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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

1941-1974
早期人工智能

参考 段文辉 院士 2025年 彭桓武讲座 报告

1980-1987
“专家系统”

2005-今
飞速发展

AlphaGo
围棋

AlphaFold
蛋白质结构预测

人工智能大模型
ChatGPT 问世

科学大模型？

2022

2018

2016
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AI 分类与工作逻辑

AI 分类

AI 工作逻辑
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•基于近似定理，神经网络具有极强的表达能力 
K. Hornik, et.al, Neural Networks 2 (1989)359

神经元

输入层 隐藏层 输出层

f(x) ≈
N(e)

∑
i=1

aiσ (wi ⋅ x + bi)

神经网络
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激活函数

•只有满足一定条件的信号才能传递到下一个神经元

平滑后

•深度学习

解决梯度消失的问题

ReLu function Leaky ReLu function RReLu function
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损失函数

•为了网络输出接近真实值，定义损失函数描述网络输出与真实值的差异

均方差损失函数（解决回归问题） 交叉熵损失函数（解决分类问题）

L(Y ∣ f(x)) =
1
n

N

∑
i=1

(Yi − f (xi))
2

L(Y ∣ f(x)) =
n

∑
i=1

Yi × log ( Yi

f (xi) )
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损失函数

•损失函数的设置往往与待解决的问题直接相关，例如PINN物理信息神经
网络，在解决偏微分问题时，将偏微分方程定义在损失函数中



8

梯度下降

•通过更新网络中的参数寻找损失函数的最小值

损失函数的导数可以揭示局部的形状，沿梯度的方向改变参数值，重复该
过程，损失函数逐渐减小至最小值

∇C ≡ ( ∂C
∂v1

,
∂C
∂v2 )

T
v → v′￼= v − η∇C
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神经网络的正向和反向传播

•正向传播，计算从输入层穿过隐藏层至输出层，得到神经网络输出结果。

•反向传播，计算从输出层穿过隐藏层至输入层，得到神经网络参数。
神经网络的训练就是正向传播和反向传播的循环
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机器学习发展历史
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机器学习发展历史
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机器学习发展历史
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机器学习发展历史

•卷积神经网络、残差网络、生成对抗网络的性能对比

特征提取能力

生成逼真数据

训练稳定性

参数量效率
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机器学习在物理中的应用
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机器学习在物理中的应用
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机器学习在物理中的应用
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机器学习在物理中的应用
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机器学习在物理中的应用
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机器学习在物理中的应用
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机器学习在物理中的应用



Machine learning in hadron physics

22
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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



符号回归重现盖尔曼大久保公式
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符号回归重现盖尔曼大久保公式
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符号回归重现盖尔曼大久保公式



 Theoretical
model

Monte Carlo method

Neural network

ResNet

Samples
generation

Model
evaluation

Model training

Experimental
data analysis

Proof theory

Adam optimizer

Comparison
Input data

Workflow

29

Extract dynamics
Distinguish models
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One-channel case in 2022
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One-channel case in 2022



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

 the strong interaction independent of the spin of heavy quarkmQ → ∞

J = sl +
1
2

J = sl −
1
2

 doubletsl =
1
2

−

mD* − mD = 142 MeV

 doubletsl = 1+

mΣ*c − mΣc
= 64 MeV

J = sl +
1
2

J = sl −
1
2

([Q̄qJl1
]j1[Q(qq)Jl2

]j2)J
∼ ∑

HL

𝒞j1 j2J
jl1 jl2HL ((Q̄Q)H(qqq)L)J

D̄(*) Σ(*)
c

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

Spin rearrangement Two LECs to LO

C1
2

≡ ⟨H ⊗
1
2

| Ĥ |H ⊗
1
2

⟩

C3
2

≡ ⟨H ⊗
3
2

| Ĥ |H ⊗
3
2

⟩

Heavy Quark Spin Symmetry

Multi-channel case
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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

• Two parameters determined by

 

• Two solutions

Pc(4440), Pc(4457)

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

• Two parameters  for 

• 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
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The impact of each experimental data point

 in normal fitting

A analogous quantity

 for the ith para.ΔUi ≡ |
𝒫i(on) − 𝒫i(off)

𝒫i(on)
|

The bins near threshold do not show strong 

constraints on parameters due to the large 

correlation among the parameters

Data at higher energy have large constraints 

on the production parameters

Multi-channel case

Zhang, Liu, Hu, QW, Meißner, Sci.Bull.68(2023)981-989
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Another analogous quantity  for the ith poleΔUJP

i ≡
Re[Polei](on) − Re[Polei](off)

Re[Polei](on)

The impact of each experimental data point in normal fitting

The data around the  thresholds 

are more important

The data around the  threshold are not  

important, due to its small production rate

ΣcD̄, ΣcD̄*

Σ*c D̄*

ΣcD̄

ΣcD̄*ΔU
1
2

−

1 ΔU
1
2

−

2

ΔU
1
2

−

3

Multi-channel case Zhang, Liu, Hu, QW, Meißner, Sci.Bull.68(2023)981-989
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Another analogous quantity  for the ith poleΔUJP

i ≡
Re[Polei](on) − Re[Polei](off)

Re[Polei](on)

The impact of each experimental data point in normal fitting

The experimental data around the coupled-

channels still have strong constraints on the 

physics

ΣcD̄

ΣcD̄*ΔU
1
2

−

1 ΔU
1
2

−

2

ΔU
1
2

−

3

Multi-channel case Zhang, Liu, Hu, QW, Meißner, Sci.Bull.68(2023)981-989
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Another analogous quantity  for the ith poleΔUJP

i ≡
Re[Polei](on) − Re[Polei](off)

Re[Polei](on)

The impact of each experimental data point in normal fitting

data around Pc(4440) have large constraints data around Pc(4457) have large constraints 

The 2nd pole in JP =
1
2

−
The 2nd pole in JP =

3
2

−

The sample corresponds to Solution A

ΣcD̄* ΣcD̄*

ΔU
1
2

−

2 ΔU
3
2

−

2

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



Three-body system on the lattice in 2024

55
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
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Three-body system on the lattice in 2024
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Three-body system on the lattice in 2024



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

59

 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
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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? 
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Three-body system on the lattice in 2024
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Three-body system on the lattice in 2024
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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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Three-body system on the lattice in 2024
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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

EL = C1 + C2e−C3L /L
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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!

EL = C1 + C2e−C3L /L
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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!


