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TMDPDFs: 3D tomography of the nucleon

Boussarie et al., TMD Handbook, 2304.03302
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Boussarie et al., TMD Handbook, 2304.03302

Ø In 2026, we will primarily concentrate on the first four distributions: 𝑓!, ℎ!", 𝑔!#, and ℎ!#" ,
while the other four will be studied in subsequent work.

TMDPDFs: 3D tomography of the nucleon 6



7Theoretical Complexity of TMDPDF -- Rapidity Divergence

𝒚𝒌 =
𝟏
𝟐 𝐥𝐧

𝒌"

𝒌#
𝒚𝒌 → ±∞: rapidity divergence

Ø Rapidity divergence from gluons radiation collinear to lightlike gauge link:

⊥

𝑡

𝑧

𝑛!

𝑷
𝑷

Ji et al., PRD 71, 034005(2005);
Collins, Vol. 32(Cambridge University Press, 2011).

Ø Rapidity divergence renormalized by soft function:

𝜹 as the rapidity regulator.



Ø Physical TMDPDF is defined as: e. g. unpolarized

Rapidity regulator cancelled in the ratio, leaving the rapidity scale 𝜻 dependence ~ 

• Rapidity scale evolution controlled by the Collins-Soper equation:

⇒ Unsubtracted TMDPDF

• The intrinsic/reduced soft function is defined from 

as

Collins-Soper kernel

Ji et al., PRD 71, 034005(2005);
Collins, Vol. 32(Cambridge University Press, 2011).

Theoretical Definition of TMDPDFs, Collins-Soper Kernel and Intrinsic Soft Function 8
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TMDs on Lattice QCD 

• Large-momentum effective theory: connecting Euclidean lattice and physical 
observables

• Achieved great success in the studies of TMDPDFs:

Unpolarized nucleon TMDPDF, PRD109 (2024) Boer-Mulders Function, JHEP 08 (2025) 086

𝒇 𝒙, 𝒃!, 𝝁, 𝜻

𝑺𝑰
𝟏
𝟐 𝒃!, 𝝁

= 𝐞𝐱𝐩 −
𝟏
𝟐
𝑲 𝒃!, 𝝁 𝐥𝐧

−𝜻𝒛 + 𝒊𝝐
𝜻

𝑯𝜞 𝜻𝒛, 𝝁 6𝒇𝜞 𝒙, 𝒃!, 𝝁, 𝜻𝒛 + 𝓞(
𝜦QCD
𝟐

𝜻𝒛
,
𝟏

𝒃!𝟐𝜻𝒛
)

Intrinsic soft function
Collins-Soper kernel Quasi TMDs

Physical TMDs Matching kernel✓

Lattice Lattice
Lattice
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Extraction of Collins-Soper Kernel and Intrinsic Soft Function 

!𝒇𝜞 could be either unsubtracted quasi TMD wave function or quasi TMDPDF.

𝑲(𝒃!, 𝝁) =
𝟏

𝐥𝐧(𝑷𝟏𝒛/𝑷𝟐𝒛)
𝐥𝐧

𝑯𝜞(𝜻𝟐𝒛 , 𝝁)6𝒇𝜞(𝒙, 𝒃!, 𝜻𝟏𝒛 , 𝝁)
𝑯𝜞(𝜻𝟏𝒛 , 𝝁)6𝒇𝜞(𝒙, 𝒃!, 𝜻𝟐𝒛 , 𝝁)

Ji, PRL 110, 262002 (2013); 
Ji, Sci.China 57 (2014);
Ji et al., NPB 955 (2020);
Deng et al., JHEP 09 (2022)

Ø Intrinsic soft function from four-quark form factors:

ü

𝑏!
𝑷𝒛 𝑷𝒛

π π

𝟎 𝒕𝐬𝐞𝐩

Ø Collins-Soper kernel from the 𝑷𝒛 dependence of TMDs:
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Quasi-TMDPDFs

⊥

𝑡

𝑧

𝑛!

𝑷𝒛 𝑷𝒛
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Quark and Nucleon Polarization 

• Unpolarized: Γ = 𝛾' or 𝛾(

• Helicity: Γ = 𝛾'𝛾) or 𝛾(𝛾)
• Transversity: Γ = 𝑖𝜎!'𝛾) or 

𝑖𝜎!(𝛾) , 𝜎*+ =
,
-
[𝛾*, 𝛾+]

Quark polarization:
Nucleon polarization:

Quasi-TMD correlators with different Dirac structures and spin projectors map onto the leading-twist 

TMDs:

• Unpolarized: 𝑇./012 =
345'
-

• Helicity: 𝑇672
± = 345'

-
3±5(5)

-

• Transversity: 𝑇9:;/<
(±,?) = 345'

-
3±5(5*

-

𝑇9:;/<
(±,A) = 345'

-
3±5(5+

-
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Lattice Setup

a/fm 𝒏𝒔𝟑×𝒏𝒕 𝒎𝝅/MeV
𝒏𝒄𝒇𝒈×𝒏𝒎𝒆𝒂𝒔

CS kernel Intrinsic Soft 
Function TMDPDFs

C32P29

0.10530

𝟑𝟐𝟑×𝟔𝟒 292.4 𝟗𝟖𝟒×𝟒 𝟗𝟖𝟒×𝟐 𝟏𝟎𝟎𝟎×𝟒

C32P23 𝟑𝟐𝟑×𝟔𝟒 228.0 𝟒𝟒𝟖×𝟏𝟎 𝟒𝟓𝟎×𝟐𝟒 𝟏𝟎𝟎𝟎×𝟒

C48P14 𝟒𝟖𝟑×𝟗𝟔 135.5 𝟐𝟎𝟒×𝟐𝟒 𝟒𝟒𝟖×𝟒𝟖 𝟑𝟎𝟎×𝟏𝟐

F32P30 0.07746 𝟑𝟐𝟑×𝟗𝟔 303.2 𝟏𝟏𝟓𝟑×𝟔 𝟏𝟏𝟎𝟎×𝟔 𝟏𝟎𝟎𝟎×𝟒

G36P30 0.06889 𝟑𝟔𝟑×𝟏𝟎𝟖 297 — — 𝟏𝟎𝟎𝟎×𝟒

H48P32 0.05187 𝟒𝟖𝟑×𝟏𝟒𝟒 317.2 𝟓𝟓𝟎×𝟖 𝟓𝟓𝟎×𝟖 —

Hu et al.(CLQCD), PRD 109 (2024)

√

√

√

√

√

√

√
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Result for Quasi-TMDWFs in Momentum Space

Different 𝑃6

7𝒇 𝒙, 𝒃", 𝝁, 𝜻𝒛 = 𝐥𝐢𝐦
𝑳→&

B
𝒅𝒛
𝟐𝝅

𝒆𝒊(𝒙*
𝟏
𝟐)𝒛𝑷

𝒛 F𝚽/𝟎 𝒛, 𝒃", 𝑷𝒛, 𝒂, 𝑳
𝒁𝑶(𝝁, 𝒂) 𝒁𝑬(𝟐𝑳 + 𝒛, 𝒃", 𝝁, 𝒂)

Tan et al.(LPC), PRD 113 (2026) 
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CS Kernel Extracted from Quasi-TMDWFs

quasi-TMDWFs 

matching kernel

(For better visualization, we present a subset of points selected 
from the 200 data points in each of the 3 cases.) Avkhadiev, et al., PRD 108, 114505 (2023).
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The Systematic Uncertainty 

Ø We have properly accounted for the systematic uncertainties.

Tan et al.(LPC), PRD 113 (2026) 
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Final Result of CS Kernel 

ü Continuum limit; ü Physical mass; ü 𝒃O = 𝟏fm.

Chu et al. (LPC), JHEP 08, 172 (2023);
Avkhadiev, et al., PRD 108, 114505 (2023);
Bollweg, et al., PRB  852, 138617 (2024);
Bollweg, et al., PRD 112, 034501(2025). 

Kang et al., arXiv:2410.21435;
Bacchetta et al., PRL. 135, 021904 (2025);
Moos et al., arXiv:2503.11201;
Camarda et al., arXiv:2508.06201.

Scimemi et al., JHEP 06, 137 (2020);
Moos et al., JHEP 05, 036 (2024);
Avkhadiev et al., PRL. 132, 231901 (2024);
Isaacson et al., PRD 110, 073002 (2024);
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Extraction of Form Factor near the Physical Pion Mass

Previous Studies: 350~670 MeV
Li et al.,PRL. 128 (2022)
Chu et al. (LPC), JHEP 08, 172 (2023) ......

This work:
𝟏𝟑𝟔~𝟑𝟐𝟎 𝐌𝐞𝐕

Why?
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Extraction of Form Factor near the Physical Pion Mass

High power:𝑶(𝒎𝟐𝑷𝒛𝟐) Leading power:𝑶(𝑷𝒛𝟒)

ΓP,Q = 𝛾R ΓP,Q = 𝛾S𝛾R or 𝛾6𝛾R

Ø Three-Point Correlation Functions for the Extraction of Form Factors:

Source-enhanced 
operators
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Extraction of Form Factor near the Physical Pion Mass

Ø Fix 𝒎𝝅 = 𝟑𝟎𝟎𝐌𝐞𝐕 (𝑡TUV = 6𝑎, 𝑏O = 1𝑎, 𝑃6 = 1.47GeV)

ü
ü

ü
ü
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Final Result of Intrinsic Soft Function 

ü Continuum limit; ü Physical mass; ü 𝒃O = 𝟏fm.

Chu et al. (LPC), JHEP 08, 172 (2023)
Bollweg et al.,Phys.Rev.D 112 (2025)
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MEs in Coordinate Space 

Ø unpol.

𝒃O = 𝟐𝒂 𝒃O = 𝟒𝒂

𝑹𝒆

𝑰𝒎

(after renormalization)

27



MEs in Coordinate Space 

Ø helicity(+)-(-)

𝒃O = 𝟐𝒂 𝒃O = 𝟒𝒂

𝑹𝒆

𝑰𝒎

(after renormalization)

28



MEs in Coordinate Space 

Ø Boer-Mulders, 𝒃O = 𝟐𝒂

𝑹𝒆

𝑰𝒎

Ø Worm-gear(+)-(-), 𝒃O = 𝟐𝒂

(after renormalization)

29



Result for Quasi-TMDPDFs in Momentum Space

unpol. 𝒙6𝒇(𝒙, 𝒃! = 𝟒𝒂, 𝑷𝒛) unpol. 𝒙6𝒇(𝒙, 𝒃! = 𝟔𝒂, 𝑷𝒛)
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LaMET Matching

𝒇 𝒙, 𝒃!, 𝝁, 𝜻

𝑺𝑰
𝟏
𝟐 𝒃!, 𝝁

= 𝐞𝐱𝐩 −
𝟏
𝟐
𝑲 𝒃!, 𝝁 𝐥𝐧

−𝜻𝒛 + 𝒊𝝐
𝜻

𝑯𝜞 𝜻𝒛, 𝝁 6𝒇𝜞 𝒙, 𝒃!, 𝝁, 𝜻𝒛 + 𝓞(
𝜦QCD
𝟐

𝜻𝒛
,
𝟏

𝒃!𝟐𝜻𝒛
)

Intrinsic soft function
Collins-Soper kernel Quasi TMDs

Physical TMDs Matching kernel✓

✓ ✓ ✓

• Large-momentum effective theory: connecting Euclidean lattice and physical 
observables

• Large momentum limit extrapolation:

𝒇 𝒙, 𝒃O, 𝝁, 𝜻; 𝑷𝒛 = 𝒇 𝒙, 𝒃O, 𝝁, 𝜻 +
𝑨 𝒙, 𝒃O
(𝑷𝒛)𝟐
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Large Momentum Limit Extrapolation

Unpol.

Hel.

32



ØFix 𝑏O = 0.15, 0.31, 0.46 fm

Comparison of TMDPDFs with different polarizations

TMDPDFs for unpolarized and longitudinal polarized nucleon:

33



Comparison of TMDPDFs with different 𝒃M

• The TMDPDFs decrease as 𝑏! increases;
• As 𝑏! increases, the peak of the TMDPDFs shifts to the right.
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Ratio of TMDPDFs

Bollweg et al., PRL 135 (2025)
MAP Collaboration, PRL 135(2025)
TNTC, PRL134, 121902(2025)
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从大语言模型到AI Agents

From LLM to Agent 38



A Shift in the Scientific Research Paradigm

AI physicist for 
Lattice QCD?

1974 ~2000 ?
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Challenges in Lattice QCD

PhysMaster

LQCD Master

Ø Computation: From Physics Goals to Simulation Codes
Required physics knowledge: QFT, operator construction, 
correlation functions, ...
Specialized computational tools: Chroma, PyQUDA, ...

Ø Analysis: From Lattice Data to Physics Results
Complex analyses involving long pipelines, massive 
datasets, and high-dimensional structures
Time-consuming and mentally exhausting

41



PhysMaster: A General AI Agent for Physics

• Plan
• Clarifier: Natural-language query → structured 

physics task 
• Librarian: Build a task-specific local knowledge 

base 
• Execute

• Monte Carlo Tree Search (MCTS)
• Supervisor–Theoretician hierarchical 

collaboration
• Supervisor: manages overall progress 
• Theoretician: performs derivations and coding 

• Summarize
• Visualize exploration paths and generate reports 
• Extract successful paths and expand the 

knowledge base

Ø Three-Stage Workflow: Plan – Execute – Summarize

Miao et al., arXiv: 2512.19799

42



Acceleration: Extracting the CS Kernel in Lattice QCD

Tan et al., arXiv: 2603.22471
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LQCD Master: A Specialized AI Agent for Lattice QCD 44



LQCD Master: A Specialized AI Agent for Lattice QCD

1、Planner

45



LQCD Master: A Specialized AI Agent for Lattice QCD

2、Executor
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LQCD Master: A Specialized AI Agent for Lattice QCD

3、Sbatch & Revision

47



LQCD Master: A Specialized AI Agent for Lattice QCD

Results

LQCD Master Me

48



LQCD Master: A Specialized AI Agent for Lattice QCD 49



Skill: advanced prompt 50
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Summary -- TMDPDFs

ØCS kernel:
ü continuum limit;
üphysical mass;
ü𝒃O = 𝟏 fm;
ü systematic uncertainties

Ø Intrinsic Soft Function :
ü continuum limit;

physical mass;
ü𝒃O = 𝟏 fm;

systematic uncertainties

ØTMDPDFs:
üPolarized TMDPDFs;

continuum limit;
physical mass;

ü𝒃O = 𝟏 fm;
systematic uncertainties
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Summary -- TMDPDFs

Ø Higher statistics (×𝟏𝟎) and broader ensemble coverage;

Ø Extension to a wider class of polarized TMDPDFs;

Ø Further phenomenological applications and analyses;
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Summary – AI Agent

ü Broadly integrate open-source scientific tools into PhysMaster to expand its 

capability for solving general physics problems;

ü Explore AI-agent-based solutions for domain-specific scientific problems;

Thank you for your attention!
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Appendix



Quasi TMD Wave Function

Ø The quasi-TMD wave functions can be 
defined as:

where the bare quasi-TMD wave function can 
be constructed as :

F𝜳± 𝒙, 𝒃", 𝝁, 𝜻𝒛

= 𝐥𝐢𝐦
𝑳→&

B
𝒅𝒛𝑷𝒛

𝟐𝝅 𝒆𝒊𝒙𝒛𝑷𝒛
F𝜱±𝟎 𝒛, 𝒃", 𝑷𝒛, 𝒂, 𝑳

𝒁𝑶(𝝁, 𝒂) 𝒁𝑬(𝟐𝑳 + 𝒛, 𝒃", 𝝁, 𝒂)
,

F𝚽±𝟎 𝒛, 𝒃", 𝑷𝒛, 𝒂, 𝑳
= ⟨𝟎|𝒒̄(𝒛]𝒏𝒛 + 𝒃"]𝒏")𝜞𝑼⊐,±(𝑳, 𝒛, 𝒃")𝒒(𝟎)|𝑷𝒛⟩.

⊥

𝑡
𝑧

𝑷𝒛

𝑧 + 𝐿 𝑏#

𝒒(−𝒛/𝟐)

(𝒒(𝒛/𝟐 + 𝒃!)

Chu et al.(LPC), PRD109(2024); 
Chu et al.(LPC), PRD 106(2022);
Zhang et al., PRL125(2020).



Self-Renormalization--a New Scheme to Extract 𝑍b

Ø Parametrization:

Deng et al., JHEP 09 (2022); Huo et al. NPB 969(2021)

Ø Renormalization condition:
Subtracted matrix element 



Self-Renormalization--a New Scheme to Extract 𝑍b

Ø Parametrization:

Ø Renormalization condition:
Subtracted matrix element 

Joint fit result：c1=0.020

Deng et al., JHEP 09 (2022); Huo et al. NPB 969(2021)



Self-Renormalization--a New Scheme to Extract 𝑍!

Deng et al., JHEP 09 (2022); Huo et al. NPB 969(2021)

Ø Parametrization:

Ø Renormalization condition:
Subtracted matrix element 

Joint fit result：c1=0.020

𝒂/fm 0.10530 0.07746 0.05187

HYP0 1.064(21) 1.145(20) 1.241(19)
HYP1 0.92208(62) 0.97526(57) 1.03969(53)

✓ ✓
𝑑’ 𝜇 = −0.448 LPC, in preparation



Result for Quasi-TMDWFs in Momentum Space

Tan et al.(LPC), arXiv:2511.22547

7𝒇 𝒙, 𝒃", 𝝁, 𝜻𝒛 = 𝐥𝐢𝐦
𝑳→&

B
𝒅𝒛
𝟐𝝅

𝒆𝒊(𝒙*
𝟏
𝟐)𝒛𝑷

𝒛 F𝚽/𝟎 𝒛, 𝒃", 𝑷𝒛, 𝒂, 𝑳
𝒁𝑶(𝝁, 𝒂) 𝒁𝑬(𝟐𝑳 + 𝒛, 𝒃", 𝝁, 𝒂)

Different HYP





Monte Carlo树搜索（MCTS）
• 每一个节点是针对一项子任务的一次探索

• 1. Supervisor下达子任务

• 汇总此前进展，形成短期记忆

• 调用知识库提供背景知识

• 2. Theoretician执行子任务

• 进行推理/编写代码

• 调用科学计算工具

• 3. Supervisor评价子任务执行情况

• 给出评分以指导后续探索

• 调用知识库保证可靠性

• 总结当前探索进展



分级学术知识体系 LANDAU

• 分级学术知识体系(LANDAU, Layered Academic Data Universe)：
• 文献库 Library：从精确检索文献中抽取的定量与定性知识、具体问题的专门技术

• 方法论 Methodology：被验证、可以复用的成体系研究路径，如强相关的论文

• 先验知识 Priors：人工整理的高置信先验知识，例如权威教材、奠基性经典文章



元数据 (Metadata)： 对技能的

简短描述。保存在全局上下文中，

体积小，非常节省 Tokens（省钱

又省心）。

行动指南 (Action Guide)： 这部

分才是真正的提示词，规定了 AI 

每一步该怎么做。

资源文件 (Resources)： 这是最

厉害的地方！它可能包含 Python 

代码 或其他执行程序，保证程序

在调用 Skill 时能完成复杂的动作。

Skill



加速：Lattice QCD数据处理
从准TMD 波函数提取 Collins–Soper 核

高复杂度流程自主实现

自动探索：
基于QMC确定Union Jack 晶格上

Bose–Hubbard 模型量子相变临界点

自主发现：
基于味SU(3)对称性

构造强子味表示与衰变算符，
确定有效哈密顿量，预言衰变道振幅


