PHYSICAL REVIEW D 113, 074035 (2026)

Medium-induced quarkonium dissociation at finite chemical potential and
in a weak magnetic field

Indrani Nilima ,4‘* Mujeeb Hasan ,H Mohammad Yousuf Jamal ,2’1 Salman Ahamad Khan,S‘§ and B. K. Singh4’5’H

1Deparlment of Physics, Lords Institute of Engineering and Technology,
Hyderabad 500091, Telangana, India
2Key Laboratory of Quark and Lepton Physics (MOE) and Institute of Particle Physics,
Central China Normal University, Wuhan 430079, China
3Department of Physics, Integral University, Lucknow 226026, India
4Deparl‘ment of Physics, Institute of Science, Banaras Hindu University (BHU), Varanasi 221005, India
>Discipline of Natural Sciences, PDPM IIITDM, Jabalpur 482005, India

® (Received 15 January 2026; accepted 10 April 2026; published 29 April 2026)

We investigate the in-medium modification and dissociation of heavy quarkonium in a hot QCD medium
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 Schrodinger 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 c¢¢ and bb) are
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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 QQ 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 QQ
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 QQ 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
(~10'® Gauss) at the RHIC and of order 10 m2 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 (~1/2mg,, where mg 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 QQ 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 u ~ 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 QQ 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 QQ 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
Schrodinger 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. I 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. 1V, 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-medium modification of
the interaction potential between a heavy quark Q and its
antiquark Q 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 mg, the scale
hierarchy

mg >V eB,

is well satisfied in the regime of interest. This separation of
scales justifies a potential description of the QQ 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 €(g) as

mgo > T > Aqgcp, mo > u

V(r;T,M,B) = /(;i%(eiqf_ 1) V(‘])’ (1)

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 V(r) = —430:*' reads [27]

V(g) = 4 2a;
=73 rq*

(2)
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
—— = —lim¢*D" 3
) dma*D™ (0. 4) 3)

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

i) (@ —dE”
PO g i@
Rm (Q* — b)M™
T -
" aN# @)
@B —d) -

where B*, R*, M"¥, and N** are tensor structures and a, b,
and d are form factors [46]. Since R = M = N9 =0,
the 00-component reduces to

(- )i
e-ne-a-e

D(Q) =
The form factor a(Q) can be decomposed as

a(Q) = ao(Q) + a>(Q). (6)

where ay~ O(¢q;B)° and a, ~ O(q,B)*. The zero-field
contribution vanishes, a, = 0, and a, enters the propagator
denominator through a?, i.e., at O(¢q,B)*. Since we retain
terms up to O(g;B)* in the weak-field expansion, the
contribution of a can be neglected consistently. Therefore,

up to O(q;B)?,

DY(Q) = ——. (7)

1. Real and imaginary parts of the resummed propagator

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

b=0g) =~ (8

RDY(q
q* + mj,

where m?, = Rb(gy = 0, q) defines the Debye screening
mass in the present medium.

For the imaginary part, one may express SD in terms
of the real and imaginary parts of the form factor b using
the standard relation [47]

2T 3b(q0.9)
90 (Q*=Rb(q0.9))* + (3b(g0.9))*

ID®(qg.q) = 9)

Rewriting it as

[ﬁb(qoﬂ)}
40

IDY(qo.q) = 2T - :
(0 = 9b(q0. ) + (a0 2] )

and taking the static limit yields

[Sb((ioﬂ)}
9o 14y=0

D0 =0,q) =2T——"-. 11
<QO LI) (q2+m%)2 ( )

2. Debye mass and running coupling

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

2T2 N
ml = gT { <NC + 7*) + 6Nf[42}

Z 2T2

f
o

£l
X ’“lzcosh(Zlny)KO( 7 > (12)

=1

where ji = 5%, q; and m, denote the electric charge and
mass of quark flavor f, and K| is the modified Bessel
function. The strong coupling is taken to run with
(T,u,eB) as [49]

2 , AZ

a, (A%, eB) = I _ o (\) — . (13)
4 blaS(Az)ln(A{ieB)
with
1
ay(A?) = ———~, (14)
by In(A-
in()

where A =27/ (T? —i—’;—;), b, = HNICZ_HZNQ and Agg =

0.176 GeV. In Fig. 1, we show the variation of @, with
the magnetic field and temperature.
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Using the corresponding expression for [“b]
written in the compact form oo

ID%(q

where M%T.ﬂ_ p) is defined as

—%{<

ALl
7 487[2 T2

> +6N pﬂ}

3. Nonperturbative correction and €(q)

The temporal component of the resummed gluon propa-
gator D% (g, = 0, q) 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

2

RDW 0, ___ " 17

NP(QO q) (qz + m2D)2 ( )
22TM e

DO (g9 = 0, q) = —— 1B 5 (18)

q(q + mD)

where mZ2 is a parameter proportional to the two-dimen-

sional gluon condensate and is related to the string tension
as ¢ = ay;m%/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

0:07Q):

Z DHIPK, ( >+Z

eB=0.02,1=0.2

0'28.25 0.30 0.35 0.40
T (GeV)

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

0 together with Eq. (11), the imaginary part of the 00-component can be

(T.u.B)
q(q* + 2 )? 19)
qu oo I+172 myl
D (=DHPK (=L
{ 82272 e T
(q¢B)* (8T — Trmy) (16)
38472 mj%T

|
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 D% are

1 m2
RDY(gy =0,q9) = — - G . (19
(40 ) @ +mh (g +mp)? (19)
xTM? 22TM?%. . m>
l)OO(q0 0 q) (T.pu.B) (T.u.B) G ) (20)

q(q* +mp)*  q(q* + mp)?

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

a*mg
(¢* +mp)*

(21)
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FIG. 2. Variation of Debye mass with magnetic field (left panel), with chemical potential (middle panel), and with temperature (right
panel).

N 40T Mlyyp) o
I1 qnTM{y, 5 2qaTMp, 5mg SVe(rsT,u,B) = —ngﬁz(r)’ (24)
Sl T T2 22 2 23 (22) ?
e(q) (¢° + mp) (¢° + mp)
40TM%T B)
IVs(r;T,pu, B) = —74%%(?’), (25)
These nonperturbative contributions in 1/€(g) generate the mp

string-induced terms in the real and imaginary parts of the

in-medium potential. and the total imaginary potential is

B. Real and imaginary parts of the QQ potential SV Top. B) = 3Ve(rTop. B) +3Vs(r T.p. B). (26)
We now compute the real and imaginary parts of the  The functions ¢,(7) and ¢5(7) are [23]
heavy-quark potential in the presence of the temperature,
chemical potential, and weak magnetic field. Substituting R ©  zdz sin(z7)
Eq. (21) into Eq. (1), one obtains the real part of the in- $a(7) = ZA (2 +1)? { T } (27)
medium potential (with 7 = rmp):

by(7) =2 /Ow( ok [1—51“(5?1. (28)

2 3
4 —F 4 ) 4 1) z7
NV(r;T,u,B) = —3% <e— + mD> + §i (I—e).
r mp In the small-7 limit (# < 1), these functions reduce to
(23)

hr(?) ® —=7?(3In? — 4 + 3yp), (29)

O —

The dependence on 7, u, and eB enters primarily through

mp (and through a, via the chosen running coupling). In ) P2 R

Fig. 3, we show ReV(r) as a function of r. b3(F) ~ 12 900 (15In7 =23 + 157).  (30)
For the imaginary part, substituting Eq. (22) into Eq. (1)

yields Keeping only the leading-log terms in this limit, one finds
T=025GeV, p=0.15 GeV T=0.25 GeV, eB=0.01 GeV’ eB=0.01 GeV, u=0.15 GeV
cB=0.01 GeV’ 0.15 05— 1025 Gev
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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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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).

4a,TM?

#In?,
9  m

(31)

2
ocTM (T.B)

————In?.
15m7,

SVs(r; T, B) = — (32)

In our calculations, IV is treated as a perturbation to the
real potential, and the full expressions in terms of ¢, and ¢5
are used when evaluating the widths. The small-7 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 Im V/(r) 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 Schrodinger 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/w(1S),
T(1S), and Y(2S) at fixed eB=0.04 GeV?, the
ground-state bottomonium remains the most strongly
bound, while excited states melt earlier. A typical
hierarchy is

E(Y(15)) > Ep(Y(2S)) > Ep(J/y(15)).

B. Thermal width

The thermal width I" 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 Im V over the normalized wave function:

(T, u,B) = —/d3r‘\~s‘V(r; T,u,B)|¥(r)|*>. (33)

For S-wave states, this can equivalently be written as I =
—4z [ drr*IV(r)[¥(r)* using the corresponding radial
normalization.

In the results presented later, I' 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
T(1S) remain comparatively stable.

C. Medium-induced dissociation criterion

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

I' > 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 p.
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A. Running coupling

Figure 1 shows the dependence of the strong
coupling a, on the temperature and magnetic field, using
the running prescription introduced earlier. The left panel
displays a, as a function of eB at a fixed temperature
T =0.25 GeV and chemical potential u = 0.200 GeV,
while the right panel shows the temperature dependence
at fixed eB = 0.02 GeV?2.

The coupling decreases monotonically with an increas-
ing temperature, dropping from a,~0315 at T =
0.25 GeV to a,~0.262 at T =0.40 GeV. This trend
follows directly from the one-loop logarithmic running,
since the scale A increases with T, leading to a suppression
of a, consistent with asymptotic freedom. In contrast, a;
shows a slight increasing trend with the magnetic field: It
increases marginally from a, =0.31470 at eB =
0.01 GeV? to a, =0.31496 at eB = 0.02 GeV?. Thus,
the temperature and magnetic field act in opposite direc-
tions: Increasing 7' reduces «, 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 mass mp
in the parameter range explored. The left panel shows m
as a function of the magnetic field eB at fixed T =
0.25 GeV for three values of chemical potential
1 =0.100, 0.150, and 0.200 GeV. A slight increase in
mp 1is observed with increasing eB, indicating that a
magnetic background marginally enhances screening.
For each eB, mp also increases with yu, such that

mp(p = 0.200 GeV) > mp(u = 0.150 GeV)
> mp(pu = 0.100 GeV).

The middle panel shows mp as a function of y at fixed
eB = 0.02 GeV? for T = 0.25, 0.30, and 0.40 GeV. The
increase with y is mild, whereas the temperature depend-
ence is much stronger: my grows substantially as 7T rises,
which is evident from the well-separated curves. The right
panel displays mp versus T at fixed g = 0.100 GeV for
eB=0.01, 0.02, and 0.04 GeV2. The Debye mass
increases almost linearly with the temperature, implying
stronger color screening at higher 7. The magnetic-field
effect remains comparatively weak, although a small
enhancement of m, with increasing eB is visible.

This pattern is consistent with the analytic structure of
m% (T, u, B) in Eq. (12). The leading thermal contribution

272

#T Ny
o (N+H
3 <‘+2>

scales as T2 and therefore dominates the temperature
dependence, accounting for the strong rise of mp with
T. The chemical-potential dependence enters through the
6N ;g*p* term; since i = pu/(2xT) is small in the consid-
ered range, its net effect is a modest increase in mp. The
magnetic-field corrections enter at order (qu)2 and are
suppressed by explicit factors of 1/7? and by the Bessel-
function sums, which decrease rapidly when m/l/T 2 1.
Consequently, the net e B dependence remains weak for the
moderate temperatures explored. Altogether, the sensitivity
hierarchy observed numerically can be summarized as

T > pu> 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 N[V (r)] with interquark separation r for
different values of eB, u, and T. The left panel presents
M[V(r)] for three magnetic fields eB = 0.01, 0.02, and
0.04 GeV? at fixed T = 0.25 GeV and u = 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 shows R [V (r)] for
u = 0.10, 0.15, and 0.20 GeV at fixed T = 0.25 GeV and
eB = 0.01 GeV?. A slight suppression at larger separations
is observed as p increases, again consistent with the mild
growth of mp at finite density. The right panel shows
M[V(r)] for T = 0.25, 0.30, and 0.35 GeV at fixed eB =
0.01 GeV? and u = 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 > pu > 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 IV(r) is shown in
Fig. 4. The left panel shows IV (r) for different magnetic
fields eB = 0.01, 0.02, and 0.04 GeV? at fixed T =
0.25 GeV and pu = 0.15 GeV. The curves nearly overlap
over most of the r range; the enlarged region indicates that
|V (r)| decreases slightly with increasing e¢B, 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 IV (r) for u = 0.10, 0.15, and
0.20 GeV at fixed T = 0.25 GeV and eB = 0.01 GeV>.
The dependence on y is again weak: The inset highlights
that the imaginary part becomes slightly less negative as y
increases, corresponding to a marginal reduction in
damping.

The right panel shows JV(r) for T = 0.25, 0.30, and
0.35 GeVat fixed u = 0.15 GeV and eB = 0.01 GeV?. For
all temperatures, IV (r) 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, JV(r) reaches approx-
imately —1.5 GeV, —1.75 GeV, and below for 7' = 0.25,
0.30, and 0.35 GeV, respectively. Hence, the dominant
control of IV (r) is again provided by the temperature, with
subleading corrections from y 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 1,
bottomonium 1S5, and bottomonium 2§ states at fixed
eB = 0.04 GeV?. The left panel of Fig. 5 shows that the
binding energy of the charmonium 15 state decreases with
the temperature, starting near 0.06 GeV at 7'~ 0.24 GeV

. 2
Bottomonium 28S: eB=0.04 GeV'
0.40
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£ 0304
]
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=

= 0.20
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0192

0.30 0.35
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FIG. 6. Variation of BE for bottomonium 2S at magnetic field
0.04 GeV?2.

. 2
Bottomonium 1S: eB=0.04 GeV’
0.80

— n=0.1GeV
=== n=0.15GeV

0.75

[Eg| (GeV)
3

0.65

06025

0.30 0.35

2 0.40
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Variation of BE for charmonium 1S (left panel) and for bottomium 1S (right panel) at magnetic field 0.04 GeV?2.

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 =0.24 GeV to 0.06 GeV at
T = 0.40 GeV. Figure 6 shows that the bottomonium 2§
state is more weakly bound: Its BE decreases from about
0.065 GeV at T =0.24 GeV to around 0.03 GeV at
T =0.40 GeV, indicating earlier melting of the
excited state.
A clear hierarchy of binding strengths emerges:

E5(Y(15)) > E5(T(25)) > E(J/y(15)).

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 = 0.04 GeV? provide only
modest modifications compared to the dominant thermal
suppression.

F. Thermal widths

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

Figure 8 shows the bottomonium 2 state, whose width
increases from roughly 1.0 GeVat 7 = 0.24 GeV to nearly
3.0 GeVat T = 0.40 GeV. The rapid broadening indicates
that the excited 25 state is considerably more vulnerable to
thermal fluctuations and dissociates more readily than the
ground-state bottomonium.
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Bottomonium 2S: eB=0.04 GeV’

0'8.25 0.30 0.35

T (GeV)

0.40

FIG. 8. Gamma for bottomium 2S at magnetic field 0.04 GeV?2.

The ordering of widths is
[(T(25)) > T(J/w(18)) > T(Y(15)),

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 T(15)
remain more resistant to medium-induced suppression.

G. Dissociation temperatures

Table I lists the dissociation temperatures T, of J /y(1S),
T(1S), and Y(2S) as functions of x and eB. The results
exhibit a clear sequential pattern: Y (15) has the highest 7,
followed by Y(2S), while J/y dissociates at the lowest
temperature. At fixed magnetic field, 7', decreases mildly
with increasing u. For example, at eB = 0.01 GeV?, the
dissociation temperature of J/y decreases from 0.253 GeV
at 4 =0.10 GeV to 0.248 GeV at u = 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 7, is also weak but system-
atic: Comparing eB = 0.01 GeV? and eB = 0.04 GeV?,
the dissociation temperatures decrease slightly for all states.
Overall, the ordering remains

T4(Y(18)) > T4(Y(28)) > Ta(J /),

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

V. CONCLUSION

In this work, 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 Schrodinger equation with the real part of the
potential, while the imaginary part provided the correspond-
ing thermal decay widths. Combining these two ingredients,
we extracted dissociation temperatures for different quar-
konium states in a magnetized 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 7, 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 (qu)2
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
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TABLE 1. Dissociation temperatures 7; of quarkonium states
as a function of the chemical potential x4 and magnetic field eB.
T, (GeV)
eB (GeV?) u (GeV) J/y (1S) T (1S) T (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

the same ordering but with a more pronounced sensitivity
to the temperature. Its magnitude grows with 7', reflecting
stronger thermal fluctuations and faster in-medium disso-
ciation at higher temperatures. In comparison, the effects of
u 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/y(1S), T(1S), and
T(2S) 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

Ep(Y(1S)) > Eg(Y(2S)) > Ez(J/w), (34)
[(Y(29)) > I'(J/w) > L(Y(1S)), (35)

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,

TA(Y(1S)) > TAY(2S) > Ty fw).  (36)

We find that T; 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 by(Q) and b,(Q) 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

M) =3 [ G mriswpisel (A1)

The S(k) is the quark propagator in a weak magnetic field,
which can be written up to the order of O(g,B)? as [52-54]
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(K +my) 7172(K +my)

iS(K) = i -
iS(K) le—m]% qy (Kz—m§)2

(K3 (K| +my) + K, (m7 — Kﬁ)]
(K* —m3)* ’

(A2)

where m; and g 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:

I (Q) =g, (Q) + 11} |, (Q) + 2113 (Q) + Ol(q,B)’], (A3)
d*K [P*K* + K*P* — g*(K.P — m7)|
10,(0) = Y i2g” | , (A4)
00 zf: (27)* (K> —m2)(P* = m3)
Hﬂv Z2lg 4,B) / d'K [PﬂKﬁ /IJIPﬂJF(d\l\D_df)(m?‘_KH'PH)] (A5)
o7 ) Gy (K> = n)?(P? = i)’ |
d*K M
H” y 4ig*(q;B)? { , (A6)
=2 45 | ot |Gy P )
where
M"Y = KL[P"Kﬁ + K”P" g (Kj.P—m )] + ( Kﬁ)[P”K” + K" PY — ¢*(K.P)]. (A7)
[
Before proceeding further, we first discuss the general . , 0o Al3
structure of the gluon self-energy in a thermal medium in w=\g"- 0? Uy» (A13)
the presence of a weak magnetic field along the z direction
represented by the vector 1, = (0,0,0,—1). In a thermal 02
medium, the heat bath defines a preferred rest frame = (f]” Y- 0? )”y, (Al4)

u = (1,0,0,0); 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]

1(Q) = b(Q)B*(Q) + c(Q)R"(Q)

+d(Q)M*™(Q) + a(Q)N*(Q), (A8)
where
I
B*(Q) =", (A9)
L4

R(Q) = ¢ — =5+, (A10)

iR
M (Q) = ”:’; (A11)
NMD(Q) — M’ (AIZ)

u n

and the four-vectors ## and n* used in the construction of
the above tensors are defined as

where 3 = ¢ — u'u* and Q" = Q" — (Q.u)u*

1. Evaluation of the form factor b(Q)

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 O[(q;B)*] as

b(Q) = by(Q) + b,(Q). (A15)

where the form factors b, and b, are represented as follows:

u

by(Q) = (A16)

M
()

pa(Q) =" [ (0) + 212, (0. (A7)

a. Form factor b,(Q) [order of O[(¢;B)"]]

We will use the imaginary-time formalism to calculate
the form factor b(, which is given by
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B 28 [ Pk [K? + 2k?]
bo(@) = =Ny 7z (2x)? Z (K* = m3)(P* — m3)
= —Nfzb_%z[h(Q) +1,(0)]. (A18)

where we have neglected my in the numerator in the HTL
ey ™ iT f

ing the frequency sum and retaining only the leading term
in T, the I; and I, become

approximation and f .- After perform-

&’k np(E,
II(Q) = / (2”)3 éll?)

&k np(E) dnp(E,) 1
I = _ 0 )
2(0) /(271)3 [ E Facost— gy iw—qcosd

, (A19)

(A20)

1
(E—p)

where ng(E) =
[eerl

} is the quark distribution function

with chemical potential . The evaluation of 7, and 7, leads
to the real and imaginary parts of b, in the static limit

92T2
Xb 72N,
{*0(%"1)} _ {92 ! +Nfzg2T2ﬁ2}”. (A22)
90 Go=0 6 2q

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 b, are
expressed as

92 T2

N
bo(qo = 0) = F5— { <NC +?f> + 6Nfﬁ2}, (A23)

5170((]0"1)] 92T2{< Nf) N } ™
2700 4) I V(N 2L N2 b
|: 490 q0=0 3 3 f 2q

(A24)

Thus, we observe that the form factor b is independent of
the magnetic field, as it appears at order O[(¢,B)"], and
depends only on the temperature of the medium and the
chemical potential. In the absence of the magnetic field, the
form factor b, coincides with the HTL longitudinal form
factor I1; [55,56].

b. Form factor b,(Q) [order of O[(g;B)*] ]

Similar to the form factor b, here we will solve the form
factor b,, which is given by

(8KGK7)

26 qu) K [ Ck-Ki+mj)
Z [/ (27)* {(Kz —m7)*(P* — m7)?

=)

qu &k
; @
_8(K +PK)(1 00526)}

(K2 =mp)*(P? —=m3) J°

K? + k(1 + cos?0) + m7)
L (K2 -

mEP (P = )2

(A25)

where we have used the spherical polar coordinate system for k = (k sin @ sin ¢, k sin 6 cos ¢, k cos 9). In order to solve the
form factor b,, we will use the method as shown in [46], which gives

2°q;B>[( 0 5 , & &k 1
b0 == 7 Ha( : +5’”f‘a2<m;>}/ e 2 (K= ) (P =)

mf)

2v
f

n

{ 0o mp P
om) 2 P

}/ Pk TZ cos20

mﬁ)] . (A26)

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

2 )
, g R ml

=1
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2
7 167T =

CIfB
+Z 7687

90

e WP
w0 4

2
me

gZ(qu)Z i(_1>1+1lz

=1

K"(mTﬂ)‘;gzg(gﬂ—ffz)zi( DHPK, (’"Tfl>

(A28)

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

Nb =0 —ﬂ N & 6N 02 2
. <q0_ )_ 3 c+2 + f,u +le 2T2

90 q0=0 3 2 #

9*(qsB)? i fl 9*(q;B)* (8T — Tmmy)
1 I’K,
; P (1) LT o]

E !
(=1)H1 22 cosh(21m)K, <m7f> . (A29)

i ]

4q =

1 9*(q;B)* & 1 myl
R ——

(A30)

where the real part of the form factor evaluated in Eq. (A29) in the static limit is equivalent to the Debye screening mass
[Mb(qo = 0) = m3)] in the presence of a weak magnetic field with chemical potential, which has recently been calculated

in [48].
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