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Nucleons: Building Blocks of the Visible Universe

Despite more than half a century of exploration, the nucleon is still a very mysterious

object, and the most abundant piece of matter in the visible Universe

« How does quarks & gluons form the nucleon, how
do they distribute?

/ 3@ « How do these distributions and partonic orbital
| \ motion generate the nucleon spin?
10-19m

— I* of the 3 central science questions driving the EIC program.

Adapted from the White Paper of EIC, EPJA52, 268 (2016).




The Landscape of Nucleon Structure

Wigner Distributions + 3D Structures: TMDs and GPDs
6@0 W(x, kJ_’ }"J_)

Polarized Electron lon Collider in China

e 1D Structure: PDFs

Parton Distribution Functions (PDFs) Form Factors (FFs)
Static Properties

(Spins, charge, magnetic moment,
charge radius, ...)




How do we access the Nucleon Structures?
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LaMET: A New Horizon for Nucleon Structure from Lattice

Large-momentum effective theory (LaMET): connecting Euclidean lattice and physical observables

Lorentz boost N EET Y

é |
Y

Ji, PRL110, 262002 (2013), see Rev.Mod.Phys.93, 035005 (2021) for review

« Equal-time distributions can be directly computed in lattice QCD:

(@, P = / 92 o=iP* (P*| §(2) TUz, 0)(0)| P?)

« Recovering light-cone distributions in the large-momentum limit:

Tode Yy K ~ z M? AzQCD )
av.w = | el o) ae. P )+O(<Pz>2’<sz,<1—y>PZ>2

Qi-An Zhang 3D Tomography of the Nucleon: Lattice QCD Calculations of the TMDs



Status of the 1D & 3D Nucleon Structure
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Spin Alignment of the Quarks

/”_\,,\,\

e

Y Wk i o Quark helicity PDF:
g Au(x)/u(x) >0 —o——> ACI(x) — qT(x) - ql(x)
Prot.on « B X ® o
spin || | A . .
G gy ¢ ° / Adw/iw<0 —e—> <0 o Quark unpolarized PDF:
‘ ,
\\yi_a.igngq/ // q(x) = q'(x) + q*(x)

Aq(x)/q(x) encodes the longitudinal spin alignment of quarks inside the

proton, providing a clean probe of its spin-flavor structure



Ratios of Polarized PDFs from Lattice QCD

« u-quark polarization ratio is positive and rises with x

* d-quark polarization ratio remains negative throughout the accessible x region
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Predictions for Nucleon Spin Asymmetries

AT (x)

041

—0.%'

- Statistical I i
— - NIL : L
-+ pQCD(w/angMom) | :_/'/
pQCD ! -
¥ Prok 2014 : _ :
This Work i i
1
i ’
i 7
1
NG
P
‘/ 2 1
o i
i \ i
R4
./ "
/ i
! ¢ LPC 2026, In prepardtion
—— Statistical $ SHMS ¥ A
—- NJL HMS : o
--- pQCD(w/angMom) & SLAC E154
~ pQCD $ SLAC E142

This Work g

0.4 0.5 0.6 0.7 0.8

0.9

* A;is the ratio between polarized structure

function g; and unpolarized structure function F;:

g7 (x,Q%)
F (x,Q2)

A7 (x, Q%) =

« Neglecting the strange quark, sea quark flavor
separation and higher-twist corrections, the

proton and neutron asymmetries:
4Au(x) + Ad(x)
4u(x) +d(x)

Au(x) + 4Ad(x)
u(x) +4d(x)

AY (%) =~

A7 (x) =

Y. Prok et al. (CLAS), PRC 90, 025212 (2014).

D. Flay et al. (JLab Hall A), PRD 94, 052003 (2016).

X. Zheng et al. (JLab Hall A), PRL 92, 012004 (2004),

X. Zheng et al., PRC 70, 065207 (2004). 11
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TMDs: 3D Momentum Tomography of Nucleon

TMDs: Spin-dependent 3D
momentum space images from
semi-inclusive scattering
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TMDs from Lattice QCD within LaMET

Quasi-TMDs: Equal-time correlators, Lattice calculable

Lorentz boost

L — oo

PZ - oo

Factorization in LaMET: PLBS11, 135946 (2020); JHEPO4, 178, (2022)

Perturbative matching kernel

- z A% M? 1
.fl"(wa bi, p, Cz) SI(bJ_a [.L) = HI‘(Cza N') eXP %K(bl, N) ln%]lf(wa by, p, C) —I—O( ?SD’ (Pz)z’ bicz)

Quasi TMDs Intrinsic Soft Function Light-cone TMDs



Collins-Soper Kernel from Lattice QCD

A benchmark quantity for lattice TMD studies

-0.5 : . . . . .
N f z v' Continuum, physical mass, and infinite-momentum

~1.01 : U :

T— T i [ l ] ] l limits are now being addressed
<] — 2-loop 4 DWF24 N . . . . . .
"1 = 3doop @ PionCG25 v’ Lattice QCD provides first-principles constraints up to

$ LPC22 § This work b 1
_(2):(5) I I ‘ ' I bT ~ 1fm

SV 19 EEC 24 ART 25

ART23  ASWZ24 CFR 25
MAPNN 25 § This work

v Agreement with global fits provides mutual validation

A precise CS kernel is a key step toward first-principles

predictions of TMD observables
PRD113, 054505 (2026)

0.0 02 0.4 0.6 0.8 1.0
b 1 /fm
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Intrinsic Soft Function from Lattice QCD

LPC, 2020 LPC, 2026
100 - .‘\N\\ -5 h;_ op 1ol i‘ I I I e IS[l—loop I
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v' Continuum, physical mass and infinite-momentum limits
v' Precise first-principles prediction up fo bt~ 1fm
v' Essential input for the lattice calculation of TMDPDFs



Exploratory LQCD Studies for TMDPDFs (LPC 2024-2025)

 Single lattice spacing
« Limited statistics
« Incomplete systematic uncertainties

asi-TMDPDFs
Quasi . Matching in LaMET:

fl‘(m’ b.L’ Hy Cz) Vv SI(b_L, [.L) =

H(C%, ) expEK(bL, ) lnC—Z]f(m, by, )

Intrinsic Soft Function / / \

Collins-Soper Kernel —

Quark Spin-transverse-momentum Correlation

Unpolarized TMDPDF
LPC, PRD111, 094507 (2025); JHEP 08, 086 (2025)
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Precision Calculation for Polarized TMDPDFs

(LPC 2026)

« E.g.: Unpolarized TMDPDF

0 1
b= toep/2 [a]

LPC (2026), in preparation

Ground-state fit
the ratio of 3pt/2pt

unpol_gt: fixed b=2, compare Pz in coordinate space

bt

i

-
Nonlocal renormalization

to get coordinate-space
distribution

~

o

Re[®(A, b, P, u)]

AL=10.80
¥ b,=1a
i

, P7=2,

50 Gev

Large-1
extrapolation

v' Multi lattice spacings = Continuum Limit
v" Multi pion masses = Chiral Limit
v' Large statistics

unpol_gt, b=6 (0.465 fm): momentum-space quasi-TMDPDF

pi=a

N\
.‘
4 . N
Fourier transform to get
momentum-space
quasi-TMDPDF
o J

18



Unpolarized TMDPDFs from Lattice QCD

« x-dependence

5 b1 =0.24fm=(0.82GeV)"!

0.4

~N

0.2

T~

PO [N TR TN TR NN TN TN SO SN S S

0 0.2 0.4 0.6
X

* by-dependence

0.6

b1 =0.36fm=(0.55GeV)"!

-

IR [T TR TN TR NN N S SO N

0.2 0.4 0.6 0.8
X

0.6 -

0.6

0.4

0.2

L

b =0.48fm=(0.41GeV)~!

-------

x=0.70

0.6

0.4

0.2

LPC (2026), in preparation

b1 =0.60fm=(0.33GeV)~!

LA

I  This work
ART23

SV19

-————

19



Spin Alignment in TMDs

Helicity-to-Unpolarized TMD Ratio:

LPC (2026), in preparation
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Quark Spin-transverse-momentum Correlation

« First moment of quasi Boer-Mulders function and its matching
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« Gauge links generate initial and final state interactions
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Quark Spin-transverse-momentum Correlation

« Rebuild the full distribution of hi(x,kf) from model parametrization
Bacchetta, Conti, Radici, PRD78, 074010 (2008)
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Quark Spin-transverse-momentum Correlation

« Rebuild the full distribution of hi(x, k%) from model parametrization
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Workflow for Lattice QCD
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AI for Lattice QCD

v itHE - PEBR O iTRiER

- WERMWIIENNR | EF71C , BAWIE |, RERRREYL, ...

.« LA EFRR : Chroma , PyQUDA | ...

v S - iBREE > MIBER
- BERHR. BEME. SEERNERDHT
- FEIA  FEOBAKRE
X

PhysMaster

2512.19799, PhysMaster

2603.22471, PhysMaster for LQCD
2604.15411, PRL-Bench

2607.15001, LQCDMaster 26



v 3-step:
« Planner
« Executor

 Verifior

v Tool:
« (Generate_einsum
« Contractgen

v SKill:
* lgcd-physics-correlator
*  pyquda-tool
 Pyquda-gauge

TEEARRBER A+ T B e+ e, I 11& 1T T LACDMaster & BE{R

LQCDMasterfmFETR~EE 2607.15001

LQCD-Master: Tool-Augmented, Skill-Guided LQCD Code Generation

From natural-language lattice-QCD research request to PyQUDA computing code

[Optional] Interaction [Optional] Interaction

User Request

&

Compute a meson Solve ~ critique rewrite | checkpoint
2-point correlator )

Executor Outputs
E_'; -5 - @ * PyQUDA scripts
Human | * SLURM scripts

Approved Code Validated

Plan  Artifacts Checkpoint | - Logs & Summary

Skill-Guided Agent Specialization

9? lgcd-physics-correlator
@? pyquda-tool
Q pyquda-gauge

Deterministic Wick-Contraction Tool

y 5 (o
verified

Generate_einsum  contractgen :
contraction

Reduces hallucination, enhance effciency
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FR%

-AERER,

Time (minutes)

500 1
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100
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201

101

LQCDMaster B] LASEER1 7-541Z 3255 !

B Human expert
I LQCDMaster

17x faster
1h

Wilson
loop

30x faster

Local
2pt

54x faster 38x faster
4 h 4 h

Nonlocal meson 3pt
2pt

/

44x faster

baryon 3pt
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LQCD calculation of lowest-lying nucleus

Proton (p) Deuteron (pn) Triton (pnn)

fEHERETRAA

Use multi_hadron 2pt to compute the combined two-baryon two-point function for a local 6-quark operator.
The combined interpolating operator at source and sink is:

O=@W"TCg5d)d * (u"TCg5d)u
Use single-term baryon operators only (no octet flavor combinations). Apply P_plus projector on each baryon
block individually (per-baryon block projection, not composite-level). The contraction should be one multi-
hadron 2pt object, NOT a product of separate baryon 2pt correlators.

Nuclear mass spectra with LQCDMaster finished within 10 minutes.
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LQCD calculation of lowest-lying nucleus

1term 12 terms 576 terms

2terms 36 terms 2880 terms

Mass |GeV|

|

prolc'm(p) dcuter'on(pn) trltcm'(pnn) A

p'A pr;A

LQCD for Nuclear Spectra:

v' High theoretical complexity

v’ Predictions consistent with data
v" Imprecise due to limited

computational resources

Nuclear mass spectra with LQCDMaster finished within 10 minutes.
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Summary and Outlook

Polarized PDFs reveal how quark spins align with the

2023 | VERSION 1.1

nucleon spin, and TMDs promote this one-dimensional
picture to a three-dimensional momentum image,

exposing fundamental spin-momentum correlations.

Lattice QCD + LaMET is establishing a first-principles
pathway from Euclidean correlation functions to

physical partonic observables.

Together with global analyses and future EIC
measurements, precision lattice calculations will open a

new era of multidimensional nucleon imaging.
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