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COLLABORATIVE EFFORT ON BAYESIAN-ENABLED NP

Develop common tools for Bayesian inference with expensive models at high dimensions
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COLLABORATIVE EFFORT ON BAYESIAN-ENABLED NP

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

exa-scale computing
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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 new 
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, and future FAIR/NICA/JPAC)?

Tµ⌫ () e, P , s
<latexit sha1_base64="yMKfmlSp4o6Gd1ymWR72jp0DOPU="></latexit>

c2s = @P/@e|s/n
<latexit sha1_base64="ZmkHV1gPfZw+p9+Z1lSoLK3DklE=">AAACEnicdVA7T8MwGHTKq5RXgJHFokKCJU0KAjogVbAwFok+pCZEjuu2Vh0nsh2kKupvYOGvsDCAECsTG/8Gpy2I50mWTnff2f4uiBmVyrbfjNzM7Nz8Qn6xsLS8srpmrm80ZJQITOo4YpFoBUgSRjmpK6oYacWCoDBgpBkMzjK/eU2EpBG/VMOYeCHqcdqlGCkt+eYe9uVVGZ5AN0ZCUcRgrfRJCXR1VvmpLPGRbxZtq2I7lUMH/iaOZY9RBFPUfPPV7UQ4CQlXmCEp244dKy/N7saMjApuIkmM8AD1SFtTjkIivXS80gjuaKUDu5HQhys4Vr8mUhRKOQwDPRki1Zc/vUz8y2snqnvspZTHiSIcTx7qJgyqCGb9wA4VBCs21ARhQfVfIe4jgbDSLRZ0CR+bwv9Jo2w5+1b54qBYPZ3WkQdbYBvsAgccgSo4BzVQBxjcgDvwAB6NW+PeeDKeJ6M5Y5rZBN9gvLwDJRydMw==</latexit>

Electromagnetic emissivity

Equation of State

DB , DQ, DS
<latexit sha1_base64="fODjUY+W1d9j3ItEZZY2drhLgMg=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgogwzVdTuSu3CZYv2Ae0wZNJMG5rJDElGKWM/xY0LRdz6Je78G9OH4PPA5R7OuZfcHD9mVCrbfjcyS8srq2vZ9dzG5tb2jpnfbckoEZg0ccQi0fGRJIxy0lRUMdKJBUGhz0jbH11M/fYNEZJG/FqNY+KGaMBpQDFSWvLMfM2rFntFWPMa83blmQXbKttO+dSBv4lj2TMUwAJ1z3zr9SOchIQrzJCUXceOlZsioShmZJLrJZLECI/QgHQ15Sgk0k1np0/goVb6MIiELq7gTP26kaJQynHo68kQqaH86U3Fv7xuooJzN6U8ThTheP5QkDCoIjjNAfapIFixsSYIC6pvhXiIBMJKp5XTIXz+FP5PWiXLObZKjZNCpbqIIwv2wQE4Ag44AxVwCeqgCTC4BffgETwZd8aD8Wy8zEczxmJnD3yD8foBUi+SHg==</latexit>

Charge diffusion

Shear and bulk viscosities
⌘/s(T, µB), ⇣/s(T, µB)

<latexit sha1_base64="q1c+P0UbdNaNLChOS37X0YKYY9o=">AAACDXicdVDLSsNAFJ3UV62vqEs3g1WoUGJSRe2u1I3LCn1BE8JkOmmHTh7MTIQa+gNu/BU3LhRx696df+P0IWjVAxcO59zLvfd4MaNCmuaHlllYXFpeya7m1tY3Nrf07Z2miBKOSQNHLOJtDwnCaEgakkpG2jEnKPAYaXmDy7HfuiFc0Cisy2FMnAD1QupTjKSSXP3AJhIdi0K9CO0gcatHRbto385prp43jbJplc8s+JtYhjlBHsxQc/V3uxvhJCChxAwJ0bHMWDop4pJiRkY5OxEkRniAeqSjaIgCIpx08s0IHiqlC/2IqwolnKjfJ1IUCDEMPNUZINkX895Y/MvrJNK/cFIaxokkIZ4u8hMGZQTH0cAu5QRLNlQEYU7VrRD3EUdYqgBzKoSvT+H/pFkyrBOjdH2ar1RncWTBHtgHBWCBc1ABV6AGGgCDO/AAnsCzdq89ai/a67Q1o81mdsEPaG+fAEuZow==</latexit>

Spectra, collective flow, 
femtoscopy

Anisotropic flow vn 
Flow correlations

Balance functions

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

<latexit sha1_base64="Z3Yg0GaKtvxUL8lW0JTRS2cvPFg=">AAACCXicdZDJSgNBEIZr4hbjNurRS2MQPIRhJoqaW9CLxwhmgWQYejo9SZOexe4eIQy5evFVvHhQxKtv4M23sbOI+w8NH39VUV2/n3AmlW2/Gbm5+YXFpfxyYWV1bX3D3NxqyDgVhNZJzGPR8rGknEW0rpjitJUIikOf06Y/OBvXm9dUSBZHl2qYUDfEvYgFjGClLc9EnT5W2dWoNAX6CV65hCzL8syibVVsp3LkoN/gWPZERZip5pmvnW5M0pBGinAsZduxE+VmWChGOB0VOqmkCSYD3KNtjREOqXSzySUjtKedLgpioV+k0MT9OpHhUMph6OvOEKu+/Fkbm3/V2qkKTtyMRUmqaESmi4KUIxWjcSyoywQlig81YCKY/isifSwwUTq8gg7h41L0PzTKlnNglS8Oi9XTWRx52IFd2AcHjqEK51CDOhC4gTt4gEfj1rg3noznaWvOmM1swzcZL+/g2pkq</latexit>

Jets and heavy-quarks

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

Tµ⌫ () e, P , s
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Electromagnetic emissivity

Equation of State

DB , DQ, DS
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Charge diffusion

Shear and bulk viscosities
⌘/s(T, µB), ⇣/s(T, µB)

<latexit sha1_base64="q1c+P0UbdNaNLChOS37X0YKYY9o=">AAACDXicdVDLSsNAFJ3UV62vqEs3g1WoUGJSRe2u1I3LCn1BE8JkOmmHTh7MTIQa+gNu/BU3LhRx696df+P0IWjVAxcO59zLvfd4MaNCmuaHlllYXFpeya7m1tY3Nrf07Z2miBKOSQNHLOJtDwnCaEgakkpG2jEnKPAYaXmDy7HfuiFc0Cisy2FMnAD1QupTjKSSXP3AJhIdi0K9CO0gcatHRbto385prp43jbJplc8s+JtYhjlBHsxQc/V3uxvhJCChxAwJ0bHMWDop4pJiRkY5OxEkRniAeqSjaIgCIpx08s0IHiqlC/2IqwolnKjfJ1IUCDEMPNUZINkX895Y/MvrJNK/cFIaxokkIZ4u8hMGZQTH0cAu5QRLNlQEYU7VrRD3EUdYqgBzKoSvT+H/pFkyrBOjdH2ar1RncWTBHtgHBWCBc1ABV6AGGgCDO/AAnsCzdq89ai/a67Q1o81mdsEPaG+fAEuZow==</latexit>

Spectra, collective flow, 
femtoscopy

Anisotropic flow vn 
Flow correlations

Balance functions

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

<latexit sha1_base64="Z3Yg0GaKtvxUL8lW0JTRS2cvPFg=">AAACCXicdZDJSgNBEIZr4hbjNurRS2MQPIRhJoqaW9CLxwhmgWQYejo9SZOexe4eIQy5evFVvHhQxKtv4M23sbOI+w8NH39VUV2/n3AmlW2/Gbm5+YXFpfxyYWV1bX3D3NxqyDgVhNZJzGPR8rGknEW0rpjitJUIikOf06Y/OBvXm9dUSBZHl2qYUDfEvYgFjGClLc9EnT5W2dWoNAX6CV65hCzL8syibVVsp3LkoN/gWPZERZip5pmvnW5M0pBGinAsZduxE+VmWChGOB0VOqmkCSYD3KNtjREOqXSzySUjtKedLgpioV+k0MT9OpHhUMph6OvOEKu+/Fkbm3/V2qkKTtyMRUmqaESmi4KUIxWjcSyoywQlig81YCKY/isifSwwUTq8gg7h41L0PzTKlnNglS8Oi9XTWRx52IFd2AcHjqEK51CDOhC4gTt4gEfj1rg3noznaWvOmM1swzcZL+/g2pkq</latexit>

Jets and heavy-quarks

DEFINING THE QUARK-GLUON PLASMA
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Which properties of hot QCD matter can we 
determine from relativistic heavy ion data (LHC, 
RHIC, and future FAIR/NICA/JPAC)?
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c2s = @P/@e|s/n
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Electromagnetic emissivity

Equation of State

DB , DQ, DS
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Charge diffusion

Shear and bulk viscosities
⌘/s(T, µB), ⇣/s(T, µB)

<latexit sha1_base64="q1c+P0UbdNaNLChOS37X0YKYY9o=">AAACDXicdVDLSsNAFJ3UV62vqEs3g1WoUGJSRe2u1I3LCn1BE8JkOmmHTh7MTIQa+gNu/BU3LhRx696df+P0IWjVAxcO59zLvfd4MaNCmuaHlllYXFpeya7m1tY3Nrf07Z2miBKOSQNHLOJtDwnCaEgakkpG2jEnKPAYaXmDy7HfuiFc0Cisy2FMnAD1QupTjKSSXP3AJhIdi0K9CO0gcatHRbto385prp43jbJplc8s+JtYhjlBHsxQc/V3uxvhJCChxAwJ0bHMWDop4pJiRkY5OxEkRniAeqSjaIgCIpx08s0IHiqlC/2IqwolnKjfJ1IUCDEMPNUZINkX895Y/MvrJNK/cFIaxokkIZ4u8hMGZQTH0cAu5QRLNlQEYU7VrRD3EUdYqgBzKoSvT+H/pFkyrBOjdH2ar1RncWTBHtgHBWCBc1ABV6AGGgCDO/AAnsCzdq89ai/a67Q1o81mdsEPaG+fAEuZow==</latexit>

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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~

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

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

RHIC BES energies

vz = 0.99995c vz = 0.995c

@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>

@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>
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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 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 are deposited at 
the string ends or string junctions

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

energy density inside the string

yCM ηs

ηs

0 1 2 3 4 5 6
yinit
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0.5

1.0
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2.0
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4.0

y l
os

s

parameterization

A piece-wise 
parameterization 
with

 
 
 

yloss(yinit = 2)
yloss(yinit = 4)
yloss(yinit = 6)
σyloss

7.7 19.6 GeV 200 GeV

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
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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



Chun Shen (Wayne State) ISNET 11 /3515

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

200 GeV 19.6 GeV 7.7 GeV

200 GeV

200 GeV

19.6 GeV

STAR

PHOBOS

PR
IOR
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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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Introducing  and  are favored, 
while the Bayes factor penalizes other 
irrelevant parameters

σx( s) ση( s)

22

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

∂xi

∂ya
= ⟨δxiδyb⟩⟨δybδya⟩−1

ℒ ∝ exp[−δyaΣ−1
ab δyb] δya = ya(xi) − yexp

MORE ON SENSITIVITY ANALYSES
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MORE ON SENSITIVITY ANALYSES
E. Sangaline and S. Pratt, Phys. Rev. C 93, 024908 (2016)

∂xi

∂ya
= ⟨δxiδyb⟩⟨δybδya⟩−1

ℒ ∝ exp[−δyaΣ−1
ab δyb] δya = ya(xi) − yexp

pre
lim

ina
ry
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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,

fT(θ) = ρ fS(θ) + δ(θ)

Learning 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 
the target and source models
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THEORETICAL UNCERTAINTY

y(pT) = η(pT, θ)+δ(pT)+ϵ

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]

Validate this 
framework with 
mock data 

Enabled robust 
inference with 
observables 
with different 
theoretical 
fidelities
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ITERATIVE BAYESIAN INFERENCE

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]
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ITERATIVE BAYESIAN INFERENCE

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)
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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 + 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 
Transfer learning, Iterative Bayesian constraints 
and more machine learning enhancements


