermal effects primarily govern both
the binding and the lifetime of quarkonium states in the
plasma.
The computed binding energies for J=ψð1SÞ,ϒð1SÞ, and

ϒð2SÞ decrease monotonically with the temperature, with
the bottomonium ground state remaining the most strongly
bound. The thermal widths show the opposite trend: More
weakly bound states acquire larger widths. This establishes
the hierarchy

EBðϒð1SÞÞ > EBðϒð2SÞÞ > EBðJ=ψÞ; ð34Þ

Γðϒð2SÞÞ > ΓðJ=ψÞ > Γðϒð1SÞÞ; ð35Þ

which is consistent with the relative robustness of these
states against medium effects. The dissociation temper-
atures inferred from the competition between binding
energy and thermal width follow the expected sequential
suppression pattern,

Tdðϒð1SÞÞ > Tdðϒð2SÞÞ > TdðJ=ψÞ: ð36Þ

We find that Td decreases mildly with increasing chemical
potential and magnetic-field strength, indicating enhanced
screening in a denser and weakly magnetized medium.
Nevertheless, these shifts remain modest compared to the
dominant thermal effect.
Overall, our results show that finite density and weak

magnetic fields introduce quantitative corrections to the in-
medium quarkonium potential and related observables,
while the temperature remains the primary factor governing
quarkonium dissociation in a hot QCD medium. These
findings are relevant for interpreting quarkonium suppres-
sion patterns in heavy-ion collisions, where the

temperature, baryon density, and magnetic fields can
coexist. A natural extension of this work would involve
stronger magnetic fields, more general anisotropic screen-
ing, and real-time evolution-key steps toward a complete
dynamical description of quarkonium in extreme QCD
matter. Furthermore, applying machine learning techniques
[51] could significantly refine these results.
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APPENDIX: GLUON SELF-ENERGY IN A WEAK
MAGNETIC FIELD IN THE PRESENCE OF

TEMPERATURE AND CHEMICAL POTENTIAL

In the following appendix, we have shown the explicit
calculations of form factors b0ðQÞ and b2ðQÞ from the
gluon self-energy in the presence of temperature, weak
magnetic field, and chemical potential.
For the evaluation of the gluon self-energy, one must

consider contributions arising from both the quark loop and
the gluon loop in a thermal medium characterized by a
weak magnetic field and finite chemical potential. In the
presence of a weak magnetic field and finite chemical
potential, medium effects enter exclusively through the
quark loop contribution, leaving the gluonic contribution
unchanged. In an earlier work, one of us computed the
gluon self-energy in a weak magnetic field at a finite
temperature [40]. Here, we extend that framework to
include the effects of a finite chemical potential.
Accordingly, we first focus on the quark-loop contribution
to the gluon self-energy

iΠμν
abðQÞ ¼

X
f

g2δab
2

Z
d4K
ð2πÞ4 Tr½γ

νiSðKÞγμiSðPÞ�: ðA1Þ

The SðkÞ is the quark propagator in a weak magnetic field,
which can be written up to the order ofOðqfBÞ2 as [52–54]

TABLE I. Dissociation temperatures Td of quarkonium states
as a function of the chemical potential μ and magnetic field eB.

Td (GeV)

eB (GeV2) μ (GeV) J=ψ (1S) ϒ (1S) ϒ (2S)

0.01 0.1 0.253 0.379 0.254
0.15 0.250 0.377 0.250
0.2 0.248 0.375 0.247

0.04 0.1 0.252 0.378 0.252
0.15 0.249 0.376 0.250
0.2 0.247 0.373 0.246
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iSðKÞ ¼ i
ðK þmfÞ
K2 −m2

f

− qfB
γ1γ2ðK þmfÞ
ðK2 −m2

fÞ2
− 2iðqfBÞ2

½K2⊥ðKk þmfÞ þ K⊥ðm2
f − K2

kÞ�
ðK2 −m2

fÞ4
; ðA2Þ

where mf and qf are the mass and charge of the fth flavor quark. After simplifying, the above gluon self-energy given by
Eq. (A1) can be expressed as follows:

ΠμνðQÞ ¼ Πμν
ð0;0ÞðQÞ þ Πμν

ð1;1ÞðQÞ þ 2Πμν
ð2;0ÞðQÞ þO½ðqfBÞ3�; ðA3Þ

Πμν
ð0;0ÞðQÞ ¼

X
f

i2g2
Z

d4K
ð2πÞ4

½PμKν þ KμPν − gμνðK:P −m2
fÞ�

ðK2 −m2
fÞðP2 −m2

fÞ
; ðA4Þ

Πμν
ð1;1ÞðQÞ ¼

X
f

2ig2ðqfBÞ2
Z

d4K
ð2πÞ4

½Pμ
kK

ν
k þ Kμ

kP
ν
k þ ðgμνk − gμν⊥ Þðm2

f − Kk:PkÞ�
ðK2 −m2

fÞ2ðP2 −m2
fÞ2

; ðA5Þ

Πμν
ð2;0ÞðQÞ ¼ −

X
f

4ig2ðqfBÞ2
Z

d4K
ð2πÞ4

	
Mμν

ðK2 −m2
fÞ4ðP2 −m2

fÞ


; ðA6Þ

where

Mμν ¼ K2⊥½PμKν
k þ Kμ

kP
ν − gμνðKk:P −m2

fÞ� þ ðm2
f − K2

kÞ½PμKν⊥ þ Kμ
⊥Pν − gμνðK⊥:PÞ�: ðA7Þ

Before proceeding further, we first discuss the general
structure of the gluon self-energy in a thermal medium in
the presence of a weak magnetic field along the z direction
represented by the vector nμ ¼ ð0; 0; 0;−1Þ. In a thermal
medium, the heat bath defines a preferred rest frame
uμ ¼ ð1; 0; 0; 0Þ; thus, the gluon self-energy can be ex-
pressed in terms of the available four-vectors and tensors
consistent with the symmetries of the system [46]

ΠμνðQÞ ¼ bðQÞBμνðQÞ þ cðQÞRμνðQÞ
þ dðQÞMμνðQÞ þ aðQÞNμνðQÞ; ðA8Þ

where

BμνðQÞ ¼ ūμūν

ū2
; ðA9Þ

RμνðQÞ ¼ gμν⊥ −
Qμ

⊥Qν⊥
Q2⊥

; ðA10Þ

MμνðQÞ ¼ n̄μn̄ν

n̄2
; ðA11Þ

NμνðQÞ ¼ ūμn̄ν þ ūνn̄μffiffiffiffiffi
ū2

p ffiffiffiffiffi
n̄2

p ; ðA12Þ

and the four-vectors ūμ and n̄μ used in the construction of
the above tensors are defined as

ūμ ¼
�
gμν −

QμQν

Q2

�
uν; ðA13Þ

n̄μ ¼
�
g̃μν −

Q̃μQ̃ν

Q̃2

�
nν; ðA14Þ

where g̃μν ¼ gμν − uμuν and Q̃μ ¼ Qμ − ðQ:uÞuμ.

1. Evaluation of the form factor bðQÞ
We will evaluate the real and imaginary parts of the form

factor b. Using Eq. (A3), the form factor b can be written up
to O½ðqfBÞ2� as

bðQÞ ¼ b0ðQÞ þ b2ðQÞ; ðA15Þ

where the form factors b0 and b2 are represented as follows:

b0ðQÞ ¼ uμuν

ū2
Πμν

ð0;0ÞðQÞ; ðA16Þ

b2ðQÞ ¼ uμuν

ū2
½Πμν

ð1;1ÞðQÞ þ 2Πμν
ð2;0ÞðQÞ�: ðA17Þ

a. Form factor b0ðQÞ [order of O½ðqfBÞ0�]
We will use the imaginary-time formalism to calculate

the form factor b0, which is given by

MEDIUM-INDUCED QUARKONIUM DISSOCIATION AT FINITE … PHYS. REV. D 113, 074035 (2026)

074035-11



b0ðQÞ ¼ −Nf
2g2

ū2

Z
d3k
ð2πÞ3 T

X
n

½K2 þ 2k2�
ðK2 −m2

fÞðP2 −m2
fÞ

¼ −Nf
2g2

ū2
½I1ðQÞ þ I2ðQÞ�; ðA18Þ

where we have neglected mf in the numerator in the HTL

approximation and
R

d4K
ð2πÞ4 → iT

R
d3k
ð2πÞ3

P
n. After perform-

ing the frequency sum and retaining only the leading term
in T, the I1 and I2 become

I1ðQÞ ¼
Z

d3k
ð2πÞ3

nFðE1Þ
E1

; ðA19Þ

I2ðQÞ¼−
Z

d3k
ð2πÞ3

	
nFðE1Þ
E1

þqcosθ
dnFðE1Þ

dk
1

iω−qcosθ



;

ðA20Þ

where nFðEÞ ¼ 1h
e
ðE−μÞ
T þ1

i is the quark distribution function

with chemical potential μ. The evaluation of I1 and I2 leads
to the real and imaginary parts of b0 in the static limit

ℜb0ðq0 ¼ 0Þ ¼ Nf
g2T2

6
þ Nf2g2T2μ̂2; ðA21Þ

	
ℑb0ðq0;qÞ

q0



q0¼0

¼
�
g2T2Nf

6
þNf2g2T2μ̂2

�
π

2q
: ðA22Þ

We now add the gluon-loop contribution, which remains
unaffected by the presence of the magnetic field, to the
obtained quark-loop contributions. After adding both the
contributions, the real and imaginary parts of b0 are
expressed as

ℜb0ðq0 ¼ 0Þ ¼ g2T2

3

��
Nc þ

Nf

3

�
þ 6Nfμ̂

2

�
; ðA23Þ

	
ℑb0ðq0; qÞ

q0



q0¼0

¼ g2T2

3

��
Nc þ

Nf

3

�
þ 6Nfμ̂

2

�
π

2q
:

ðA24Þ

Thus, we observe that the form factor b0 is independent of
the magnetic field, as it appears at order O½ðqfBÞ0�, and
depends only on the temperature of the medium and the
chemical potential. In the absence of the magnetic field, the
form factor b0 coincides with the HTL longitudinal form
factor ΠL [55,56].

b. Form factor b2ðQÞ [order of O½ðqfBÞ2� ]
Similar to the form factor b0, here we will solve the form

factor b2, which is given by

b2ðQÞ ¼
X
f

i2g2ðqfBÞ2
ū2

	Z
d4K
ð2πÞ4

� ð2k20 − K2
k þm2

fÞ
ðK2 −m2

fÞ2ðP2 −m2
fÞ2

−
ð8k20K2⊥Þ

ðK2 −m2
fÞ4ðP2 −m2

fÞ
�


;

¼ −
X
f

2g2ðqfBÞ2
ū2

Z
d3k
ð2πÞ3 T

X
n

�
K2 þ k2ð1þ cos2θÞ þm2

fÞ
ðK2 −m2

fÞ2ðP2 −m2
fÞ2

−
8ðk4 þ k2K2Þð1 − cos2θÞ
ðK2 −m2

fÞ4ðP2 −m2
fÞ

�
; ðA25Þ

where we have used the spherical polar coordinate system for k ¼ ðk sin θ sinϕ; k sin θ cosϕ; k cos θÞ. In order to solve the
form factor b2, we will use the method as shown in [46], which gives

b2ðQÞ ¼ −
X
f

2g2q2fB
2

ū2

	�
∂

∂ðm2
fÞ

þ 5

6
m2

f
∂
2

∂
2ðm2

fÞ
�Z

d3k
ð2πÞ3 T

X
n

1

ðK2 −m2
fÞðP2 −m2

fÞ

−
�

∂

∂ðm2
fÞ

þm2
f

2

∂
2

∂
2ðm2

fÞ
�Z

d3k
ð2πÞ3 T

X
n

cos2θ
ðK2 −m2

fÞðP2 −m2
fÞ


: ðA26Þ

Wewill now perform the frequency sum to get the real and imaginary parts of b2 in the static limit, which is obtained as [46]

ℜb2ðq0 ¼ 0Þ ¼
X
f

g2

12π2T2
ðqfBÞ2

X∞
l¼1

ð−1Þlþ1l2 coshð2lπμ̂ÞK0

�
mfl

T

�
; ðA27Þ
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ℑb2ðq0; qÞ

q0



q0¼0

¼ 1

q

	X
f

g2ðqfBÞ2
16πT2

X∞
l¼1

ð−1Þlþ1l2K0

�
mfl

T

�
−
X
f

g2ðqfBÞ2
96πT2

X∞
l¼1

ð−1Þlþ1l2K2

�
mfl

T

�

þ
X
f

g2ðqfBÞ2
768π

ð8T − 7πmfÞ
m2

fT



; ðA28Þ

where K0 and K2 are the modified Bessel functions of the second kind. After obtaining the real and imaginary parts of the
form factors b0 and b2, we can write the real and imaginary parts of the form factor b using Eq. (A15) as follows:

ℜbðq0 ¼ 0Þ ¼ g2T2

3

��
Nc þ

Nf

2

�
þ 6Nfμ̂

2

�
þ
X
f

g2

12π2T2
ðqfBÞ2

X∞
l¼1

ð−1Þlþ1l2 coshð2lπμ̂ÞK0

�
mfl

T

�
; ðA29Þ

	
ℑbðq0; qÞ

q0



q0¼0

¼ g2T2

3

��
Nc þ

Nf

2

�
þ 6Nfμ̂

2

�
π

2q
þ 1

q

	X
f

g2ðqfBÞ2
16πT2

X∞
l¼1

ð−1Þlþ1l2K0

�
mfl

T

�

−
X
f

g2ðqfBÞ2
96πT2

X∞
l¼1

ð−1Þlþ1l2K2

�
mfl

T

�
þ
X
f

g2ðqfBÞ2
768π

ð8T − 7πmfÞ
m2

fT



; ðA30Þ

where the real part of the form factor evaluated in Eq. (A29) in the static limit is equivalent to the Debye screening mass
½ℜbðq0 ¼ 0Þ ¼ m2

D� in the presence of a weak magnetic field with chemical potential, which has recently been calculated
in [48].
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