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Relativistic heavy-
ion collisions are 
tiny and have ultra-
fast dynamics

It serves as a multi-
purpose laboratory 
for many-body QCD

Physics insights 
reply on 
phenomenological 
theory-to-model 
comparisons 

RELATIVISTIC HEAVY-ION COLLISIONS
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• Search for a critical 
point & 1st order 
phase transition

• Access to charge 
transport phenomena

• How do the QGP 
transport properties 
change with baryon 
doping?

Charge diffusion
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Which properties of hot QCD matter can we 
determine from relativistic heavy ion data (LHC, 
RHIC, HADES, and future FAIR/NICA/JPAC)?
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Electromagnetic emissivity

Equation of State
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Charge diffusion

Shear and bulk viscosities
⌘/s(T, µB), ⇣/s(T, µB)
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Spectra, collective flow, 
femtoscopy

Anisotropic flow vn 
Flow correlations

Balance functions

Photons and dileptons
Energy-momentum transport
q̂, ê, ê2, ...
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Jets and heavy-quarks

DEFINING THE QUARK-GLUON PLASMA
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Balance functions

Photons and dileptons
Energy-momentum transport
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Jets and heavy-quarks

DEFINING THE QUARK-GLUON PLASMA
Which properties of hot QCD matter can we 
determine from relativistic heavy ion data (LHC, 
RHIC, HADES, and future FAIR/NICA/JPAC)?
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Jets and heavy-quarks

DEFINING THE QUARK-GLUON PLASMA
Which properties of hot QCD matter can we 
determine from relativistic heavy ion data (LHC, 
RHIC, HADES, and future FAIR/NICA/JPAC)?
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Jets and heavy-quarks

DEFINING THE QUARK-GLUON PLASMA
Which properties of hot QCD matter can we 
determine from relativistic heavy ion data (LHC, 
RHIC, HADES, and future FAIR/NICA/JPAC)?

• Deducing the QGP properties from experimental data requires 
exascale computing with advanced statistical methods
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P(θ |yexp) =
P(yexp |θ)P(θ)

P(yexp)

Bayes’ Theorem:

: Prior distribution 
for model parameters
P(θ)

BAYESIAN ANALYSIS: CONNECTING MODELS AND DATA
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P(θ |yexp) =
P(yexp |θ)P(θ)

P(yexp)

Bayes’ Theorem:

: Prior distribution 
for model parameters
P(θ)

: Likelihood 
 is described by 
; data + theory 

uncertainty 

P(yexp |θ)
yexp
f(θ)

BAYESIAN ANALYSIS: CONNECTING MODELS AND DATA
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• Transformative techniques across different fields in nuclear physics 
• Become a standard approach in nuclear physics for uncertainty quantification

P(θ |yexp) =
P(yexp |θ)P(θ)

P(yexp)

Bayes’ Theorem:

: Prior distribution 
for model parameters
P(θ)

: Likelihood 
 is described by 
; data + theory 

uncertainty 

P(yexp |θ)
yexp
f(θ)

: Posterior 
distribution of  given 
P(θ |yexp)

θ
yexp

BAYESIAN ANALYSIS: CONNECTING MODELS AND DATA
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~

THE MULTI-STAGE THEORETICAL FRAMEWORK

τ (fm) 0+
<latexit sha1_base64="tfkNgsIliXwP1rxLrwxee8kFJXE=">AAAB6nicbVDLSsNAFJ3UV62vqks3g0UQhJA02tpd0Y3LivYBbSyT6aQdOpmEmYlQQj/BjQtF3PpF7vwbJ2kQXwcuHM65l3vv8SJGpbKsD6OwtLyyulZcL21sbm3vlHf3OjKMBSZtHLJQ9DwkCaOctBVVjPQiQVDgMdL1ppep370nQtKQ36pZRNwAjTn1KUZKSzfW3cmwXLHMhlO3G3WYkapTy4l9Bm3TylABOVrD8vtgFOI4IFxhhqTs21ak3AQJRTEj89IgliRCeIrGpK8pRwGRbpKdOodHWhlBPxS6uIKZ+n0iQYGUs8DTnQFSE/nbS8X/vH6s/HM3oTyKFeF4sciPGVQhTP+GIyoIVmymCcKC6lshniCBsNLplBYhpKh9vfyXdKqm7ZjO9WmleZHHUQQH4BAcAxvUQRNcgRZoAwzG4AE8gWeDGY/Gi/G6aC0Y+cw++AHj7RMzLY3l</latexit>

Initial State + 

Pre-equilibrium dynamics Hydrodynamics Hadronic Transport

Tμν 0.5-1
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THE MULTI-STAGE THEORETICAL FRAMEWORK
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Initial State + 

Pre-equilibrium dynamics Hydrodynamics Hadronic Transport

Tμν 0.5-1

RHIC BES energies

vz = 0.99995c vz = 0.995c
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3D MC-GLAUBER MODEL WITH STRING DECELERATION
• Transverse collision 

geometry is deter-
mined by MC-
Glauber model


• 3 valence quarks 
are sampled from 
PDF with

∑
i

xi ≤ 1

• Incoming quarks 
are decelerated 
with a string 
tension ,σ
dpz/dt = − σ

C. Shen and B. Schenke, Phys.Rev. C97 (2018) 024907 + Phys.Rev.C 105 (2022) 064905

t

Pair 
rest 

frame

yiyi

yf yf

yCM

Baryon density is deposited at the 
string ends or string junctions

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

energy density inside the string

yCM ηs

ηs
Imposed conservation for energy, momentum, and net baryon density

https://arxiv.org/pdf/1710.00881.pdf
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3D HYDRODYNAMICS WITH FINITE BARYON CURRENT

@µJ
µ = ⇢source

<latexit sha1_base64="rzneiuyIoSpvTFMj10sX+dwmuoI="></latexit><latexit sha1_base64="rzneiuyIoSpvTFMj10sX+dwmuoI="></latexit><latexit sha1_base64="rzneiuyIoSpvTFMj10sX+dwmuoI="></latexit><latexit sha1_base64="rzneiuyIoSpvTFMj10sX+dwmuoI="></latexit>

ns = 0
<latexit sha1_base64="31o2ZtAVoIlYIOH0W7Bvi8cDND8=">AAAB7nicbVDLSsNAFL2pr1pfUZduBovgqiRWfCyEohuXFewD2lAm00k7dDIJMxOhhH6EGxeKuPV73Pk3TtIgaj1w4XDOvdx7jx9zprTjfFqlpeWV1bXyemVjc2t7x97da6sokYS2SMQj2fWxopwJ2tJMc9qNJcWhz2nHn9xkfueBSsUica+nMfVCPBIsYARrI3XEQKEr5AzsqlNzcqBF4hakCgWaA/ujP4xIElKhCcdK9Vwn1l6KpWaE01mlnygaYzLBI9ozVOCQKi/Nz52hI6MMURBJU0KjXP05keJQqWnom84Q67H662Xif14v0cGFlzIRJ5oKMl8UJBzpCGW/oyGTlGg+NQQTycytiIyxxESbhCp5CJcZzr5fXiTtk5pbr9XvTquN6yKOMhzAIRyDC+fQgFtoQgsITOARnuHFiq0n69V6m7eWrGJmH37Bev8CGTyO5A==</latexit>

nQ = 0.4nB
<latexit sha1_base64="j3/kKl5bUxZ+a5a0zeqIjwx5CuQ=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hs8eMglHrx2IK1hTaEzXbTLt1s4u6mUEp/hxcPinj1x3jz35ikQdT6YODx3gwz87yIM6Ut69MorKyurW8UN0tb2zu7e+X9g3sVxpLQNgl5KLseVpQzQduaaU67kaQ48DjteOOb1O9MqFQsFHd6GlEnwEPBfEawTiRHuC10jSyzhoTbcMsVy7QyoGVi56QCOZpu+aM/CEkcUKEJx0r1bCvSzgxLzQin81I/VjTCZIyHtJdQgQOqnFl29BydJMoA+aFMSmiUqT8nZjhQahp4SWeA9Uj99VLxP68Xa//SmTERxZoKsljkxxzpEKUJoAGTlGg+TQgmkiW3IjLCEhOd5FTKQrhKcf798jK5PzPtqllt1Sr1Rh5HEY7gGE7Bhguowy00oQ0EHuARnuHFmBhPxqvxtmgtGPnMIfyC8f4FMO6Qjw==</latexit>

@µT
µ⌫ = J⌫

source
<latexit sha1_base64="pfovHrxlgBM+y8/0wLatkzUHss0="></latexit><latexit sha1_base64="pfovHrxlgBM+y8/0wLatkzUHss0="></latexit><latexit sha1_base64="pfovHrxlgBM+y8/0wLatkzUHss0="></latexit><latexit sha1_base64="pfovHrxlgBM+y8/0wLatkzUHss0="></latexit> +

 
has a 
piece-wise 
parameteriz
ation

η/s(μB)  is 
parameteriz
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A. Monnai, B. Schenke and C. 
Shen, Phys. Rev. C100, 024907 
(2019)
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THE INVERSE PROBLEM: BAYESIAN INFERENCE

Au+Au
STAR 

midrapdity data vs. 
centrality

PHOBOS 
rapidity 

distribtion

200 GeV

19.6 GeV

7.7 GeV

dN/dy(π+, K+, p, p̄)
⟨pT⟩(π+, K+, p, p̄)

vch
2 {2}, vch

3 {2}
 dNch/dη

v2(η)

dN/dy(π+, K+, p)
⟨pT⟩(π+, K+, p, p̄)

vch
2 {2}, vch

3 {2}
dN/dy(π+, K+, p)
⟨pT⟩(π+, K+, p, p̄)

vch
2 {2}, vch

3 {2}

dNch/dη

~600 experimental data points
A 20-dimensional model parameter space

P(yexp |θ)

P(θ |yexp)
Bayes’ Theorem: 

P(θ |yexp) =
P(yexp |θ)P(θ)

P(yexp) • Expensive models require training emulators

Likelihood

Posterior
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EVALUATE THE QUALITY OF MODEL EMULATION

ℰ = ⟨( prediction − truth
truth )

2

⟩
H. Roch, S. A. Jahan and C. Shen, Phys. Rev. C 110, 044904 (2024)

• With 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 = ln ⟨( prediction − truth
pred . uncertainty )

2

⟩
H. Roch, S. A. Jahan and C. Shen, Phys. Rev. C 110, 044904 (2024)

• The PCGP and PCSK emulators also give more reliable uncertainty 
estimation than that from the Scikit GP

ℋ= 0: Best 
ℋ > 0: Predicted 
uncertainty is too small 
ℋ < 0: Predicted 
uncertainty is too large
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IMPACTS OF EMULATOR PRECISION ON CLOSURE TESTS

• The more accurate PCGP 
and PCSK emulators give 
tighter posterior on model 
parameters than that from 
the Scikit GP

The smaller the better
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BAYESIAN VALIDATION: CLOSURE TEST
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Initial-state stopping η/s(μB) ζ/s(T)

• Model emulation with Markov Chain Monte Carlo (MCMC) is verified with a 
closure test for initial-state stopping , , and  

• The selected observables can give strong constraints on the QGP 
properties at RHIC BES energies

yloss(yinit) η/s(μB) ζ/s(T)
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BAYESIAN INFERENCE AT RHIC BES ENERGIES
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S. A. Jahan, H. Roch and C. Shen, Phys. Rev. C 110, 054905

GLOBAL BAYESIAN CONSTRAINTS ON QGP PROPERTIES
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EM RADIATION AT FINITE BARYON DENSITIES
X. Y. Wu, C. Gale, S. Jeon, J. F. Paquet, B. Schenke, and C. Shen, arXiv:2511.08773 [nucl-th]

• Predictions of EM radiation verified the space-time evolution of 
heavy-ion collisions at finite net baryon densities 
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INITIAL-STATE STOPPING

color bands indicate 90% 
credible interval in the posterior

• Mid-rapidity particle 
productions at 200 GeV 
yields  for yloss ∼ 2 yinit ∼ 5
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INITIAL-STATE STOPPING

color bands indicate 90% 
credible interval in the posterior

• The rapidity distributions 
from PHOBOS give small 
improvements to the 
constraint
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• Mid-rapidity particle 
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yields  for yloss ∼ 2 yinit ∼ 5
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INITIAL-STATE STOPPING

• Particle production from 
7.7, 19.6, and 200 GeV 
sets strong constrain on 

 for yloss(yinit) yinit ∈ [0,6]
color bands indicate 90% 
credible interval in the posterior

• The rapidity distributions 
from PHOBOS give small 
improvements to the 
constraint
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• Mid-rapidity particle 
productions at 200 GeV 
yields  for yloss ∼ 2 yinit ∼ 5
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INITIAL-STATE STOPPING

• Particle production from 
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SHEAR VISCOSITY η/s(μB)

color bands indicate 90% 
credible interval in the posterior

• Mid-rapidity data at 200 GeV 
can constrain  around η/s
μB = 0
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SHEAR VISCOSITY η/s(μB)
• Mid-rapidity data at 200 GeV 

can constrain  around η/s
μB = 0

• The  and  at 
200 GeV significantly 
improve the  constraint at 

 GeV

dNch/dη v2(η)

η/s
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color bands indicate 90% 
credible interval in the posterior
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SHEAR VISCOSITY η/s(μB)
• Mid-rapidity data at 200 GeV 

can constrain  around η/s
μB = 0

• The full RHIC BES data 
(STAR+PHOBOS) shows that 
the QGP  is larger at finite 

 than that at 
η/s
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• The  and  at 
200 GeV significantly 
improve the  constraint at 

 GeV

dNch/dη v2(η)

η/s
μB ∼ 0.2

color bands indicate 90% 
credible interval in the posterior
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BULK VISCOSITY ζ/s(T)
• Mid-rapidity identified 

particle yields and 
their  at 200 GeV 
set constraints on the 
temperature 
dependence of the 
QGP bulk viscosity 

• The additional 
PHOBOS data shifts 
the posterior  to 
larger values

⟨pT⟩

ζ/s(T)

color bands indicate 90% 
credible interval in the posterior
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BULK VISCOSITY ζ/s(T, s)

• Allowing  to be an independent function for the three collision 
energies, our calibration suggests a larger  at 19.6 GeV than 
those at 200 and 7.7 GeV for  GeV

ζ/s(T)
ζ/s(T)

T ∈ [0.15,0.2]
Hint for softening(hardening) EoS at  GeV?μB = 0.2(0.4)

color bands 
indicate 90% 
credible 
interval in the 
posterior
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Introducing  and  are favored, 
while the Bayes factor penalizes other 
irrelevant parameters

σx( s) ση( s)

35

BAYESIAN MODEL SELECTION
Can we do better by introducing energy-dependence on model parameters?

θ → θ( s)
Select the optimal model using the Bayes factor ℬA/B =

P(yexp |A)
P(yexp |B)

•  : Model B disfavored 
• : Model B moderately favored 
• : Model B strongly favored

ln(ℬ) > 0
−5 < ln(ℬ) < 0
ln(ℬ) < − 5
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Can we do better by introducing energy-dependence on model parameters?

θ → θ( s)
Select the optimal model using the Bayes factor ℬA/B =

P(yexp |A)
P(yexp |B)

•  : Model B disfavored 
• : Model B moderately favored 
• : Model B strongly favored

ln(ℬ) > 0
−5 < ln(ℬ) < 0
ln(ℬ) < − 5

S. A. Jahan, H. Roch and C. Shen, Phys. Rev. C113, 024919 (2026)

Model A Model B

11.7

-0.2

ln(ℬB/A)

η/s(T) η/s = 0

η/s(T) (η/s)eff
D. Everett et al. [JETSCAPE], Phys. Rev. C103, 054904 (2021)

Model A Model B

1.9

ln(ℬB/A)

η/s(μB) (η/s)eff

BAYESIAN MODEL SELECTION
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OBSERVABLE RESPONSES TO MODEL PARAMETERS
STAR 

200 GeV
PHOBOS 200 GeV STAR 

19.6
PHOBOS 19.6 GeV STAR 

7.7 GeV

Red: Positive correlation; Blue: Negative correlation
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STAR 
200 GeV

PHOBOS 200 GeV PHOBOS 19.6 GeV STAR 
7.7 GeV

Red: Positive correlation; Blue: Negative correlation

• Particle yields provide strong constraints on initial-state energy (rapidity) 
loss parameters 

• The opposite correlations between mid-rapidity and forward in PHOBOS 
pseudo-rapidity distributions can provide complement constraints to those 
from STAR mid-rapidity measurements at the multiple collision energies

STAR 
19.6

OBSERVABLE RESPONSES TO MODEL PARAMETERS
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STAR 
200 GeV

PHOBOS 200 GeV PHOBOS 19.6 GeV STAR 
7.7 GeV

Red: Positive correlation; Blue: Negative correlation

• Shear viscosity shows positive correlation with particle yields — entropy 
production; negative correlation with anisotropic flow — viscous damping 

• PHOBOS pseudo-rapidity distributions at 200 GeV offers additional 
constrains on  η/s(μB)

STAR 
19.6

OBSERVABLE RESPONSES TO MODEL PARAMETERS
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STAR 
200 GeV

PHOBOS 200 GeV PHOBOS 19.6 GeV STAR 
7.7 GeV

Red: Positive correlation; Blue: Negative correlation

• Bulk viscosity shows positive correlation with particle yields — entropy 
production; negative correlation with mean  — resistance to expansion 

• Particle yields at forward and backward pseudo-rapidity shows stronger 
correlation with  than those with the mid-rapidity particle yields

pT

(ζ/s)max

STAR 
19.6

OBSERVABLE RESPONSES TO MODEL PARAMETERS



Chun Shen (Wayne State) QCD Critical Point and Hydrodynamic Evolution /4641

MOVING TOWARDS NEXT-GENERATION 
BAYESIAN INFERENCE 
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THEORETICAL UNCERTAINTY

y(pT) = η(pT, θ)+δ(pT)+ϵexp

Theoretical models are not perfect. Modeling its error  with Gaussian 
Process in a data-driven approach,

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

y(pT) = η(pT, θ) + ϵexp
Validate this 
framework with 
mock data (w. 
Grad ) 

Enabled robust 
inference with 
observables 
with different 
theoretical 
fidelities

δf
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Today’s posterior is tomorrow’s prior

P(θ |D1, D2) = P(D1, D2 |θ)P(θ)
P(D1, D2)

= P(D2 |θ)P(D1 |θ)P(θ)
P(D2)P(D1)

= P(D2 |θ)P(θ |D1)
P(D2)

The distribution  is highly 
correlated and non-trivial to sample

P(θ |D1)

A normalizing-flow generative 
model learns P(θ |D1)
Y. Yamauchi, L. Buskirk, P. Giuliani and K. Godbey, arXiv:2310.04635 [nucl-th]

H. Roch and C. Shen, 
arXiv:2509.14911 [nucl-th]

SEQUENTIAL BAYESIAN INFERENCE
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Today’s posterior is tomorrow’s prior

Robust Markov chain Monte Carlo 
(MCMC) sampler (pocoMC) is required 
for iterative Bayesian inference when 
the posterior is bimodal

H. Roch and C. Shen, arXiv:2509.14911 [nucl-th]

P(θ |D1, D2) = P(D1, D2 |θ)P(θ)
P(D1, D2)

= P(D2 |θ)P(D1 |θ)P(θ)
P(D2)P(D1)

= P(D2 |θ)P(θ |D1)
P(D2)

SEQUENTIAL BAYESIAN INFERENCE
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CONSTRAIN QCD EQUATION OF STATE
• Confront with the RHIC BES phase II data 

➡Constrain the speed of sound  
• First step: introduce nonparametric GP prior to reproduce lattice QCD 

EoS at 

c2
s (T, μB)

μB = 0 J. Gong, H. Roch and C. Shen, arXiv:2410.22160 [nucl-th]
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SUMMARY
• The vibrant experimental programs at the RHIC and LHC have been 

driving heavy-ion physics to a precision era
Unified theoretical models + Bayesian statistical frameworks 
are essential to elucidate the many-body QCD physics

• 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

• Looking forward to the next-generation of Bayesian studies in heavy-ion 
physics

Initial stopping, , η/s(μB) ζ/s(T, μB)

Quantify theoretical uncertainties 
non-parametric representation, Sequential Bayesian constraints 
and more machine learning enhancements


