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Machines Learning (ML) is helping in high-energy / heavy-
lon / QGP physics research mainly in four WaYS:

o ML is used to infer QRGP medium Froper&es (e.qua%wm of state, quasimpar&on masses, a(T), my(T))
directly from lattice data instead of quessing them.
FPLL et al,, PLB $44, 13xoxw(R023)

o ML reconstructs in-medium guarkonium spectral functions and effective complex potentials, giving
data-driven binding energies and in-medium widths,
A. Kades et al., PRD 102 (2020) 09¢001,
arXiv:25609,14970 {kepmtph] (current work)

e ML acts as a fast surroqate for expensive simulations, letting us map final-state hadrons/ jets back to
QGP properties and scan high-dimensional parameler space.
L.~G. Pang et al., Nat. Commun, 9 (201%) 210,

e ML is used ko calibrake &heorv ko experimem&: Lk learns which QG Eranspor& parame&ers reproduae the

measured heavy-ion observables and extracts those parameters with quantified uncertainty,
J. £. Bernhard et al., PRC 94 (2016) 024907,



Flow of the talle

- Motivation: Quarkonia as QGP Thermometers
- Framework QOverview and Cownkributions

- Complex In-Medium Potential V(r,T): Real and Imaginary Parts
-~ ML Extraction of a(T) and m,(T): ML ﬁoa&prm&s

- Schrodinger Solver and Thermal Widths I' (T)

- Dual Dissociakion Criteria: 2E, =1 and E, = 3T

- Resulks — Charmonium and Robtomonium

- Summarv &% Fubure Possibilibies



Motivation: Quarkonia as QG Thermometbers

- Heawvy 00 states prabe RV (sereening) and IV (dampims) - melking at high T,

- Sequential suppression: excited states mell earlier; reflects the screening-length hierarchy.

~ Need temperature - resolved medium inputs to predi& Ex(T), I'(T) and T,

- This work: Ml-informed quast particle masses, a(T), mp(T) to constrain dissociation]r,

windows.
2

1.2

Matsui and Satz, Phys. Lett. B 17%, 416 (19%6).

CMS Collaboration, Phys. Rev. Lett, 11%, 162301 (2017).
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Framework Overview and Cownkribukions

® ‘Pipetiv\e: daka — ML (DLQPM) - m(T), a(T),my(T) - comptex V(r,T) —» Schrodinger Eq— Ex(T),I(T) » T,
® Iv\puEs: Lattice-informed quashpar&mn nasses;, HTL-consistent my(T); monctonic a(T) across T/T,

o Potenbial: Cornell in vacuum; medium modification via dielectric permittivity — split into RV
(binding) and IV (Landau damping).

o Solver: radial Schriédinger o a dense r-grid; track ground and excited states vs T/T,.

e Width: T(T) = 4z~ r? |y, (r; T) [ SV(r, T)] dr

¢ Contributions (this work): ML-anchored a,, m;, tighten temperature dependence; dual criteria I' =2E
and Ep = 3T bracket T,;; uncertainty from retrain ensembles.

e M. Laine, 0, ‘PMLLF:SQM, P. Romakschike, M. Tassler, JHE? 03 (Ro07) 084,

o N. Brambilla, 3. Ghiglieri, A. Vairo, P. Petrecziey, PRD 7% (200%) 014017; JHEP 09 (2011) 107
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Outputs: a(T) and my(T) (from Light-quark masses)

o From DLQPM masses {m(T),m,(T)} extract a(T):

1 N* -1
mA(T) = = g2(T) (NAIN) T2, m2 (T) = ——— gX(T) T°,
6 SN.
2 2
m;(T) +m;, (T) _
it gSZ(T) 4 | ; 1 0 Nz -1 9) E
L(Ne+ 2N T2+ 2T -
g
o Debye mass from HTL (Eq. (11)):
N 2 1.75 2.00 2.25 250 2.75  3.00
mp(T) = T\ dra(T) ; | = afl') = g:/4rn. ' ' oo, ' ' '

o HotQCD Collaboration (A, Bazavov et al.), Phys. Rev. D 90, 094503 (R014) — E0S training data.

¢ M. Laine, 0. ‘Pkilipseﬁ, P. Romakschike, M. Tassler, JHEP 03 (2007) 054 — HTL framework for screening.



Compi&x In-Medium Polenkial: Real and Inmaginary Parks

e Vacuum baseline: Cornell V(1) = — alr + or.

e Medium Modification — Real and Imaginary Parts of Potenkial

e RV(r =0.5fm, T): becomes less atbractive with T/T, - screening weakens binding.

o JV(r=0.51m,T): magnitude grows arocund 1.27, and stays sizable = in-medium ciampims / decoherence.

o Toqether: higher T means shallower well + stronger damping — qu&rwamiuw\ Ls easter to melk,

Re V (GeV)

T/T¢

Im V (GeV)

|
S
o

r=0.5fm

—— ImV

—0.8F

T/T¢

oM. Y Jamal, FP.Li, L.&G.Pang and &.7.Qin,

[arXiv:R609.14970 fhe[wph]]



ermal W Ldths

Schrod thger So Lver and Th

e Radial bound states from

d? m

Q — P ——— .
FRV(r, T -T)=E (T - T, e — —— JIp 2Eg=T) —=— Y(1S) (2Eg=T) —=— Y(25) (2Es=T)
2u dr? r daln ! A (s 1),y = w,lr, p o —— JIy (Eg=3T) —e— Y(15) (Ez=3T) Y(25) (Eg=3T)
_ =
o Binding enerqy with thermal continuum: =
=
&
.
E/(T) = Vo (T) — ET).
2
o Thermal width from Landau damping: EU
. I |
1000 2000 3000 4000 2000 6000
T = 47:J dr r? VAGED. \2 [— S V(r, T)] : j " GridsizeN L
0

e Numerics: dense r-qrid (finite-difference); dirichlet ot r =0, u (r,,,) = 0; check qrid and r, ., convergence.

rmax

eM.YJamal, F.PLi, L.&G.Pang and &.Y.Qin[arXiv:509,14970 {hapﬂph]]



e Width-binding crossover (u,pper bound): 2 EL(T) =1(T).

Interpretation: decoherence overtakes binding = rapid melting.

e Kinetic lower-bound (thermal smearing): Ez(T) =3T.

Charm 1S: 2Eg =T

10

2Eg and I' (GeV)

Im&erpreﬁaﬁaw bi;md&ng &omyarabie ko &vpiaai Ehermal enerqgy - weake survival.

Charm 1S: Eg = 3T

Eg and 3T (GeV)

e N. Brambilla, 3. Ghiglieri, A. Vairo, P. ‘Pe&ratz.wj, PRD 7%, 014017 (R00%),

® Y. Burnier and A, Rothlkopf, PRL. 111, 152003 (2013).



Resulbs—Charmonium and Bottomonium (Dissociation Temger&%ur@.s)

TAY (1)) > TJly) ~ TAY(2S)) > T y(2S)).

® HLe.romchvz Y(1S) survives to the highest T; excited states melt earlier (sequetn&at suppressiom)..

Method / Reference Dissociation Temperatures T4 (in units of T¢)
T(15) T(25) J/Y $(25)
This work: (2Eg =1T) 1.99 1.29 1.30 < 1.00
This work: (Eg = 3T) 1.38 1.10 1.13 < 1.00
Mocsy and Petreczky! 2.00 1.20 1.20 <1.00
Digal et al.? 2.31 1.10 1.10 <1.00

1: A, M’oasv and P ?@.Ereaz.wv, PRL 99, 211602 (2007)

2: S. Digal, P. Petreczley, and H. Satz, PRD &4, 094018 (2001)

RyA(Y(15)) > Rys(J/y) ~ Ry4(Y(25)) > Ry4(w(29)),
A.M.Sirunyan et al. [CMS],PLB 790, 270-293 (2019)



Summar j & Future Poss Eb tlikie

Sunm MATY:

o DLAPM Learns m(T),m, (T),m(T) = inters g(T), a(T) — mpy(T); builds o complex V(r,T) with
softening RV and growing JV.

o Schrodinger + RV = Ey(T); overlap with V- I(T); dual eriteria 2Ez =T, Ez = 3T) bracket T,

® Sequ@.s«&m{ hLerar&hj holds Y(1S) most robust; y(2S) near T,; resulks stable under qrid/r,,, checks;
uncertainty shown via retrain bawnds.

Future possibilities:
e Add P-waves and feed-dowin; confront state-resolved R, , systematics (Pb-Pb, Run-3).

¢ Finite-momentum quarkonia and medium anisotropy; Eempera&uremd@.pemd@\& charm/bottom
transport inputs for coupled evolution.

® Bevov\d static potential—open-quantum-system (Lindblad) dvmamws te capture stochastic
decoherence; tighter Llattice-mML cross-validation of near-T, inputs.



Thank you for your attention
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hidden layer
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Method: PINN
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F.PLL, HLLu, L.&.Pang and GYQin, PLB ¥44, 13505%(2023)

* Data: HotQCD

PHYSICAL REVIEW D 90, 094503 (2014)
Equation of state in (2 + 1)-flavor QCD

Physics Letters B 730 (2014) 99-104

Contents lists available at ScienceDirect
PHYSICS LITTERS &

Physics Letters B

www.elsevier.com/locate/physletb

A. Bazavov, Tanmoy Bhattacharya,2 C. DeTar,” H.-T. Ding,4 Steven Gottlieb,’ Rajan Gupta,2 P. Hegde,4
U. M. Heller,’ F. Karsc:h,?'8 E. Laermann,x L. Levkova,3 Swagato Mukherjee.7 P. Petreczky,7 C. Schmidt,”
C. Schroeder,” R. A. Soltz,” W. Soeldner,"’ R. Sugar,'' M. Wagner,” and P. Vranas’

HotQCD Collaboration Szabolcs Borsanyi?, Zoltan Fodor®-°¢, Christian Hoelbling?, Sandor D. Katz %%,
( ) y g
Stefan Krieg®", Kalman K. Szabo6 ¢

Full result for the QCD equation of state with 2 + 1 flavors @Cmmk
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Method: Quasi particle method

InZ(T) =In Zy(T) + ) InZ, (T)

L,V [~ .
InZ,(7T') = (‘g,) / p=dp
0

2m= olnZ(T
! - P(T)=T ( i ))
In |1 —exp (_T p? + 1113(1')) . oV T
T e ‘ 7% (Ol Z(T)
ey I (.] qi ‘ 9 T — -
InZ, (1) =4 217_2 L p-dp e(L) vV ( T )‘,

1 , —\ |
In |1+ exp (—7 p? —l—mél(l')) ,

d,:the degree of freedom for gluons
dCIi:the degree Of freedOm fOI' quarkS F.P.LL, HLLu, L& Pang and GYQin, PLB ¥44, 1350 %(2023)
g;.:up/down, strange quarks




 Result: QCD EoS

FPLL, HLLu, L.G.Pang and GY.Qin, PLB ¥44, 13505 %(2023) T/T
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* Result: M(T) and n/s

1 d*p  p?
’]_ IBTZ(IZ./ (271_)3 lngl(]' ——fl) (1)
Nz —1q¢*T . 2k g*T = 2k
—1 ¢ ( . - —1 DN
T = —In—.,7, =2Ng—1In —
1 2N 8w ¢ 7 “ 81 g2
2 | 22
- m, +m, /d
g° = T : (3)

F.P.LL, HLLu, L& Pang and GYQin, PLB ¥44, 1350 %(2023)
PHYSICAL REVIEW D 84, 094004 (2011)
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N+ —n
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 Result: Closure test

F.P.LL, HLLu, L.&G.Pang and G YQin, PLB $44, 13x0x%(2023)
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DLQPM Details (Inputs, Network, Training)

© Imyu&s: Lakbice-QCD &hermcdvmamws vs 1 em&rapj S(T) and inkeraction measure ¢ — 3p (HotQCT,
continuum-extrapolated).

¢ Forward model: qu&sipar&i«ct& E0S wikh &empera&urewc&epemdem& masses {m,(T), m,,;(T),m(T)}; ﬂompuﬁe
D, s, € —3p from these.

e Networlk: residual DNN mapping T/T, — {my, m,;, m} with smoothness/monoctonicity reqularization and
HTL-consistent high-T" priors,

¢ Loss: MS’EZ[EOSMOAQL — E0S{ obbice] T asvmyﬁuﬁt pema&i&s + reqularizers; mui,&i,pte random seeds — meain
+ band.

¢ Qubput: calibrated {m,,m, , m} with uncertainty; handed off to a(T) and my(T) exbraction.



Working Formulae (Potential, Widkths):

¢ Vacuum Cornell:

0!
Vivac?) = ) +or.

¢ Screened real pacr&:

RV(r,T) ~ —«a | (1 — e_mD’"), V. .(T) = = amy, .
Is mp mp,

e Screened Inmaginary Potential

Im|V(r,T)] = ImV,(r,T) + ImmV,(r,T),

ImV,(r,T) = = 2aT JOOO ( dz (1 sin(mprz) >,

Z2 + 1)2 mprz
46T (oo dz sin(rmprz)
IimV(r.T) = — 1 .
2( 9 ) mlz) 0 Z(Z2 + 1)2 mprz

o Observables:

©9)

Ey(T) = Vo(T) — E(T),  T,(T)= 47:[ dr 2 |y, (r; T) | [- SV(r, T)].
0



Nuwerics, Validation, and Sensitivity

e Schrodinger solver: finite-difference radial qrid; dirichlet ot r =0, u,(r,,,,) = 0; check orthonormality
and hode counting for excited states.

o Convergence checks: scan grid size N and r,,,; monitor AE,/E, and stability of T, from both criteria.

¢ Potential tonsis&em:jz RV(r—0,T) tracks vacuum Limik; V_(T) monotone with my(T).
® Dnaer&a&mﬁvt propaga&e DLAPM rebrain band (a(T), my(T)) through £ 1" to T, ranges.

o Sensitivity (bypical): small variations in ¢ or short-distance a shift T, modestly; dominant effect
comes from my(T) slope near T..

¢ Cross—checls: sequ@.m&mt M@.rarf:kv Y(1S)>J/w~Y(22S)>w(2S) consistent with Lakktice spec&rat
reconstructions and LHC R,, ordering.



