N

Bayesian Inference of QGP properties
from the RHIC Beam Energy Scan
Program

Chun Shen (Wayne State University)

In collaboration with Syed Afrid Jahan, Hendrik Roch, Bjorn Schenke, and Wenbin Zhao

ISNET 11, ECT?*, Trento
November 17, 2025



COLLABORATIVE EFFORT ON BAYESIAN-ENABLED NP

0(10%) cPUhours

Particle collision
experiments

Background L : 5 Parameter g Detector
: : § Collider Detector : Constraints : Optimization
i Radiation Map Monitoring  : .

Enhancement
Neutrino detector

simulations

Physics Discovery& : : Anomaly & Novelty
Model Testing Detection

0(10YH 0(10%) 0(100)/‘,

Radiation
measurements

Bayesian UQ Scientific Decision-Making

Develop common tools for Bayesian inference with expensive models at high dimensions

Chun Shen (Wayne State) ISNET 11 2/35




COLLABORATIVE EFFORT ON BAYESIAN-ENABLED NP

0(10%) cPUhours

Particle collision
experiments

: : : : Parameter : Detector
i Collider Detector : : Constraints = Optimization
Monitoring - : :

Neutrino detector
simulations

Physics Discovery& : : Anomaly & Novelty
Model Testing Detection

0(10YH 0(10%) 0(100)/‘,

Radiation
measurements

Bayesian UQ Scientific Decision-Making

Develop common tools for Bayesian inference with expensive models at high dimensions

Chun Shen (Wayne State) ISNET 11 3/35




¥y
collision

Initial energy
density

RELATIVISTIC HEAVY-ION COLLISIONS

Hadronization

Kinetic
freeze-out

] -
’ s , \ )
' M . \ i\ /
ok )
4 4 AR
. R R 4 1| 4
y v -
(¥ : \ .“" .
‘i L
v i)

final detected
particle distributions

overlap zone
pre-.
equilibrium viscous hydrodynamics
ynamics ous hydrodyndm — free streaming
collision evolution
t~0fm/c T~1fm/c T ~ 10 fm/c
Chun Shen (Wayne State) ISNET 11

—

T ~ 1012 fm/c
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PROBING THE NUCLEAR MATTER PHASE DIAGRAM
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DEFINING THE QUARK-GLUON PLASMA
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THE MULTI-STAGE THEORETICAL FRAMEWORK
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THE MULTI-STAGE THEORETICAL FRAMEWORK
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3D MC-GLAUBER MODEL WITH STRING DECELERATION

1ol C. Sh d B. Schenke, Phys.Rev. C97 (2018) 024907 + Phys.Rev.C 105 (2022) 064905
® [ransverse collision Shen and B. Schenke, Phys.Rev. C97 (2018) + Phys.Rev.C 105 (2022)

geometry is deter- 'S deposited at the
mined by MC- Vi string ends or

Glau ber model . D. Kharzeev, Phys. Lett. B 378, 238 (1996)

3 valence quarks -i
are sampled from -.
PDF with < ) )

2 X; < 1 YCM Ns

Incorlning quarks Inside the string
are decelerated
with a string

tension o,
dpz/dt = — 0 - - Ms
Imposed conservation for energy, momentum, and net baryon density
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https://arxiv.org/pdf/1710.00881.pdf

3D MC-GLAUBER MODEL WITH STRING DECELERATION
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3D HYDRODYNAMICS WITH FINITE BARYON CURRENT
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THE INVERSE PROBLEM: BAYESIAN INFERENCE

A 20-dimensional model parameter space

Parameter Prior P(Yexp | 6) ~600 experimental data points
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Bayes Theorem: ?Ngc(iy(f;{,{(*, 13))
7.7 GeV pT T, sPs P
P(Yexp | O)P(0) vsh{2}, v$"{2)

PO Yexp) =
“AP P(yexp) e EXxpensive models require training emulators
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EVALUATE THE QUALITY OF MODEL EMULATION

H. Roch, S. A. Jahan and C. Shen, Phys. Rev. C 110, 044904 (2024)
. 2
Cg prediction — truth
\ truth
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o \Vith the same amount of training data, the PCGP and PCSK emulators
are more accurate than the standard GP from the scikit-learn package
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EVALUATE THE QUALITY OF MODEL EMULATION

H. Roch, S. A. Jahan and C. Shen, Phys. Rev. C 110, 044904 (2024)
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e [he PCGP and PCSK emulators also give more reliable uncertainty
estimation than that from the Scikit GP
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IMPACTS OF EMULATOR PRECISION ON CLOSURE TESTS
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0.50

e [he more accurate PCGP
and PCSK emulators give
tighter posterior on model
parameters than that from

the Scikit GP

o
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\T
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p(@) do.

Emulator JAY

PCGP 4.5 x 104
PCSK 5.7x10-4

Scikit GP 2.5 x 10-2

The smaller the better
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BAYESIAN VALIDATION: CLOSURE TEST

Initial-state stopping
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e Model emulation with Markov Chain Monte Carlo (MCMC) is veritied with a
closure test for initial-state stopping Vi, (Vinie), #/85(pg), and ¢/s(T)

e [he selected observables can give strong constraints on the QGP
oroperties at RHIC BES energies
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-~ BAYESIAN INFERENCE AT RHIC BES ENERGIES
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BAYESIAN INFERENCE AT RHIC BES ENERGIES

-

20 30

Centrality (%)

30 40
Centrality (%)

10 20 30

Centrality (%)

20 30 40
Centrality (%)

200 GeV

10

20 30 40
Centrality (%)

30

Centrality (%)

Chun Shen (Wayne State)

19.60 GeV

10

20 30 40
Centrality (%)

Centrality (%)

7.7 GeV

ISNET 11

20 30

Centrality (%)

¢ &
[ ¢
' $2 ¢6‘¢¢¢¢¢¢¢¢+¢¢¢¢¢¢¢¢¢¢¢

¢ 88
.i'¢ '\‘




AL BAYESIAN CONSTRAINTS ON QGP PROPERTIES
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BAYESIAN MODEL SELECTION

Can we do better by introducing energy-dependence on model parameters”

0 — 0(/s)

Select the optimal model using the Bayes factor ~ $B 4,

IH(BA B)
0.88 == 0.09

P(Yexp | A)
P(Yexp | B)

YERPE ntroducing ax(\/g) anad 0,7(\/;) are favored,
AB(/SNN) IWESNEN \VNile the Bayes factor penalizes other

0z (y/SNN) AU [rc|evant parameters

0 (v/SNN) —1.6 4+ 0.2
OépreFlow(SNN) —0.2 0.2

esw( SNN) 0.57+0.08 ® —5 < ln(%) < O: Mode

e In(9) > 0: Model B disfavored

3 moderately favored

0z (y/SNN), 0 (y/SNn) [ —3.01 = 0.08 e In(AB) < —35:ModelBs
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OBSERVABLE RESPONSES TO MODEL PARAMETERS

\ \ (5 \° \ \
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e Particle yields provide strong constraints on initial-state energy (rapidity)
|l0SS parameters
e [he opposite correlations between mid-rapidity and forward in PHOBOS

oseudo-rapidity distributions can provide complement constraints to those
from STAR mid-rapidity measurements at the multiple collision energies

Bl N

- Blue: Negative correlation
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e Shear viscosity shows positive correlation with particle yields — entropy
production; negative correlation with anisotropic flow — viscous damping
e PHOBOS pseudo-rapidity distributions at 200 GeV offers additional

constrains on n/s(up)
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- Blue: Negative correlation
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OBSERVABLE RESPONSES TO MODEL PARAMETERS
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e Bulk viscosity shows positive correlation with particle yields — entropy

production; negat
forward and backward pseudo-rapidity shows stronger

o Particle yields at

correlation with (£/s)

H BB R BB B i N H B B N
C/Smax'
bulkT - lm
bulk_wh A

bulk_wl -
SHHHEHBSEENERBR

ive correlation with mean p,— resistance to expansion

than those with the mid-rapidity particle yields

max
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- Blue: Negative correlation
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MORE ON SENSITIVITY ANALYSES

E. Sangaline and S. Pratt, Phys. Rev. C 93, 024908 (2016)

X
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MORE ON SENSITIVITY ANALYSES

E. Sangaline and S. Pratt, Phys. Rev. C 93, 024908 (2016)
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MOVING TOWARDS NEXT-GENERATION
BAYESIAN INFERENCE
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TRANSFER LEARNING

D. Liyanage, Y. Ji, D. Everett, M. Heffernan, U. Heinz, S. Mak and J. F. Paquet,
Phys. Rev. C105, 034910 (2022)

For comparable model variations,
transfer learning offers a way to save .-
the training cost for the target model, Desired Accuracy

f(0) = p f5(0) + 6(0)

_earning only the difference from a
source model can reduce the training
cost significantly

The current framework is limited to the
same model parameter space between

47 94 141 188 235 282 329 376 423 473

the -:arget aﬂd source mOde‘S Training points from target
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THEORETICAL UNCERTAINTY

S. Jaiswal, C. Shen, R. J. Furnstahl, U. Heinz and M. T. Pratola, arXiv:2504.13144 [hep-ph]

Theoretical models are not perfect. Modeling its error o(p;) with Gaussian
Process In a data-driven approach,

y(pr) = n(pr, 0)+o(pr)+e

Validate this Inference with all observables
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ITERATIVE BAYESIAN INFERENCE

Today's posterior Is tomorrow's prior

P(0] D, D) = 220 D21 PO
P(Dy, D») ¢

_ P(D,0)

 P(Dy .

_ P(D,]0) /

R P(D,) S

The distribution P(€| D,) is highly
correlated and non-trivial to sample
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A normalizing-tlow generative
model learns P(0| D)

Y. Yamauchi, L. Buskirk, P. Giuliani and K. Godbey, arXiv:2310.04635 [nucl-th]
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ITERATIVE BAYESIAN INFERENCE

Posterior: joint Posterior: stage 1 y+p ! Posterior: stage 2 y+ Pb

Today’s posterior is tomorrow’s prior
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Robust Markov chain Monte Carlo

(MCMC) sampler (pocoMC) is required
for iterative Bayesian inference when

the posterior Is bimodal
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Nocp [GeV]

m [GeV] ( o Qs/(gu) Mymwek [(GeV]) Aqco [GeV]
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CONSTRAIN QCD EQUATION OF STATE
* Confront with the RHIC BES phase |l data

= Constrain the speed of sound csz(T, //tB)

* First step: introduce nonparametric GP prior to reproduce lattice QCD
FoS at up = 0

J. Gong, H. Roch and C. Shen, arXiv:2410.22160 [nucl-th]

Random EQOS |
100% prior
— HotQCD ' 90% prior

50% prior
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SUMMARY

e [he vibrant experimental programs at the RHIC and LHC have been
driving heavy-ion physics to a precision era

Unified theoretical + Bayesian statistical frameworks are M

apn

essential to elucidate the many-body QCD physics AETSEAPE

e \We performed a comprehensive Bayesian Inference study at multiple
RHIC BES energies with a state-of-the-art event-by-event (3+1)D
hybrid framework

Initial stopping, r]/S(ﬂB), c/s(T, /43)

e | ooking forward to the next-generation of Bayesian studies in heavy-ion
ONySICS
Quantify theoretical uncertainties
Transfer learning, lterative Bayesian constraints

and more machine learning enhancements
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