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I、Background & Motivation

Yongjia Wang (王永佳)

◆ Low energy fusion reaction

◆ Relativistic HIC

beam energy

~100 MeV- a few GeV/nucleon

~100 MeV/nucleon > hundreds of GeV/nucleon
Nuclear structure, boundary 
of nuclear chart

◆ intermediate energies HIC

QCD phase diagram, 
QGP properties 

: Overview of HIC
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➢ "equation of state"(EOS): energy/nucleon vs. density

thermal compressional ground state energy

➢ nuclear equation-of-state at T=0: the "compressional" energy

➢ 𝑈(𝜌) density dependent local potential

➢ compression modulus 𝜅

➢ constraints 𝜀(𝜌 = 𝜌0, 𝑇 = 0) = −16 𝑀𝑒𝑉

K: Isospin-dependent EOS---parameters
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The Nuclear Symmetry Energy

Symmetry energy 

term

(poorly known)
Symmetric Nuclear Matter

(relatively well-determined)

Isospin asymmetry

⚫EoS→IEoS Empirical Parabolic Law and the Nuclear Symmetry Energy

Sym: Isospin-dependent EOS---

parameters
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Phys. Lett. B 727(1-3): 276-281 (2013)

Bao-An Li (arXiv:2510.05508）
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⚫EoS→IEoS

IEOS: phase diagram and the paths

Nature 606, 276-280 (2022)
Prog. Part. Nucl. Phys. 134, 104080(2024)
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G. J. Mao, Relativistic microscopic quantum 

transport equation, Nova Science Publishers (2005)                                                                 s1/2 (MeV)

Hartree

Bonn

Fock

Transport 
Equation

Collision TermMean Field

Q. F. Li, Z. X. Li, G. J. Mao, Phys. Rev. C 62, 014606 (2000).

Q. F. Li, Z. X. Li, E. G Zhao, Phys. Rev. C 69 017601 (2004).

Q. F. Li, Z. X. Li, Phys. Lett. B 773, 557-562 (2017).

Q. F. Li, Z. X. Li, Sci. China-Phys. Mech. Astron. 62,  972011 (2019). 

How to describe the transport process self-consistently ---theories (e.g., RBUU)
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➢ UrQMD model

➢ Cascade mode; Prog. Part. Nucl. Phys. 41 (1998) 225; J. Phys. G25 (1999) 1859–1896.

Considering particle productions, scatterings, decays, but no interactions

➢ Hybrid mode; Phys. Rev. C 78 (2008) 044901; Phys. Rev. C 84, 045208 (2011); Phys. Lett. B 674 (2009) 111–116    

with the help of macroscopic hydrodynamics with different EOS

➢ Potential-field mode. Phys. Rev. C 83, 044617 (2011); Front. Phys. 15, 44302 (2020); Eur. Phys. J. C (2022) 

82:427 ; Sci. China-Phys. Mech. Astron. 66(2), 222011 (2023); ibid 66(3), 232011 (2023). Considering the 

mean-field, density functional, or chiral…

More model-comparisons, please see: 
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How to describe the transport process numerically ---models (e.g., UrQMD)

Eur. Phys. J. C (2022) 82:427

Phys. Lett. B 674 (2009) 111–116



More than 30 big ion accelerators, operational or under construction, 

covering energy ranges from MeV/u ~ TeV/u.

FRIB, USA

RADON, Korea

SPIRAL, France

RIBF, Japan

LHC, Europe HIAF, ChinaNICA, RussiaFAIR, GermanyRHIC, USA

I、Background & Motivation
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Experimentally done by Heavy Ion Reaction Accelarators

!要闻！



I、Background & Motivation

①

更
高
的
密
度

②

更
精
确
的
对
比

Prog. Part. Nucl. Phys. 134, 104080(2024)Phys. Rev. C 109, 065803 (2024)

arXiv:2506.18832v3
10
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→A. Boehnlein, M. Diefenthaler, N. Sato,  et al. Rev. Mod. Phys. 94, 031003 (2022).

→W. B. He, Q. F. Li, Y. G. Ma, Z. M. Niu, J. C. Pei and Y. X. Zhang, Sci. China Phys. Mech. Astron. 66, 282001 (2023).

④ 方法创新：AI4science 

③ 学科交叉：HICs + astrophysical 

→M. McLaughlin, Physics 10, 114(2017)

→C. Y. Tsang, et al. Nature Astron. 8, 328-336 (2024).
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Eur. Phys. J. A 57, 100 (2021) 

Rev. Mod. Phys. 94(3), 031003 (2022)
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Physical Application

Symmetry, 16(11): 1426 (2024)

International Journal of Modern Physics E, 33(06): 2430009 (2024)

arxiv:2509.26374 (2025)

PoS  FAIRness2022 64 (2023)

Physical Review C, 111(5): 055804 (2025).

Journal of Physics G: Nuclear and Particle Physics 51(10): 103001 (2024)
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机器学习:最新进展（物理应用：以PR为例，截止至 2023.6 ）

Phys. Rev. 包括：Phys. Rev. Lett./ A / B / C / D / E / X

Phys. Rev. Lett. —— 99/2134     4.6% 

Phys. Rev. A       ——179/2408   7.4%

Phys. Rev. B       ——160/4904   3.3%

Phys. Rev. C —— 43/1017      4.2% 

Phys. Rev. D ——189/4080    4.6%

Phys. Rev. E ——165/1789     9.2%
2022年

搜索关键词“machine learning”统计结果 
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Phys. Rev. 包括：Phys. Rev. Lett./ A / B / C / D / E / X

Phys. Rev. Lett. —— 177/2336     7.6% 

Phys. Rev. A       ——199/1987   10.0%

Phys. Rev. B       ——302/4279     7.1%

Phys. Rev. C —— 51/753         6.8%

Phys. Rev. D ——358/3925     9.1%

Phys. Rev. E ——231/1483    15.6%
2025年

搜索关键词“machine learning”统计结果 

机器学习:最新进展（物理应用：以PR为例，截止至 2025.10 ）



I、Background & Motivation ➔ to my benefits…☺
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Phys. Rev. C 111(5), 055804 (2025)
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Physical Application：most recent
Phys.Rev.C 112 2, 024305 (2025)

Nucl.Phys.A 1057 123043 (2025)

Predicted number of participants (Npart) : centrality

Posteriors for the nucleonic compact-star EoS distribution RMSE of nuclear binding energy

Phys. Rev. C 112(3), 035805 (2025)

arxiv:2510.05508, 2025 
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Successful AI Applications in nuclear physics so far from my group 

Publications Task
Data

AI
Features

Exp./Sim. BF/PI

Y2020 by FPLi;

JPG47, 115104
Impact Parameter UrQMD

CNN

LightGBM
BF(2)

Y2021 by FPLi;

PRC104,034608
Impact Parameter UrQMD

ANN、CNN

LightGBM
BF(7)

Y2021 by ZPGao;

NST32, 109
Nuclear  Mass Exp. LightGBM BF(10)+PI(4)

Y2021 by YJWang;

PLB822, 136669
Symmetry Energy UrQMD CNN BF(4)

Y2022 by YJWang;

PLB835, 137508
Symmetry Energy UrQMD LightGBM BF(30)

Y2022 by ZPGao;

SSPMA52, 252010

quadrupole 

deformation
UrQMD LightGBM BF(6)

Y2024 by ZLLi; 

PRC109,024604
Fusion CS Exp. LightGBM BF(17)+PI(3)

Y2025 by ZLLi; 

PRC112, 014312

nuclear charge 

radius
Exp.

LightGBM

SVGP
BF(10)+PI(1)

Y2025 by GJWei

JPG52, 015107

Medium Modified 

NN elastic CS：F
UrQMD LightGBM BF(8)

Y2025 by GJWei

arxiv:2509.03406
K0, m*, F UrQMD，Exp. Bayesian analysis v11, v20, vartl

曹政（高密）

钱以斌、田俊龙、
李剑、刘健

李甫鹏（高能）、
夏鋮君（中子星）

罗文（中子俘获）

吕梦蛟（结团）

每人各2篇
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LMNN by H. F. Zhang       NN by R. Utama

BNN by Z. M. Niu              RBFoe by Z. M. Niu

NN by A. Pastore              Trees by M. Carnini

                                                   LightGBM in this work

DZ WS4 FRDM

➢ All four mass models can provide 

satisfactory corrections.

➢ The correction for the droplet model 

can identify the magic numbers near 

the driplines.

Accuracy is 

crucial !!!

Nucl. Sci. Tech. 32, 109, 2021 18

Machine Learning Research on Nuclear Mass

均方根
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Machine Learning Research on Nuclear Mass Nucl. Sci. Tech. 32, 109, 2021

LightGBM (Light Gradient Boosting Machine)
developed by Microsoft in 2016
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Machine Learning Research on Nuclear Mass MY Huang, etal, Phys. Rev. C, 112(3): 034317 (2025).

不确定度量化Δ-UQ mapping方法：系统化评估测量不确定度的来源及影响，提高决策或预测的可靠性
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Data from Atom.Data Nucl.Data Tabl. 114 (2017) 281-370 • e-

Print: 1504.00756 [nucl-th]

The test set system is not included 

in the training set.

Name Data points

training set + validation set 3635

Name Data points

test set 280

training set

+ 

validation 

set

220 systems

18 systems

test set

Phys. Rev. C 109(2): 024604 (2024)

Machine Learning Research on Fusion Cross Section 



II、ML & Previous Work Review

22

Machine Learning Research on Fusion Cross Section 
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Name Data points

test set 280

18 systems

18 systems

Comparison of Mode_E and DC-TDHF [1]

[1] Physical Review C, 105, 034601 （2022）

Machine Learning Research on Fusion Cross Section 
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马春旺组 Nucl. Sci. Tech. 36(10): 194 (2025):根据新证据不断调整先验认知

Bayesian neural network



III、Results on EoS

Each collision between the projectile nucleus

and the target nucleus is called an event. Due

to the initial state fluctuations of the atomic

nuclei, random nucleon-nucleon scattering,

and other factors, even under exactly the

same initial conditions, the values of the final

state observables will be different. In current

research, the average value of multiple event

observables is generally the focus of attention.

In fact, both theory and experiment can

obtain information about the observables

event by event.

Event-by-event analysis has been widely

employed in the field of relativistic heavy-ion

collisions to obtain information about critical

points.
The same 

initial state

Different 

final states

25

Event-by-event analysis 重离子碰撞：逐事件



III、Results on EoS

Initial state：Collision system, beam energy, EoS, impact parameters, etc.

Artificial Neural Network

(ANN)

Light gradient boosting machine

(LightGBM)

Analyze the prediction results

UrQMD transport model

Shapley additive explanations

Transport model emulates heavy-ion collisions

Observables Training and testing of machine learning models

EoS、symmetry energy, etc.

Feature Importance

Machine learning algorithmEvent-by-event data

26

Machine learning combined with heavy ion collisions
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Machine learning the in-medium correction factor on nucleon-nucleon elastic cross section

the in-medium correction factor

Phys. Lett. B, 828: 137019 (2022).

2-σ confidence limit

Machine learning further 

reduce the error
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UrQMDInitial state Observables

132Sn + 124Sn

Elab = 0.27 GeV/nucleon

b0 = 0

F = 0.4 - 0.8 (随机选取)

Machine learning the in-medium correction factor on nucleon-nucleon elastic cross section
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When the average of a small number of events is used

as the observables of the sample, the influence of

fluctuations is significantly reduced and the error is

greatly decreased.

SM：K0 = 200 MeV

HM：K0 = 380 MeV

Machine learning the in-medium correction factor on nucleon-nucleon elastic cross section
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Machine learning the in-medium correction factor on nucleon-nucleon elastic cross section

✓ The contribution of each

input feature

✓ Sorting of sensitive

observables

✓ Presenting the positive and

negative correlations

between observables and F.
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Constrain multiple parameter

distributions from multiple

experimental data simultaneously.

Posterior 
Likelihood 

Prior

𝒑(𝒚𝒆𝒙𝒑|𝜽) ∝ෑ

𝒊

𝒆𝒙𝒑(−
(𝒚𝒊 − 𝝁𝒊)

𝟐

𝟐𝝈𝒊
𝟐 )

Thomas Bayes

31

The prior
of EoS 

parameters

Gaussian 
process 
emulator

Observables 
experimental 

value

Bayesian 
analysis

The posterior
of EoS 

parameters

Transport model
calculated 
observables

Predicted 
observables 

TrainingValidation

Bayesian analysis constraints EoS



III、Results on EoS

参数 先验分布

incompressibility K0 (MeV) N(240，602 )

effective mass m*/m0 U(0.5, 0.95)

the in-medium correction factor F U(0.6, 1.0)

arXiv:2509.03406

32

Observables 
experimental 

value

The prior
of EoS 

parameters

Emulator
validation

Bayesian analysis constraints EoS
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The posterior of 
EoS parameters

Bayesian analysis constraints EoS
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K0 = 234.86−63.56
+59.60 MeV

m*/m0 = 0.78−0.10
+0.09

F = 0.75−0.07
+0.08

Posterior

K0 = 226.65−50.42
+55.65 MeV

m*/m0 = 0.88−0.33
+0.33

F = 0.88−0.07
+0.06

Elab = 0.25 GeV/nucleon

Elab = 0.4 GeV/nucleon

34

Bayesian analysis constraints EoS
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Bayesian analysis constraints EoS

BA LI & WJ Xie, Phys. Rev. C, 111(5): 054602 (2025)

模型依赖性

Bo-An LI, arXiv:2510.05508, 2025 

& Phys. Rev. D 110, 103040 (2024)： 中子星
更高阶的关联
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Incorporating physical information features in the input can significantly

reduce the MAE. So, Physical information plays a crucial role in

predicting using machine learning, which requires deeper nuclear

theoretical investigations.

Machine learning + Bayesian analysis have become important tools for

constraining and understanding the nuclear EoS, bringing new

perspectives and breakthroughs to the research. However, there is still

some uncertainty regarding the constraints for K0.

Machine learning and Bayesian analysis should be combined with more

sensitive observables and research fields, such as the properties of dense

nuclear matter under extreme conditions and the comprehensive analysis

of multi-messenger astronomical data, in order to promote the continuous

development of the research on the EoS.



Thanks for listening!

And welcome to Huzhou!

Huzhou University      Qingfeng Li          liqf@zjhu.edu.cn
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