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AI 百年发展
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AI 技术飞速发展，正在掀起⼀场新的科技⾰命
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Machine learning in physics
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• Quantum many-body problem 

Quantum states based on artificial neural networks
 Use neural network to learn many-body wave function⇒

Carleo, Torcer, Science 355(2017)602-606

Tensor network and Automatic differentiation
 Solve high-dimensional strong correlation problems⇒

Orus, Annals Phys.349(2014)117-158



Machine learning in physics
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• Particle physics and cosmology

Data analysis
 Particle trajectory and jet classification⇒

Baldi et al., Nat. Commun. 5 (2014) 4308

Accelerate LQCD simulation
 Manifold sampling solves sign problem and generate samples⇒

Alexandru et al., PRD96(2017)094505, 

Kanwar et al., PRL125(2020)121601

Solve inverse problem
 Physical states during hadronization⇒

Shi et al., PRD105(2022)014017

Cosmology
 Detect small-scale structures 

in the early universe
⇒

Sun et al., arXiv:2407.14298
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• Physics-driven machine learning

Discover physical laws
 Conservation and symmetries⇒

Schmidt and Lipson, Science 324(2009)81-85

Physics-informed neural networks
 Solve problems related to partial differential equations⇒

Raissi et al, J. Compute. Phys. 378(2019)686-707

Machine learning in physics
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• Heavy ion physics

Interpretable ML in jet background subtraction in HIC
Mengel et al., PRC108(2023)L021901

An equation of state meter of quantum chromodynamics 
transition from deep learning

Jet tomography in HIC with deep learning

ML-based jet momentum reconstruction in HIC

Machine learning in physics

Pang et al., Nat. Commun. 9(2018)210

Du et al., PRL128(2022)012301

Haake et al., PRC99(2019)064904

Apolinario et al., JHEP11(2021)219

Chien, NPA982(2019)619-622

Deep Learning for the classification of quenched jets

Probing HIC using quark and gluon jet substructure with ML

……



Machine learning in hadron physics
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2022

One-channel analysis

Regress Gell-Mann-Okubo formula
CPL39(2022)111201

PRD105(2022)076013
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2022

One-channel analysis

Regress Gell-Mann-Okubo formula
CPL39(2022)111201

PRD105(2022)076013

2023

Sci.Bull.68(2023)981
Coupled channel analysis

2024

Three-body system on the lattice
PRD(2025)036002 arXiv:2503.06496

The power law of FV energy shift

2025
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Extract dynamics
Distinguish models



One-channel case in 2022
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The first step: One-channel line shape in HM picture 

Why one-channel case?

• The most simple case

• A given structure has one foremost channel

• In the isospin limit, sometimes the requirement can be satisfied

X(3872) DD̄* + c . c . T+
cc DD*

Liu, Zhang, Hu, QW, PRD105(2022)076013
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Choose parameter region

Matuschek, Baru, Guo, Hanhart, EPJA57(2021)101

• Allow for bound state, virtual state and 
resonances

• Cover charmonium(-like) region
• Resolution is set to cover usual experimental 

values
• Generate 150000 samples (100 data points)
•  45000 samples for testing

Generate samples

One-channel case in 2022
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• The difference between the predicted values and the label values.

• The distributions are obtained by testing 45000 samples.

• The means measure the deviation of the predicted values from the label ones.

• The root-of-mean-square (RMS) measures the intrinsic uncertainties.

• Compare to the 10074/45000 fitting results.

Evaluation

Liu, Zhang, Hu, QW, PRD105(2022)076013

One-channel case in 2022
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Evaluation Liu, Zhang, Hu, QW, PRD105(2022)076013

One-channel case in 2022
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X(3872) •  channel

• a, r and threshold are consistent 

with those from fitting within 1

• The errors are obtained in 

bootstrap (10000 data sets)

DD̄* + c . c .

σ

Apply to the  X(3872) Liu, Zhang, Hu, QW, PRD105(2022)076013

One-channel case in 2022
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T+
cc

•  channel

• a, r and threshold are consistent 

with those from fitting within 1

• The errors are obtained in 

bootstrap (10000 data sets)

DD*

σ

Apply to the  T+
cc

Liu, Zhang, Hu, QW, PRD105(2022)076013

One-channel case in 2022



18

T+
cc

•  channel

• a, r and threshold are consistent 

with those from fitting within 1

• The errors are obtained in 

bootstrap (10000 data sets)

DD*

σ

Apply to the  T+
cc

Liu, Zhang, Hu, QW, PRD105(2022)076013

One-channel case in 2022
ML can do as good as normal fitting approach
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Bing-Song Zou, Sci.Bull.66(2021)1258

 predicted by Dalitz and Tuan in 1959Λ(1405)

The history of pentaquarks

Dalitz and Tuan, PRL2(1959)425

An excited state of a three-quark  system

 hadronic molecule with 

(uds)

K̄N udsqq̄

A similar situation for N⋆(1535)

An excited state of a three-quark  system

 dynamical generated state with 

(uds)

K̄Σ − K̄Λ qqqss̄ Kaiser, Siegel, Weise, NPA594(1995)325

Liu, Zou, PRL96(2006)042002

Wu, Molina, Oset, Zou, PRL105(2010)232001
Pentaquark in hidden charm sector

Multi-channel case in 2023
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The  molecular pictureΣ(*)
c D̄(*)

Liu et.al., PRL122(2019)242001

• Two parameters determined by

 

• Two solutions

Pc(4440), Pc(4457)

• Two parameters  for 

• Predict pole positions accurately

•
• The effect of each data point is different

gS, gD J/ψp, ηcp

χ2
A < χ2

B

Solution B ( )χ2/d.o.f. = 1.03

Solution A ( )χ2/d.o.f. = 1.01

ΣcD̄*

ΣcD̄

|ℳ |2 = ∑
J= 1

2 , 3
2 , 5

2

|ℳJ |2

Du, Baru, Guo, Hanhart, Meißner, Oller, QW, PRL124(2020)072001

Multi-channel case in 2023
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Liu et.al., PRL122(2019)242001
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• Predict pole positions accurately

•
• The effect of each data point is different

gS, gD J/ψp, ηcp

χ2
A < χ2

B

The  molecular pictureΣ(*)
c D̄(*)

Du, Baru, Guo, Hanhart, Meißner, Oller, QW, PRL124(2020)072001

Multi-channel case in 2023
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The  molecular pictureΣ(*)
c D̄(*)

•  bound state or virtual state?

• Spin assignment of  and ?

• The pole situations for all the  states?

• Whether NN approach obtains more than

 the normal fitting approach?

Pc(4312)

Pc(4440) Pc(4457)

Pc

The decay amplitude for  processΛb → J/ψpK−

The decay amplitude for  processΛb → Σ(*)
c D̄(*)K−

Zhang, Liu, Hu, QW, Meißner, Sci.Bull.68(2023)981-989

LO HQEFT, Du, Baru, Guo, Hanhart, Meißner, Oller, QW, PRL124(2020)072001

LHCb, PRL122(2019)222001

Multi-channel case in 2023
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States and labels

  ："Bound state" (0)

："Resonance"   (1)

："Virtual state" (2)

• “+” and “-” for phy. and unphy. sheets

•  dyn. Channels:  

•  dyn. Channels: 

•  dyn. Channel: 

1
2

−
ΣcD̄, ΣcD̄*, Σ*c D̄*

3
2

−
Σ*c D̄, ΣcD̄*, Σ*c D̄*

5
2

−
Σ*c D̄*

States for 3-channel case

States for 1-channel case

• Mass label 1 and 0 for  and ,

i.e. solution A and B in PRL122(2019)242001, PRL124(2020)072001, JHEP08(2021)157

JPc(4440) =
1
2

, JPc(4457) =
3
2

JPc(4440) =
3
2

, JPc(4457) =
1
2

LHCb, PRL122(2019)222001

Solution B

Bound state for  channelsJ =
1
2

,
3
2

,
5
2

0000 Zhang, Liu, Hu, QW, Meißner, Sci.Bull.68(2023)981-989

Multi-channel case in 2023
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Training and verification
240184 samples

Predicted probability

5 and 10 NN models with an identical structure under different initialization
The uncertainties decrease with the increasing number of NNs
Top 3 probabilities, 1000,1001,1002 favor solution A

Bound states in  channels, Undetermined for  channel

The NNs successfully retrieve the state label with an accuracy (standard deviation) of
  for the samples 

JP =
1
2

−
,

3
2

−
JP =

5
2

−

75.91(1.18) % , 73.14(1.05) % , 65.25(1.80) % , 54.35(2.32) %
{𝒮90}, {𝒮92}, {𝒮94}, {𝒮96} Zhang, Liu, Hu, QW, Meißner, Sci.Bull.68(2023)981-989

Multi-channel case in 2023
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Why NN favors Solution A?

Generate 100 1xxx samples and 100 0xxx samples

1xxx samples 0xxx samples

Reduced chisq from the normal fitting

• A 3% misidentification for 1xxx samples

Solution BSolution A

Zhang, Liu, Hu, QW, Meißner, Sci.Bull.68(2023)981-989

Multi-channel case in 2023
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Why NN favors Solution A?

Generate 100 1xxx samples and 100 0xxx samples

1xxx samples 0xxx samples

Probabilities from NN

• The NN can make a good prediction

• The two solutions are well distinguished for both samples

Solution A Solution B

Zhang, Liu, Hu, QW, Meißner, Sci.Bull.68(2023)981-989

Multi-channel case in 2023
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The impact of each experimental data point in NN

The Shapley Additive exPlanation (SHAP) is investigated.
A positive (negative) SHAP value indicates that a given data point is pushing 
the NN classification in favor of (against) a given class.
The data points around the peaks in the mass spectrum have a greater impact.

1000 {𝒮90}

Zhang, Liu, Hu, QW, Meißner, Sci.Bull.68(2023)981-989

Multi-channel case in 2023
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The impact of each experimental data point in NN

The Shapley Additive exPlanation (SHAP) is investigated.
A positive (negative) SHAP value indicates that a given data point is pushing 
the NN classification in favor of (against) a given class.
The data points around the peaks in the mass spectrum have a greater impact.

1000 {𝒮90}

Zhang, Liu, Hu, QW, Meißner, Sci.Bull.68(2023)981-989

ML can extract more information than normal fitting approach

Multi-channel case in 2023



Three-body system on the lattice in 2024
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Wu et al., Sci.Bull.67(2022)1735-1738Liu et al., Phys.Rept.1108(2025)1

E. Oset, T. Hyodo, K.P. Khemchandani, A. Martinez 

Torres, L.S. Geng, C.W. Xiao, M.P. Valderramma, A. 

Hosaka, F.K. Guo……

Many-body system
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Applications in Hadron Physics

Gaussian expansion method (GEM)

QCD sum rule (QCDSR)

Born-Oppenheimer approximation

Fixed center approximation (FCA)

Faddeev equation (F) 

Liu et al., Phys.Rept.1108(2025)1

Without 3-body force!

Three-body system on the lattice in 2024



• The observation of  in experimentT+
cc, D*s0(2317), Ds1(2460)
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 interaction: LO+OPEDD*

 interaction: LO+NLODK

 interaction: LO+NLOD*K

Du et al, PRD105(2022)014024

Guo et al, EPJA40(2009)171

Single particle regulator is used to obtain a better ren. Group invariant
Lu et al, arXiv:2308.14559

Three-body system on the lattice in 2024
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T+
cc ⇒ v0 D*s0(2317) ⇒ h3 Ds1(2460) ⇒ h*3

Cubic lattice 

Cutoff  in the regulator

Lattice spacing 

 converges slow  long-ranged force+shallow bound state

 converges quickly

L3 = 53⋯193

Λ = 300, 350, 400 MeV

a = 1/200 MeV ∼ 0.99 fm

v0 ⇐

Λ = 400 MeV

Zhang et al., Phys.Rev.D111(2025)036002

Three-body system on the lattice in 2024
Two-body parameters
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 Lag. 

 three-body force

DD*K ℒ = c3 ⟨H𝒟μH†H𝒟μH†⟩ + c′ 3 ⟨H𝒜μH†H𝒜μH†⟩
DD*K

VDD*K (pi) =
c3

4f 2
π

(p1 ⋅ p3 + p1 ⋅ p′ 3 + p2 ⋅ p3 + p2 ⋅ p′ 3 + p′ 1 ⋅ p3 + p′ 1 ⋅ p′ 3 + p′ 2 ⋅ p3 + p′ 2 ⋅ p′ 3) ϵ ⋅ ϵ*

 binding energyDD*K

Extrapolate to infinite volume
ΔE
ET

= − (κL)−3/2
3

∑
i=1

Ci exp (−μiκL)

Ma et al., CPC43(2019)014102

Meng et al., PRD98(2018)014508

Switch off three-body force, the result is consistent with that in

Zhang et al., Phys.Rev.D111(2025)036002

From Serdar’s talk

Three-body system on the lattice in 2024
Three-body interaction
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 No experimental data  binding energy with  as input

The parameter  at various cubic 

⇒ Λ = 400 MeV

c3

 decreases

-type and -type excitation

The standard angular 

momentum and parity 

projection technique is used

Eexcited
Λ1

− Eexcited
Λ2

ρ λ

ΨA⟩ =
dn

24

24

∑
i=1

χn (Ωi) R (Ωi) Ψ0⟩
Lu et al., PRD90(2014)034507

JP = 1− ⇐

Zhang et al., Phys.Rev.D111(2025)036002

Three-body system on the lattice in 2024
The first excited states



35

Three-body system on the lattice in 2024
ΔE
ET

= − (κL)−3/2
3

∑
i=1

Ci exp (−μiκL)

Does this extrapolation formula also work for long-rang interaction? 

Machine Learning Unveils the Power Law of Finite-Volume Energy Shifts, 

9:40-10:00, 周⽇，张振宇
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The result of short-range interaction

EL = C1 + C2e−C3L /L2

EL = C1 + C2e−C3L /L

EL = C1 + C2e−C3L

(A)

(B)

(C)

Box size 10 ∼ 30 fm

Recover the formula of short-range interaction successfully

The value of  is 

exactly the binding 

momentum

C3

The power law of FV energy shift in 2025
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EL = C1 + C2e−C3L /L

EL = C1 + C2e−C3L

EL = C1 + C2e−C3LL

(A)

(B)

(C)

Box size 10 ∼ 30 fm

The power depends on the range of the force

The power of  

increases 2 for  

range interaction

L

10 fm

EL = C1 + C2e−C3LLn

The power law of FV energy shift in 2025
The result of long-range interaction

The range parameter is set μ = 20 MeV
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μ = 10, 20,…, 120, 400, 600, 800MeVThe n and  value C3

n = − 1
μ = 0
ℏc/10 fm ∼ 20 MeV

κB

μ = 0
ℏc/10 fm ∼ 20 MeV

 The regressed formula recovers the short-range limit and indicates the 

long-range tendency

The power law of FV energy shift in 2025
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μ = 10, 20,…, 120, 400, 600, 800MeVThe n and  value C3

n = − 1
μ = 0
ℏc/10 fm ∼ 20 MeV

κB

μ = 0
ℏc/10 fm ∼ 20 MeV

The power law of FV energy shift in 2025

The ML can extract unknown formula!
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Summary and outlook

Avoid model dependence.

ML can extract more information than normal fitting approach

ML can do as good as normal fitting approach

2022

2023

2025

 One-channel analysis

 Multi-channel analysis  ML can extract more information⇒

 Power law of FV energy shift  ML can extract unknown formula⇒

……XXXX Thank you very much!



Thank you very much!


