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quarkonium in deconfined medium

in-medium heavy quark potential:
(1) color screening ? reduced attractive potential of color-singlet states
(2) parton inelastic scattering ? transitions between singlets and octets, etc
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® Gaussian, HTL, Pade fits:

lines: our fit in EPJC 84 (2024) 8, 869

Three methods give very different complex heavy quark potentails
necessary to extract V(T,r) from heavy quarkonium observables !
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a strong potential is needed

In 2011 PLB, RHIC energy

Tsinghua Transport model has explained well the bottomonium
data at RHIC with strong potential (V=U),
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a strong potential is needed

In 2011 PLB,

Tsinghua Transport model has explained well the bottomonium
data at RHIC with strong potential (V=U),
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a strong potential is needed

In 2014, LHC energy
Tsinghua Transport model also studied the bottomonium at LHC

Nuclear Physics A

Volume 931, November 2014, Pages 654-658

Y production in heavy ion collisions at LHC

Kai Zhou @ &, Nu Xu €, Pengfei Zhuang °

K. Zhou, N. Xu, P. Zhuang, 2014
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a strong potential is needed

In 2014, LHC energy
Tsinghua Transport model also studied the bottomonium at LHC
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Time-dependent Schrodinger equation

In 2015 summer, Prof. Pengfei Zhuang and Prof. Ralf Rapp started a
project about heavy quarkonium in heavy ion collisions:
Xiaojian come to Tsinghua; Baoyi come to TAMU.
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Initial conditions in HIC

Initial direct

yields: charmonium

1. cc internal Initial wavefunction:
Taken as quarkonium eigenstates

fod? : fxe ;%) — 0.68:1:0.19
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https://arxiv.org/abs/2604.09198

nuclear modification factor

» The initial yields of charmonium eigenstates
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Quarkonium in p-Pb collisions
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Quarkonium in p-Pb collisions

Stronger hot 8.16 TeV p-Pb

medium effects
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Temperature(GeV)

Quarkonium in Pb-Pb

Collision System to (fm/c) To(xr=0|b =0) (MeV)
J/Snn = 5.02TeV (Pb-Pb) 0.6 510
/Snn =276 TeV (Pb-Pb) 0.6 484
/5w =200 GeV (Au-Au) 0.6 390

Maximal temperature of QGP at three systems

Temperature vs. Time at (x=0, y=0) for varying b
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parametrization of V(T,r)

various phenomelogical studies in different systems indicate
a strong heavy quark potential at finite temperatures,
and quarkonium suppression is induced by the imaginary potential.
A systematic study is urgent.

4 ) 4 N ~

initial QGP evolutions(hydro) quarkonium
uarkonium ﬁ> + |:'> Raa(Np)
k quarkonium inner evol. RAA(p;)
(Schrodinger
+ V(T,r) )< exp. data
- / N n{applﬁg
in-medium HQ Ve(T,r)+Vi(T,r), T >Ts
potential V(T,r)=
parametrization Ve(r), T <Tsy

above this T, QGP effects
dominant in quarkonium
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parametrization of V(T,r)

Real part of the potential:

VrR(T,1) = —« (ND +

e_“D’") n 200 oe MPT(2+ upr)
UD K“D

Debye mass: pup = M:r\/zwvc (1 + %) %

Imaginary part of the potential:

Vi = —iT% (a1 + agr®®)

Parameter Sampling Range

ao 1.0, 2.0]
aj :0.0, 0.5:
parameter ranges: as 0.2, 0.7]
as :2.0, 3.0:
a4 0.1, 1.0]
T 0.17, 0.25]
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parametrization of V(T,r)

Real part of the potential:

e_“’D’") n 200 0e HPT (24 ppr)
KD KD

VrR(T,1) = —« (MD + —

Debye mass: N
y up = asT4 47N, (1 + f) %

Imaginary part of the potential:

Vi = =T (a1r + aor®) arXiv: 2604.09198
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dataset generation

Schrodinger model

5.02TeV Pb—Pb (Schrodinger)
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generate N=1000 samples of V(T,r), take into Schrodihger equation model
coupled with the corresponding QGP profiles.

take 80% of original events from Schrodinger model into Principal
Component Analysis and Gaussian Process emulator to generate a larger

dataset, 10, 000 samples.
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dataset generation

Schrodinger model
5.02TeV Pb—Pb (Schrodinger)
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CNN framework

A convolutional Neural network is contructed to learn the mapping
between V(T,r) and quarkonium observables

CNN model - = 8
a, ; y — *i O
2x8conv|( )[1x16conv 1x32conv|( ) 1x64conv
a ReLu ‘8 ReLu ReLu 8! xReiun flatten O ReLu  Sigmoid
a; : : ' : : (15,2235)
. : = : : O 1x3x22
. i8 @ O
TSW | : OI 8
Input layer 5 fea.tures 5 féatures 5 features 5 features FC1
1x6 8x5 16 x5 32x5 64x5 1x 320
N 2
e — (0 (9) _
X*(0) =) ot ygNN’z( ) Y CRN—sobs(8) = Zg yonn(0)
o4
=1 e
ot (9) (9 \?
The CNN is trained (yCNN_mbSZ( ) = Y obe 1)
to minimize the loss  £(0) = —logp(yobs | €) = Z Z .
function i€g '
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performance of CNN

loss function of three CNNs

0.30 )
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After 3 CNNs are well trained, use additional 20% of N=1000 events to test
the CNN respectively.

22
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Extraction of V(T,r)

Bayesian AnalySiS ‘lntlerpolatlf)n using experimental data‘
41 =iy o ] |~
_ [ CNN(5.02TeV) | | «4 5.02TeV “ ] !
Py Rut 5.02TeVs i
Rax(pred) e, T L e
ol S ‘ I\
ﬁ e e |
Random — CNN(2.76TCV) x r‘\i'""'#‘ s[ + RaalPr) ,__ SGLD
Sample V(6) R, (pred) 2 76TeV A 7% Loss |Sample | distribution
. e i ey @ . o M ; : 2 : 11 |
1 200GeV r% — |
CNN(200GeV) Sl Rt  200GeV.. ...
— Rya(pred) '\\LL-—LJ” Hyl ™ Raa(Pr) 4

® Now use the reverse process to extract V(T,r) with quarkonium observables
in all three systems (5.02 TeV Pb-Pb, 2.76 TeV Pb-Pb, 200 GeV Au-Au)

Liot = Ls.o2Tev + L2.76Tev + Lo.2Tev
Take experimental data points of bottomonium, use Stochastic Gradient

Langevin Dynamics (SGLD) algorithm to obtain the values of the potential
parameters which gives minimal total loss function.
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extraction of V(T,r)

10

— QoA ok = o
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c I
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1.0 1.5 0.00 0.25 025 0.50 2.0 25 0.250.500.75  0.1750.2000.225
do al as as dg Tsw

® After enough iterations where total loss function is very small,
the combination of the potential parameters are not unique.

® take over 1 millilon events (sets of potential parameters),
rank them according to their negative log-likelihood,
in ascending order, get the first 68.27% of samples

Sy =1{0} ~=16821%
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extraction of V(T,r)

® use thevaluesin S, = {6} to plot the distributions of the potential
parameters, which gives a small total loss function

® a small loss function indicates that These potentials can
simultaneously explain well the exp. data in three collision systems.
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HMAP = arg mlgrzl L(0)
0c
The distributions of the potential parameters (dashed line: optimal value)
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extraction of V(T,r)

1 sigma distributions of the potential parameters according to the
samples extracted in the SGLD process

\ar T-dependence

e HDT
VR=—a(uD+ - )4—

with Debye mass up =

% i T (alr +

20

Parameters lo Uncertainties MAP Value
a0 [1.001, 1.407] 1.018 = line
ai [0.034, 0.180] 0.109
az [0.354, 0.687] 0.429
as [2.000, 2.579] 2.029
HC A N LI
o [0.170, 0.173] A 0170
Potential parametrizafion:

a
r3)

oe 'PT (24 upr)

75

KD

47 N,
3

a4

il

(

1+ =L

Ny
6

)a

v' small Debye mass -> small color screening effect

26

BRER X RmAZ Y AT BE 2026.04.24-28



extraction of V(T,r)

1 sigma distributions of the potential parameters according to the
samples extracted in the SGLD process

Parameters

10 Uncertainties

MAP Value

~ o~ - PR | 4

1 4 ‘ : . I

N v ' - 1 c E . ' 1 d . s 2 I -
6 Chieall ' 3P — cansaLp
[ lo CI lo CI
| = Il potential : . ¢
4+ Cornell potentia - 2| Lattice-QCD data | o
o | ‘ $ [ e 200 MeV jll__T
~ of k ? | m 312 Me\/
S | v _ 1} Systematic error (gray band) L =
EN [ Lattice-QCD duta =~ [ Statistical error (error bars) _l:r -lll'J'_ =
ok e 290 MeV ~ — T
: m 312MeV -
- Systematic error (gray band) 0 i ¥ )
-2 o Statistical error (error bars) ;
1 1 1 [ f ) ) I
0.0 0.5 1.0 0.0 0.5 1.0
r (fm) r (fm)

® real potential: very close to the vacuum case (see CNN-SGID line)

® Imaginary potential: a bit smaller than the lattice QCD results.

BRER X AR A% Y1 s v T &
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Validation of the CNN-SGLD framework

D randomly generate a set of potential parameters V(T,r)

6™°% = (gg, a1, as, a3, aq, Tew) = (1.6,,0.2,,0.3,,2.7,,0.3,,0.18)

@ take into Schrodinger equation, to calculate the Ry

@ We now know the relation:
bottomonium Rpa < > V(T,r)

Take Ry, back into the CNN-SGLD framework

Exp vs Mock Raa (5.02 TeV)

= Schiadinger Is = Schridinger 2s = Schridinger 3s
lr B CMS IS 11 B CMS2S s B CMS s

LR — » Process the theoretical Raa
into the format of
experimental data,

> it can then be fed into the
CNN-SGLD framework.

0 250 0 250 0 250
Npart Npart Npart N ﬁél 2026.04.24-28



Validation of the CNN-SGLD framework

10 T T 7T ) ) ! !
: AT O _ lo CI LN
: - - G \ —+= MAP value ’ \\
£ 5_’ -—\:" '_"’,G‘;\ 2F =— "True" Value ; I
~ | == & )
= | =~ /
~ or / = Cornell potential N E..T
I - = MAP value | perfect
: = "True" Value match
_5 - e - O o . ‘ ! . . . . -
0 I 2 0 I 2
r (fm) r (fm)

® True value: potential of  0™°% = (ag, a1, as, a3, a4, Tow) = (1.6,,0.2,,0.3,,2.7,,0.3,,0.18)

® MAP value and the 1 sigma unvertanty: from CNN-SGLD framework
® conclusion:

CNN-SGLD framework can correctly resconstruct the in-medium potential;
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recalculate the RAA with the extracted V

1.0t 1S Il 28 3S ]
FH CMS-18 HH  CMS-28 HH  CMS-38
<
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2_76 Tev .{] IL;QT 20 0 1(,]01' 20 B i
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0.5f j F N IS
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00L I S i -, “! 00 :
0 200 400 0 200 400 0 200 400 0 200 400
Nparr Npart Npart Npar‘r

5.02 TeV
1S, 2S, 3S

200 GeV
1S, 2S
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method 2: extract V(T,r) from each system

Bayesian Analysis ‘ Interpolatwn usmg experimental data ‘
-‘_.‘. 05 - 771
_ [ CNN(5.02TeV) % r\s 02TeV 3 %021Lv~ | |
Fos I Raa(Ny) 3. s E3EE
Rya(pred) i SR IS
e ) 3| = : —
P ’ L 2.76TeV
( Random |_| | CNN(2.76TeV) S Efl f ; o
Sample V(0 . -
ple ¥9) Rua(pred) | 276TeV | e
et E— ’
1L I
=1 200GeV e
CNN(200G€V) “ Rty 200GeV.
Raa(pred) ! \“L'L——L_‘;4 | " Blelbl

W u
* *
\ TR TR TR TR R T ]
\ N

Another test

0 posterior

distribution
(5.02TeV)

O posterior

distribution
(2.76TeV)

O posterior

distribution
(200GeV)

200GeV) |Sample

3

6 common
posterior range
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Ve(T,r)

extract V(T,r) from each system

Another test

Parameter |5.02 TeV Pb—Pb |2.76 TeV Pb—Pb | 200 GeV Au—Au overlap
ag [1.005, 1.500] [1.011, 1.941] [1.039, 1.971] [1.039, 1.500]
a; [0.051, 0.209] [0.002, 0.132] [0.122, 0.47] [0.122, 0.132]
as [0.221, 0.560] [0.375, 0.698] [0.201, 0.692] [0.375, 0.560]
as [2.012, 2.967] [2.056, 2.983] [2.01, 2.992] [2.056, 2.967]
a4 [0.100, 0.497] [0.670, 1] [0.120, 0.968] None
Teow [0.170, 0.173] [0.170, 0.174] [0.170, 0.185] [0.1701, 0.173]

————————
200 GeV 16 C1

T T | T T T

[ No common | o overlap

2.76 TeV 1o CI
5.02 TeV 16 CI

g @
- mE
.._]l

Lattice-QCD data
e 290 MeV
m 312 MeV
Systematic error (
Statistical error (e

gray band)
rror bars)

050 0.5
r (fm)

BRER X omAZ Y AT BE

00

(S |, L
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2.76 TeV la CI
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Common 1o overlap

[ Lattice-QCD data
[ e 290 MeV
| = 312MeV
| Systematic error (gray band)
L Statistical error (error bars)

T T T T T T T T T T
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Summary

» The Schrodinger model with the complex heavy quark
potential are introduced, applied in the high-multiplicity pp, p-Pb,
and Pb-Pb collisions
Phenomelogical studies about quarkonium indicate a strong
potential in the medium from RHIC to LHC energies.

» A CNN-SGLD framework is developed. It extracts the in-
medium heavy quark potential with the experimental data of
quarkonium from (200 GeV Au-Au, 2.76 TeV Pb-Pb, 5.02 TeV
Pb-Pb collisions).

» A strong real part of the potential is obtained, close to the
Cornell potential, consistent with the lattice QCD results.
Quarkonium suppression mainly induced by the imaginary
part of the potential.
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Extraction of V(T,r)

learning rate in the SGLD process,

x10 "
0] I

Warm-up (zoom)
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