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Melting of heavy quarkonia in QGP using deep neural networks
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Machine learning techniques have emerged as powerful tools for tackling nonperturbative challenges in
quantum chromodynamics. In this study, we introduce a data-driven framework employing deep neural networks
to systematically predict the temperature-dependent behavior of the screening mass mD(T ) and the strong
coupling constant αs(T ) within a quark-gluon plasma medium. These medium-sensitive quantities are subse-
quently employed to compute the thermal widths �n(T ) and binding energies EB(T ) of heavy quarkonia states,
specifically charmonia and bottomonia, by numerically solving the Schrödinger equation with medium-modified
heavy quark potentials. To estimate the dissociation temperatures Td of various quarkonia states, we employ two
complementary dissociation criteria: the conventional one, where 2EB(Td ) = �n(Td ), and an additional lower
bound criterion defined by EB(Td ) = 3Td . This dual-criterion approach provides a more constrained and physi-
cally motivated estimate of the temperature range over which quarkonia states dissolve in the quark-gluon plasma
(QGP) environment. Our machine learning-enhanced predictions show excellent agreement with available lattice
quantum chromodynamics results, especially for the ground states ϒ(1S) and J/ψ , and offer new perspectives
on the sequential suppression pattern detected in relativistic heavy-ion collision experiments. Overall, this work
advances the quantitative description of quarkonium suppression and demonstrates the prospect of modern
machine learning methods to bridge theoretical predictions and experimental observations, thereby contributing
significantly to QGP tomography.

DOI: 10.1103/z3kh-zr1t

I. INTRODUCTION

Ultrarelativistic heavy-ion collisions at RHIC and the LHC
have established that the quark-gluon plasma (QGP) behaves
as a nearly perfect fluid, exhibiting strong collective flow and
an exceptionally low shear viscosity to entropy density ratio
[1]. This remarkable finding stands in stark contrast to early
theoretical expectations of a weakly interacting gas of quarks
and gluons, emphasizing the necessity for precision probes
to unravel the emergent properties of this strongly coupled
medium. Heavy quarkonia (QQ̄ bound states) have proven
to be particularly sensitive indicators of deconfinement and
the QGP’s screening behavior [2–5], with their suppression
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patterns encoding information on color screening, parton den-
sity, and medium-induced dissociation mechanisms [6,7].

Being color-singlet states composed of heavy quark-
antiquark pairs (cc̄, bb̄), quarkonia occupy a unique position
in quantum chromodynamics (QCD) phenomenology [8–10].
Their production occurs predominantly in the initial hard
scatterings of a collision, allowing them to probe the earliest
stages of the medium before significant collective evolution
ensues. The interplay of perturbative and nonperturbative
scales in QCD, ranging from the large heavy quark mass to
confinement-driven string dynamics [11–13], has inspired a
diverse array of models for quarkonium production and sup-
pression, including the color evaporation model [14,15], color
singlet and octet mechanisms [16,17], and recombination
scenarios [18,19].

The foundational idea, proposed by Matsui and Satz
[2], states that color screening in the QGP weakens the
confining force between the heavy quark and antiquark, re-
sulting in quarkonium dissociation. This picture has evolved
through refinements incorporating thermal broadening, dy-
namical screening, and real-time effects [20–22]. In practice,
medium modifications to the heavy quark potential, often for-
mulated as a screened Cornell-type potential [23–26], play a
central role, modified via dielectric permittivity using the hard
thermal loop approximation [27–30]. This gives us a medium
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modified complex potential between QQ̄ bound states. The
real part governs the temperature-dependent binding energy
EB(T ), while the imaginary part yields the thermal decay
width �n(T ),

In the standard approach, quarkonium dissociation is iden-
tified by equating the thermal width to twice the binding
energy, �n(Td ) = 2EB(Td ) where Td denotes the dissociation
temperature [8,31]. To further refine this estimate, we addi-
tionally impose a physically motivated lower bound criterion:
the state is considered too weakly bound to survive when its
binding energy drops to the order of the mean thermal energy
of the medium, i.e., EB(Td ) = 3Td [21,32]. The simultaneous
use of both criteria constrains the possible dissociation tem-
perature window, yielding a more robust estimate consistent
with lattice and spectral function analyses.

A key innovation in this work is the use of machine
learning (ML) to enhance the determination of the Debye
screening mass mD(T ) and the strong coupling αs(T ), crucial
inputs for the in-medium potential. By training a deep neural
network (DNN) on lattice QCD results, we obtain nonper-
turbative, data-driven estimates of mD and αs, which in turn
lead to improved predictions for EB(T ), �n(T ), and hence,
Td for various charmonium and bottomonium states. This
ML-augmented framework bridges the rigor of first-principles
calculations with the computational efficiency of modern
data science tools, providing a powerful approach for QGP
tomography.

The remainder of this paper is organized as follows.
Section II outlines the theoretical framework, including the
ML-based extraction of the Debye mass and the medium-
modified potential. Section III presents our results for the
dissociation temperatures using both dissociation criteria, and
compares them with lattice QCD and some other available
data. Section IV summarizes our conclusions and provides
an outlook for future developments. Some discussions on
numerical analysis related to the current work are presented
in Appendix B.

II. FORMALISM

The behavior of heavy quarkonia in a hot QCD medium
crucially depends on how the interquark potential is modi-
fied by color screening and medium-induced dissipation. This
section details the theoretical framework employed in this
work, including the construction of the in-medium quarko-
nium potential, the machine-learning-based determination of
the Debye mass, and the extraction of binding energies, ther-
mal widths, and dissociation temperatures using both the
conventional and lower-bound criteria.

A. Quarkonium potential in the hot QGP medium

In vacuum, the static quark-antiquark interaction is well
described by the Cornell potential [23,24], which captures
both the short-range Coulombic attraction and long-range
confining force:

Vvac(r) = −α

r
+ σ r, (1)

where α is the effective strong coupling constant and σ

denotes the string tension. At finite temperature, screening
effects in the QGP medium weaken both components of the
potential. Following the approach in Refs. [21,32], we intro-
duce medium modifications via the dielectric permittivity ε(k)
in momentum space:

Ṽ (k, T ) = Ṽvac(k)

ε(k)
. (2)

The Fourier transform of the vacuum Cornell potential is
given by

Ṽvac(k) = −
√

2

π

(
α

k2
+ 2σ

k4

)
. (3)

The in-medium potential is obtained by inverse Fourier trans-
form of Eq. (2) where the complex form of ε(k) can be found
in Ref. [33]. Due to the complex form of ε(k), the medium-
modified potential also splits into real and imaginary parts.
The real potential is obtained as

Re[V (r, T )] = −α
e−mDr

r
+ 2σ

mD
(1 − e−mDr ) − σ re−mDr,

(4)

Im[V (r, T )] = ImV1(r, T ) + ImV2(r, T ), (5)

where

ImV1(r, T ) = −2αT
∫ ∞

0

dz

(z2 + 1)2

(
1 − sin(mDrz)

mDrz

)
,

ImV2(r, T ) = 4σT

m2
D

∫ ∞

0

dz

z(z2 + 1)2

(
1 − sin(mDrz)

mDrz

)
. (6)

The presence of an imaginary part accounts for Landau
damping and inelastic scattering processes that broaden the
quarkonium state in the medium [8,27].

The screening mass mD(T ) modifies both the short-range
Coulomb term and the long-range string term of the poten-
tial. Specifically, it introduces an exponential damping that
weakens the attractive force at large distances, reflecting color
screening in the deconfined medium. The Coulombic term
becomes Yukawa-like, while the linear confining term is par-
tially screened and suppressed.

It is important to note that the Debye screening mass
mD(T ) is not just an algebraic function of the quasiparton
masses, but is more deeply rooted in the underlying thermal
structure of the medium. In hot QCD, the Debye mass origi-
nates from the static limit of the longitudinal gluon self-energy
and is fundamentally expressed in terms of the thermal distri-
bution functions of quarks and gluons as

m2
D = − 4παs(T )

(
2Nc

∫
d3 p

(2π )3
∂p fg(p)

+ Nf

∫
d3 p

(2π )3
∂p( fq(p) + fq̄(p))

)
. (7)

In quasiparticle models, these distribution functions
fg,q,q̄(p) are modified to include medium effects, typi-
cally by introducing temperature-dependent effective masses
mg/q(T ) in the dispersion relation E (p) =

√
p2 + m2(T )
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FIG. 1. Sketch of the DNN used to extract the temperature-
dependent quasiparton masses mu/d (T ), ms(T ), and mg(T ) [38,39].
The symbols W and b denote the trainable weights and biases of the
neural network.

or by adding fugacity-like corrections. As a result, the
Debye mass becomes implicitly dependent on the quasipar-
ticle properties through these modified distributions. While
our approach computes mD(T ) using a formula derived
from leading-order hard thermal loop (HTL) theory, the
inputs, specifically the quasiparton masses obtained via ma-
chine learning, already encode nontrivial thermal corrections
[34–36]. Therefore, the Debye mass in this framework
effectively captures the collective response of the QGP
medium and remains tightly connected to the quasiparticle
description.

B. Machine learning determination of Debye
mass and strong coupling

A crucial input parameter for the medium-modified
potential is the Debye mass mD(T ), which incorporates non-
perturbative effects beyond leading-order HTL calculations
[37]. In this work, we utilize a deep-learning quasiparton gas
model (DLQPM) to extract mD(T ) and the running coupling
constant αs(T ) directly from lattice QCD data [38–40]. The
training methodology comprises the following steps:

(1) Architecture. The framework of DLQPM, sketched
in Fig. 1, is designed to reconstruct the QCD equa-
tion of state (EoS) at zero chemical potential. The
model incorporates three mass subnetworks for light
u/d quarks, strange quarks, and gluons, respectively.
Each subnetwork is implemented as an eight-layer
residual neural network (ResNet) with swish activation
functions and 32 neurons per layer.

(2) Training set. We employ 50 numerical data points from
HotQCD calculations [40], covering the temperature
range T/Tc ∈ [1, 3], where the critical temperature is
taken as Tc = 0.15 GeV.

(3) Objective. Given the quasiparton masses, the EoS is
obtained from the partition function. The network
parameters (weights and biases) are optimized by min-
imizing the mean squared error between the model
predictions and lattice QCD results for the entropy
density s(T ) and the trace anomaly 
(T ) = ε(T ) −
3p(T ). In addition, we impose high-temperature

constraints inspired by HTL calculations through the
loss term LMC, which is activated at T > 2.5 Tcut,

LMC =
∣∣∣∣Rg/q − 3

2

∣∣∣∣ +
∣∣∣∣ms − mu/d

ms − mu/d
− 1

∣∣∣∣,
Rg/q = mg,T >2.5Tcut

mu/d,T >2.5Tcut

=
√

3

2

(
Nc

3
+ Nf

6

)
, (8)

where mu/d , ms, and mg are the effective masses
output by the DLQPM, and mu/d , ms denote the col-
ored corresponding current masses (ms = 95 MeV).
We set Tcut = Tc, and the choice T > 2.5 Tcut defines a
high-temperature region where HTL expectations are
reliable and can be used to constrain the asymptotic
behavior of the masses. After 5 × 104 training epochs,
the total loss converges to values of order 10−5.

(4) mD(T ) and αs(T ). Once the quasiparton masses are
obtained using the DLQPM, the strong coupling con-
stant αs(T ) is determined from the thermal gluon and
light-quark masses [41]:

m2
g(T ) = 1

6
g2

s (T )

[(
Nc + 1

2
Nf

)
T 2

]
,

m2
u,d (T ) = N2

c − 1

8Nc
g2

s (T ) T 2, (9)

leading to

g2
s (T ) = m2

g(T ) + m2
u,d (T )

1
6

[(
Nc + 1

2 Nf
)
T 2

] + N2
c −1
8Nc

T 2
, (10)

and αs(T ) = g2
s (T )/(4π ).

The relations above connect the quasiparton thermal
masses to the temperature-dependent strong coupling αs(T ),
which in turn provides a key input for the Debye screening
mass. Physically, the Debye mass mD(T ) increases with tem-
perature as a consequence of the growing density of color
charges in the deconfined medium. This enhancement reflects
the QGP’s increasing ability to screen long-range color inter-
actions, thereby weakening the confining potential between
quarks and antiquarks at elevated temperatures. Now using
these inputs, mD(T ) can be computed via the following gauge-
invariant relation:

mD(T ) = T

√
4παs(T )

(
Nc

3
+ Nf

6

)
. (11)

To quantify the uncertainty associated with the DLQPM
extraction, we retrain the model ten times, obtaining ten dis-
tinct sets of quasiparton masses. From these, we compute
the mean and variance of mD(T ) and αs(T ), and propagate
them through the potential to the binding energies and thermal
widths. The resulting error bands shown in the figures of
Sec. III therefore reflect the spread over these independent
trainings. Additional training diagnostics, including the evo-
lution of the total loss and learning rate with the epoch, are
presented in Appendix A. As a validation of the DLQPM,
in Fig. 2 we compare the entropy density s/T 3 and the trace
anomaly 
(T ) obtained from the network with the HotQCD
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FIG. 2. Entropy density s/T 3 (left) and trace anomaly 
 = ε − 3p (right) as functions of temperature, comparing the DLQPM reconstruc-
tion with HotQCD lattice results [40].

data [40]. The excellent agreement over the range T/Tc ∈
[1, 3] demonstrates that the learned quasiparton masses re-
produce the lattice equation of state. In Fig. 3 we show
the resulting effective masses mu/d (T ), ms(T ), and mg(T )
and confront them with representative quasiparticle model
parametrizations [42,43]. The overall consistency, including
the expected hierarchy between light and strange quarks, sug-
gests that the DLQPM effectively captures the main medium
effects encoded in these models. The corresponding strong
coupling g2(T ), reconstructed from Eq. (10), is displayed
in Fig. 4 and compared with standard parametrizations; the
modest differences at intermediate temperatures can be traced
back to distinct implementation choices in the underlying
quasiparticle fits.

While our framework is data-driven and anchored to
lattice QCD results via ML training, the analytic forms
used to extract αs(T ) and mD(T ) incorporate leading-order
HTL structures. Thus, the approach captures nonperturba-
tive trends through ML optimization but still relies on
perturbative-inspired expressions. Therefore, we interpret
the nonperturbative nature of the model in a practical,

FIG. 3. Temperature dependence of the effective quasiparton
masses for light quarks, strange quarks, and gluons obtained from the
present DLQPM, compared with representative quasiparticle model
results from Refs. [42,43].

hybrid sense—combining perturbative inputs with lattice-
constrained ML outputs to enhance the authenticity of the
potential. This ML-derived Debye mass exhibits a smooth
transition to lattice QCD predictions, thereby ensuring that
the medium screening and damping effects are fundamen-
tally grounded in nonperturbative QCD data rather than being
dependent solely on perturbative approximations [21,32]. In
particular, this data-driven approach ensures that the poten-
tial’s temperature dependence is anchored to first-principles
lattice QCD results, especially in the crossover region (1.0 �
T/Tc � 1.5), where conventional perturbative methods are
known to break down [21,31]. The resulting potential then
serves as input for the Schrödinger equation (Sec. II C) to
compute binding energies and widths.

C. Schrödinger equation and numerical solutions

The temperature-dependent binding energies EB(T ) and
radial wave functions ψn(r) are obtained by solving the time-
independent radial Schrödinger equation using the real part of

FIG. 4. Temperature dependence of the strong coupling g2(T )
extracted from the present DLQPM, compared with representative
quasiparticle model parametrizations from Refs. [42,43].
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the in-medium heavy-quark potential:[
− 1

2μQQ̄

d2

dr2
+ �(� + 1)

2μQQ̄r2
+ Re[V (r, T )]

]
ψn(r)

= En(T )ψn(r), (12)

where μQQ̄ = mQ/2 is the reduced mass of the heavy quark-
antiquark pair and � is the orbital angular momentum quantum
number (taken � = 0 for the S-wave ground and first excited
states). To accurately resolve the delicate balance between
short-range Coulomb attraction and long-range screening, we
employ a finite difference method (FDM) with second-order
central difference stencils and Neumann boundary conditions
at r = rmin and r = rmax. The radial coordinate is discretized
into N = 4000 grid points extending up to rmax = 30 fm to
ensure convergence even at low binding energies near the dis-
sociation point. The resulting large sparse matrix eigenvalue
problem is solved iteratively for each temperature step using
a combination of bisection and inverse iteration, allowing
us to track both the ground and excited states continuously
as functions of T/Tc ∈ [1, 3]. This approach ensures robust
extraction of weakly bound states near the deconfinement
crossover, where the binding energies become comparable
to the thermal energy scale. We have included Appendix B,
which provides a detailed introduction to the FDM and its
comparison with alternative numerical approaches.

D. Thermal width

The thermal width �n(T ) characterizes the in-medium de-
cay rate, or equivalently the inverse lifetime, of a quarkonium
state embedded in the QGP. It provides a quantitative mea-
sure of the extent to which a bound state becomes unstable
due to interactions with the thermal medium. Physically, this
width reflects the spectral broadening of quarkonium states
arising from medium-induced processes such as dissociation
and scattering with thermal partons.

In the potential model framework, the interaction between
a heavy quark and antiquark is described by a complex poten-
tial, where the real part governs the binding and the imaginary
part encodes dissipative effects due to the QGP. The imaginary
component acts as a perturbative contribution to the otherwise
real Cornell-type potential. Within the formalism of first-order
quantum mechanical perturbation theory, this imaginary term
induces a finite decay width for the bound state [27,44]. The
thermal width is thus computed as the expectation value of the
imaginary part of the potential over the normalized quarko-
nium wave function:

�n(T ) = −
∫ ∞

0
4πr2 |ψn(r)|2 Im[V (r, T )] dr. (13)

This formulation captures how the imaginary part of the in-
medium potential introduces a thermal decay channel for the
heavy quark-antiquark pair. The imaginary potential arises
from processes like Landau damping and gluodissociation,
which represent the scattering of the quarkonium with the
thermal gluons and quarks of the surrounding plasma. These
interactions lead to decoherence and eventual dissociation of
the bound state, manifesting as a broadening of its spectral
peak. Here, ψn(r) is the radial wave function corresponding to

the nth quarkonium state, obtained by solving the Schrödinger
equation using the real part of the temperature-dependent
complex potential. The term Im[V (r, T )], provided explicitly
in Eq. (6), encapsulates the dissipative features of the QGP
medium. The negative sign in Eq. (13) ensures that a nega-
tive imaginary potential translates to a positive decay width,
consistent with physical intuition.

The magnitude of �n(T ) governs how rapidly a quarko-
nium state is likely to decay or dissolve under thermal
fluctuations. A larger thermal width corresponds to a shorter
survival time, making the bound state more susceptible to
melting. As the temperature of the QGP increases, both the
screening of the color potential and the inelastic damping
effects become more pronounced, enhancing Im[V (r, T )] and
thereby increasing �n(T ). When the thermal width becomes
comparable to or exceeds the binding energy, the bound state
is effectively destroyed. In this study, we systematically eval-
uate �n(T ) for both ground and excited states of charmonium
and bottomonium. These widths, in conjunction with the
corresponding binding energies, are used to determine the
dissociation temperatures of the quarkonium states based on
well-motivated physical criteria.

E. Dissociation criteria

A precise determination of the dissociation temperature
Td for quarkonium states is crucial for interpreting their se-
quential suppression patterns in heavy-ion collisions [2,32]. In
this study, we adopt two well-motivated and complementary
criteria to estimate the temperature range over which a given
quarkonium state melts in the quark-gluon plasma. The first
is the conventional thermal width criterion, which asserts that
a resonance ceases to exist as a distinguishable bound state
once its thermal decay width becomes comparable to its bind-
ing energy [8,27,31]. Following standard practice, we employ
the quantitative condition �n(Td ) = 2EB(Td ). Physically, this
implies that the mean time for thermal dissociation due to
Landau damping and gluodissociation is on the order of the
inverse binding time, leading to significant broadening of the
quarkonium spectral function and the disappearance of a well-
defined peak [44].

However, it is well-known that potential models can un-
derestimate thermal fluctuations, especially near the crossover
region where nonperturbative effects persist. To address this,
we incorporate an additional lower-bound criterion for dis-
sociation, inspired by the argument in Refs. [21,32,45]. A
quarkonium state is considered too weakly bound to survive if
its binding energy drops to the scale of the average kinetic en-
ergy of thermal partons. For an ultrarelativistic medium, this
scale is approximately 3T , leading to the condition EB(Td ) =
3Td . This lower bound accounts for the fact that even if the
width is small, a shallow binding renders the state highly
susceptible to break-up via thermal collisions or screening.
It is important to note that EB(Td ) = 3Td corresponds to the
average kinetic energy of a thermal excitation in the weak-
coupling (Stefan–Boltzmann) limit. In quasiparticle models,
the thermal masses tend to reduce the kinetic energy, so this
criterion acts as a conservative lower bound.
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FIG. 5. Screening mass as a function of temperature obtained
from our DNN and EQPM. See the text for full details.

Both conditions are solved numerically, applied to the
temperature-dependent binding energy and thermal width
obtained from the Schrödinger solution. This dual-criterion
framework yields a physically constrained temperature
window for quarkonium dissociation, providing insight
into how robustly each state survives at different QGP
temperatures. The extracted dissociation temperatures for
J/ψ , ψ (2S), ϒ(1S), and ϒ(2S) are presented and com-
pared with lattice QCD and experimental observations in
Sec. III.

III. RESULTS AND DISCUSSION

We now present our results for the dissociation tempera-
tures of various heavy quarkonia states within the QGP, based
on an ML framework which combines lattice-QCD-informed
Debye screening masses and running coupling αs(T ) with
a robust potential model. Figure 5 displays the tempera-
ture dependence of the Debye mass extracted via our DNN
training. We trained the DNN 10 times and propagated the
variance from mD(T ) through to the observables. The smooth
rise with increasing temperature ensures a consistent input
to the in-medium potential. We have compared our results
for the screening mass with predictions from the effective

fugacity quasiparticle model (EQPM). In this model, nonideal
medium effects are incorporated via a temperature-dependent
fugacity. Our findings show a consistent agreement between
the two. For further details on the EQPM, we refer the reader
to Refs. [52–55].The behavior of the real and imaginary parts
of the potential is shown in Figs. 6 and 7. The real part
demonstrates the expected screening: at larger separations or
higher temperatures, the binding weakens significantly, re-
flecting color screening in the deconfined medium [31,46].
Meanwhile, the magnitude of the imaginary part grows
monotonically with both interquark distance and temperature,
encoding Landau damping and quark-antiquark scattering off
thermal gluons [27].

We solve the radial Schrödinger equation with this
ML-enhanced complex potential to extract the temperature-
dependent binding energy EB(T ) and thermal width �(T )
for each quarkonium state. Figures 8–11 present the detailed
evolution of these quantities for representative charmonium
and bottomonium states under both dissociation conditions.
In the case of the width criterion, the curves for 2EB and � are
shown together as functions of T/Tc. Their intersection in-
dicates the temperature above which the thermal fluctuations
are strong enough to overcome the binding within the life-
time of the resonance, signaling effective melting [31]. This
behavior is clearly visible in Figs. 8 and 10: for each state, the
crossing point shifts to lower temperatures for weaker bind-
ing, reflecting the sequential melting hierarchy. However, the
lower-bound criterion shown in Figs. 9 and 11 compares the
binding energy to the average thermal energy of the medium,
approximated by 3T [21]. Once EB drops below this thresh-
old, the bound state is unlikely to survive collisions with the
surrounding deconfined medium. This provides a conserva-
tive estimate for the minimum temperature at which a given
quarkonium state can persist. Finally, Table I consolidates the
resulting dissociation temperatures obtained by both criteria
for each quarkonium state and compares them to a range of
benchmark predictions from other potential models, lattice ex-
tractions, and effective field theory analyses [33,47,48,50,51].
The combined width-based upper-bound and lower-bound
thermal estimate provides a credible bracket for the melting
point of each state, capturing the known experimental hierar-
chy of suppression observed in heavy-ion collisions at RHIC
and LHC.

FIG. 6. Left: Real part of the heavy quark potential as a function of interquark separation r at fixed temperatures, T = 0.25 GeV. Right:
Corresponding imaginary part of the potential vs r, capturing Landau damping and medium-induced broadening effects.
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FIG. 7. Temperature dependence of the heavy quark potential at a fixed interquark distance, r = 0.5 fm. Left: Real part showing the gradual
weakening of binding with increasing temperature. Right: Imaginary part illustrating the growth of thermal broadening as the QGP becomes
hotter.

For the tightly bound ϒ(1S) ground state, our model
predicts a dissociation temperature range of approximately
Td ∈ [1.38, 1.99] Tc, bounded from below by the EB = 3T
criterion and from above by the � = 2EB width condition.

FIG. 8. Binding energy and thermal width for charmonium
1S-states (J/ψ) as a function of temperature. The dissociation tem-
perature is obtained using the 2EB = � criterion.

This substantial survival window reflects the deeply bound
nature of the state, which resists color screening and thermal
broadening even at temperatures well above the deconfine-
ment threshold. This is consistent with CMS measurements

FIG. 9. Binding energy for charmonium 1S-states (J/ψ) as a
function of temperature. The dissociation temperature is obtained
using the lower bound criterion EB = 3T .

TABLE I. Comparison of the dissociation temperatures Td for selected quarkonium states. The first two rows show the results of this
work using the thermal width criterion (2EB = �) and the lower bound criterion (EB = 3T ). The lower rows present representative theoretical
predictions from the literature [31,33,46–51]. All temperatures are in units of the QCD critical temperature Tc.

Dissociation Temperatures Td (in units of Tc)

Method/Reference ϒ(1S) ϒ(2S) J/ψ ψ (2S)

This work: (2EB = �) 1.99 1.29 1.30 � 1.00
This work: (EB = 3T ) 1.38 1.10 1.13 � 1.00
Mocsy and Petreczky [31] 2.00 1.20 1.20 �1.00
Digal et al. [46] 2.31 1.10 1.10 <1.00
Satz [47] >4.00 1.60 2.10 1.12
Blaschke et al. [48] 2.25 1.05 1.20 <1.00
Rethika et al. [49] 0.77 0.82 1.47 1.62
Meng et al. [50] 5.81 1.56 2.06 1.13
Jamal et al. [33] 2.96 1.47 1.52 <1.00
Agotiya et al. [51] 2.60 2.10 1.90 1.70
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FIG. 10. Binding energy and thermal width for bottomonium states as a function of temperature. The dissociation temperature is obtained
using the 2EB = � criterion. The left panel shows the ϒ (1S) state, while the right panel shows the ϒ(2S) or ϒ ′ state.

that show a suppressed but nonzero nuclear modification
factor RAA ≈ 0.5 for ϒ(1S) even in the most central (0–
10%) Pb–Pb collisions at

√
sNN = 5.02 TeV [56]. In contrast,

the excited bottomonium state ϒ(2S) exhibits a much lower
dissociation threshold, with Td ∈ [1.10, 1.29] Tc. This rela-
tively narrow survival window implies that ϒ(2S) mesons
are significantly more vulnerable to medium effects, owing
to their weaker binding and larger spatial extent. This the-
oretical result coheres with LHC data from CMS [56,57],
which show a dramatic suppression of ϒ(2S) production,
with RAA(ϒ(2S)) ≈ 0.12, nearly an order of magnitude lower
than that of ϒ(1S). Such differential suppression between
the ground and excited states provides one of the clearest
experimental signatures of sequential quarkonium melting
in a thermalized QGP, affirming the predictive strength of
our potential-based model enhanced with machine-learned
screening dynamics.

For charmonium, our calculations yield a dissociation tem-
perature range for the ground state J/ψ of approximately
Td ∈ [1.13, 1.30] Tc. This moderate survival window reflects
the fact that, while the J/ψ is more tightly bound than its
excited counterparts, its binding energy is still significantly
smaller than that of ϒ(1S), rendering it more sensitive to
color screening and collisional broadening. This theoretical
range aligns well with spectral function results from lat-
tice QCD studies [31] and recent phenomenological analyses
that include nonperturbative corrections. Experimentally, the
ALICE and CMS collaborations have reported a clear but

incomplete suppression of the J/ψ yield in heavy-ion colli-
sions. Specifically, the nuclear modification factor RAA(J/ψ )
remains at about 0.6-0.7 for semi-central Pb–Pb events at the
LHC [58], indicating that a nonnegligible fraction of J/ψ
states persist through the QGP phase. Moreover, the measured
elliptic flow v2 of J/ψ mesons is finite, typically around
0.05–0.1 [59], supporting the idea that some fraction of J/ψ
production originates from regeneration via recombination of
deconfined charm quarks in the late stages of QGP evolution
[58]. Our calculated survival window, therefore, naturally ac-
commodates both the direct production of primordial J/ψ that
survive color screening and the regenerated component that
forms near hadronization.

The excited charmonium state ψ (2S), however, shows a
much weaker binding and thus a very limited survival proba-
bility in the QGP. In our framework, both dissociation criteria
predict Td near or below the critical temperature, Tc, confirm-
ing that even mild thermal fluctuations can completely screen
its binding potential. Since our framework is not applicable to
the confined region, we can not comment on that. However,
this is consistent with the striking experimental observation
by the CMS collaboration [60] that the ψ (2S) is significantly
more suppressed than the J/ψ in Pb–Pb collisions at

√
sNN =

5.02 TeV, with an RAA well below 0.2 in central collisions.
The enhanced suppression relative to the ground state under-
scores the significance of the binding energy hierarchy and
the medium-induced imaginary potential in explaining the
sequential melting pattern.

FIG. 11. Binding energy for bottomonium states as a function of temperature. The dissociation temperature is obtained using the lower
bound criterion EB = 3T . The left panel shows the ϒ (1S) state, and the right panel shows the ϒ(2S) or ϒ ′ state.
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Taken together, our predicted hierarchy based on the ranges
reads

Td (ϒ(1S)) > Td (J/ψ ) ∼ Td (ϒ(2S)) > Td (ψ (2S)),

which aligns with the sequential suppression pattern observed
in RAA measurements at RHIC and LHC [56,58],

RAA(ϒ(1S)) > RAA(J/ψ ) ∼ RAA(ϒ(2S)) > RAA(ψ (2S)),

and illustrate how the dissociation range captured by the
dual criteria (� = 2EB and EB = 3T ) constrains the ex-
pected suppression hierarchy and its temperature dependence.
Notably, our ML-enhanced potential tightens the theoreti-
cal uncertainties by providing a nonperturbative screening
mass, thus bridging lattice QCD constraints with continuum
phenomenology. We present a comparison of our results at dif-
ferent grid sizes in Appendix B 5 to verify numerical stability.
Overall, these results support the interpretation of quarko-
nia as sensitive QGP thermometers. The approach naturally
provide an improved baseline for interpreting quarkonium
suppression at RHIC and LHC, reproduces the observed
trends in suppression and flow observables, and offers a sys-
tematic way to extend to P-wave quarkonia, finite-momentum
effects, and eventually to open quantum system treatments
that can predict time-resolved RAA and v2 in dynamic, evolv-
ing media [61]. Such developments will further solidify heavy
quarkonia as precision probes for the emergent collective
properties of the QGP.

IV. SUMMARY AND CONCLUSIONS

In this work, we have developed a robust, data-driven
framework to investigate the in-medium behavior and dis-
sociation characteristics of heavy quarkonia in the QGP. To
achieve this, we employed an ML approach using a DNN
trained on lattice QCD data to obtain a reliable, nonpertur-
bative estimate of the Debye screening mass mD(T ) and the
strong coupling constant αs(T ). These ML-improved quan-
tities were then used to construct a medium-modified Cornell
potential that accurately incorporates both color screening and
dynamical Landau damping effects through a complex-valued
potential. Solving the radial Schrödinger equation with this
in-medium potential, we extracted the temperature-dependent
binding energies and thermal widths for different quarkonium
states, J/ψ , ψ (2S), ϒ(1S), and ϒ(2S). The thermal width, de-
rived as a first-order perturbative estimate from the imaginary
part of the potential, quantifies the decay rate due to medium-
induced interactions such as gluodissociation and scattering
with thermal gluons.

To determine the dissociation temperatures, we imple-
mented two complementary physical criteria. The first, the
conventional width criterion (2EB = �), identifies the point
at which the resonance peak broadens sufficiently to lose its
bound state character, considered as an upper bound [31].
The second, the lower bound criterion (EB = 3T ), asserts that
a quarkonium state cannot survive once its binding energy
falls below the scale of typical thermal fluctuations in the
medium [21]. This dual-criterion approach provides a more
constrained and physically motivated estimate of the disso-
ciation temperature range for each state. Our results suggest

that the ground-state bottomonium ϒ(1S) may remain intact
up to approximately 1.99 Tc, reinforcing its status as a reliable
probe of the hottest phases of the QGP. In contrast, the excited
bottomonium state ϒ(2S) is expected to survive only up to a
considerably lower temperature near 1.29 Tc. For charmonia,
the J/ψ is predicted to dissolve around 1.3 Tc, whereas the
more weakly bound ψ (2S) state melts close to the critical
temperature. These findings are consistent with the sequential
suppression patterns observed experimentally in heavy-ion
collisions at RHIC and the LHC.

A detailed comparison with various theoretical estimates
from the literature demonstrates that our ML-augmented
framework yields dissociation temperatures in good agree-
ment with lattice QCD constraints and modern potential
model predictions, while also reducing dependence on purely
perturbative approximations. Overall, this study highlights
the utility of integrating ML with potential model analyses
to bridge nonperturbative lattice data and phenomenological
quarkonium observables.

A. Future prospects

While the present study provides a comprehensive es-
timate of quarkonium dissociation temperatures using an
ML-enhanced potential model, several avenues remain open
for further refinement and deeper insights. First, an immediate
extension of this work will involve solving the full time-
independent Schrödinger equation with the potential itself
modeled directly by a deep neural network. By training the
DNN to learn the entire complex-valued in-medium potential
from lattice QCD correlators or spectral functions, one can
bypass analytic ansatze and capture more subtle nonpertur-
bative effects beyond the conventional dielectric model. This
data-driven approach promises a more flexible and accurate
description of quarkonium binding and broadening at all tem-
peratures.

Second, an important improvement will be to generalize
the current static potential framework to an open quantum
system treatment. In such a formalism, the heavy quarko-
nium is treated as an evolving subsystem interacting with
a thermalized QGP environment, described dynamically via
stochastic Langevin or Lindblad equations. This would allow
for a first-principles computation of real-time decoherence,
non-Markovian effects, and medium-induced transitions be-
tween bound and unbound states, providing a more realistic
picture of quarkonium survival and regeneration in heavy-ion
collisions.

In addition to these methodological advancements, fu-
ture studies will systematically extend the present analysis
to include P-wave states, explore finite momentum effects,
and incorporate dynamical quark masses with explicit chi-
ral symmetry restoration. Such improvements will further
strengthen the connection between theory and the wealth of
high-precision quarkonium data from RHIC, LHC, and forth-
coming facilities, such as the electron-ion collider.
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APPENDIX A: DNN DETAILS

In Fig. 12 we display the training diagnostics of the
DLQPM, namely the total loss and the learning rate as func-
tions of the training epoch. The loss decreases monotonically
and saturates after approximately 5 × 104 epochs, indicating
stable convergence of the optimization, while the learning-rate
schedule ensures a smooth approach to the minimum. This
behavior is consistent across the independent trainings used
for the uncertainty analysis described in Sec. II B.

APPENDIX B: NUMERICAL PERFORMANCE OF FDM

This section outlines the FDM employed in our study and
compares it with other numerical approaches. In addition to
standard benchmarks, we include a direct comparison of dif-
ferent grid sizes within our current results, illustrating both the
accuracy and convergence properties of the solver.

1. Numerical method (we apply)

We solve the s-wave radial Schrödinger equation on a
uniform grid in coordinate space. The radial coordinate is
discretized between rmin and rmax with N points, and the sec-
ond derivative is approximated by a centered finite-difference
scheme. This leads to a real, symmetric, tridiagonal Hamil-
tonian matrix, subject to Dirichlet boundary conditions at
the endpoints of the grid [62–65]. The lowest eigenvalues
and eigenfunctions are then obtained with an iterative sparse-
matrix eigensolver, which is well suited for large tridiagonal
systems [66].

The real part of the in-medium potential enters directly
in the Hamiltonian, together with the centrifugal contribution
for higher orbital angular momenta (though we focus here
on l = 0 states). The imaginary part of the potential is used
afterwards to estimate thermal widths from the normalized
wave functions. To control numerical instabilities near r = 0,
a small-distance regulator is applied when evaluating the ker-
nels.

The discretization error of this scheme decreases quadrat-
ically with the grid spacing, so energy levels converge as the
inverse square of the number of grid points. In practice, we
vary the resolution N while keeping the domain [rmin, rmax]
fixed, and check that the dissociation observables are sta-
ble. Unless otherwise noted, calculations use rmin = 0.01 fm,
rmax = 30.01 fm, and a baseline resolution of N = 4000 grid
points, with additional runs at coarser and finer grids to verify
convergence.

2. Benchmarks with other potentials having analytical spectra

To validate the solver and its units, we first consider simple
potentials with known spectra. The harmonic oscillator (HO)
and Coulomb problems serve as analytic benchmarks, while

TABLE II. Benchmark ground-state energies computed with the finite-difference solver and comparison to exact values when available.

Ground-state energy [GeV]

Potential Parameters N rmax [fm] Numerical Exact Rel. error

Harmonic oscillator ω = 0.30 2000 15.0 0.449986 0.450000 3.2 × 10−5

Coulomb (vacuum) α = 0.40 2000 15.0 −0.059998 −0.060000 3.9 × 10−5

Woods-Saxon V0 = 0.50, R = 2.0, a = 0.5 2000 15.0 −0.378654 — —
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TABLE III. Grid-refinement study at fixed rmax = 15 fm. The
observed slopes of |E (2N ) − E (N )| versus N are close to −2, con-
sistent with the second-order stencil. Richardson extrapolations and
internal error bars are quoted in the text.

Ground-state energy E0 [GeV] vs grid size N

Potential N = 500 N = 1000 N = 2000 N = 4000

Harmonic oscillator 0.449756 0.449940 0.449986 0.449997
Coulomb (vacuum) −0.059968 −0.059992 −0.059998 −0.059999
Woods-Saxon −0.378669 −0.378657 −0.378654 −0.378653

a Woods-Saxon (WS) well provides a more realistic test case
without closed-form solutions. The corresponding potentials
are as follows:

VHO(r) = 1

2
μω2 (r/h̄c)2, EHO

0 = 3

2
ω, (B1)

VC(r) = −α
h̄c

r
, EC

0 = −μα2

2
, (B2)

VWS(r) = − V0

1 + exp[(r − R)/a]
(no closed form), (B3)

The corresponding potentials and ground-state energies are
listed in Table II. In all cases, the finite-difference solver re-
produces the analytic results to very high accuracy, confirming
both the discretization scheme and our unit conventions. The
Woods-Saxon problem illustrates the stability of the method
even when exact energies are unavailable.

3. Convergence with grid size N

We next assess numerical convergence by refining the
uniform grid in a fixed spatial domain. As expected for a
second-order stencil, the errors decrease quadratically with
1/N . Table III summarizes the ground-state energies at suc-
cessive refinements, while Fig. 13 shows the log–log behavior
of residuals. The observed slopes closely follow the theoret-
ical −2 trend, and Richardson extrapolation provides values

FIG. 13. Grid-refinement residuals |E (2N ) − E (N )| as a func-
tion of N (log-log scale). The dashed line indicates a reference slope
of −2. The three series (HO, Coulomb, WS) follow the N−2 trend.

indistinguishable from the exact results. The Woods-Saxon
benchmark likewise exhibits rapid stabilization, with negligi-
ble change once N exceeds a few thousand.

4. Reporting practice for in-medium potentials

For realistic in-medium heavy-quark potentials, no ana-
lytic reference exists. In these cases, we accompany quoted
binding energies with systematic convergence checks: (i) re-
finement in the number of grid points to confirm the expected
N−2 scaling, and (ii) variation of the spatial cutoff rmax to
control finite-volume effects. Dirichlet boundary conditions
are imposed consistently. With these safeguards, the residual
numerical uncertainty is much smaller than the physical vari-
ation of the binding energy across the relevant temperature
range.

5. Convergence check with grid size N
of current numerical analysis

The objective of the analysis is to examine how the dis-
sociation temperatures of selected quarkonia states vary with

TABLE IV. Dissociation temperatures Td/Tc vs grid size N for selected quarkonia. Lower row in each cell shows the absolute difference
relative to N = 500.

State/Criterion Dissociation temperatures Td/Tc (Tc = 0.15 GeV) vs grid size N

(lower row: |
| vs N = 500) N = 500 N = 1000 N = 1500 N = 2000 N = 3000 N = 4000 N = 5000 N = 6000

ϒ(1S) (2EB = �) 3.319 2.616 2.253 2.125 2.029 1.992 1.969 1.956
|
| vs N = 500 0.000 0.703 1.065 1.194 1.289 1.327 1.350 1.363
ϒ(1S) (EB = 3T ) 2.490 1.883 1.606 1.488 1.405 1.375 1.359 1.349
|
| vs N = 500 0.000 0.607 0.884 1.002 1.085 1.116 1.131 1.141
ϒ(2S) (2EB = �) 1.813 1.641 1.485 1.392 1.317 1.291 1.274 1.264
|
| vs N = 500 0.000 0.171 0.327 0.421 0.496 0.521 0.539 0.549
ϒ(2S) (EB = 3T ) 1.286 1.254 1.196 1.150 1.113 1.097 1.092 1.087
|
| vs N = 500 0.000 0.033 0.091 0.136 0.174 0.189 0.194 0.199
J/ψ (2EB = �) 2.332 1.573 1.415 1.359 1.317 1.299 1.291 1.284
|
| vs N = 500 0.000 0.758 0.917 0.972 1.015 1.033 1.040 1.048
J/ψ (EB = 3T ) 1.901 1.352 1.206 1.160 1.135 1.125 1.120 1.115
|
| vs N = 500 0.000 0.549 0.695 0.740 0.766 0.776 0.781 0.786
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FIG. 14. Comparison of dissociation temperatures Td/Tc, with
Tc = 0.15 GeV for various quarkonia states and criteria vs grid
size N .

the numerical grid size used in the computation. The states
of interest include J/ψ (charmonium ground state), ϒ(1S)
(bottomonium ground state), and ϒ(2S) (bottomonium first
excited state). For each state, two physical dissociation crite-
ria are considered: (1) 2EB = � and (2) EB = 3T , where EB

denotes the binding energy and � the thermal width.
The dissociation temperatures are expressed in units of the

critical temperature, Td/Tc, with Tc = 0.15 GeV. The bench-
mark grid chosen is N = 500, and the results from larger
grids are compared against it. The absolute difference |
| with
respect to the benchmark is used as a measure of numerical
convergence.

The results shown in Table IV indicate that:

(1) For all states and criteria, the dissociation temperature
decreases systematically as the grid size increases.
This behavior reflects the fact that coarse grids tend
to overestimate the binding, thus delaying the dissoci-
ation.

(2) The difference |
| grows substantially for finer grids,
stabilizing for N � 3000. This demonstrates the need
for large grid sizes to achieve accurate and stable dis-
sociation predictions.

(3) The ground state bottomonium, ϒ(1S), exhibits the
largest differences with increasing grid size. This
sensitivity highlights the stronger binding of bottom
quarkonia and the numerical challenges in resolving
their dissociation accurately.

(4) The excited bottomonium state, ϒ(2S), shows smaller
but still noticeable variations, consistent with its
weaker binding and earlier dissociation.

(5) The charmonium state J/ψ exhibits intermediate sen-
sitivity, lying between the bottomonium ground and
excited states.

Overall, the analysis confirms that grid resolution is impor-
tant in numerical studies, specifically in the current study of
dissociation temperature calculations. The Fig. 14 shows that
the benchmarks at small grid sizes (N = 500) are insufficient
for quantitative precision. Only at higher resolutions does the
dissociation temperature converge to stable values, providing
reliable physical insight into the quarkonia melting pattern in
the quark-gluon plasma.
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