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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?

« How do these distributions and partonic orbital

proton

motion generate the nucleon spin?

— 1% of the 3 central science questions driving the EIC program.

Adapted from the White Paper of EIC, EPJA52, 268 (2016).
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Status of the 1D & 3D Nucleon Structure
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L « Lattice studies remain exploratory J

Unpolarized 3D structure

« Limited experimental precision

« Strong model dependence in
phenomenology

POLARIZED

Z
Polarized 3D structure

* Very limited experimental data
* Few reliable global extraction yet
« Lattice studies remain exploratory
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Unpolarized 1D structure Polarized 1D structure
v Well constrained by experiment » Limited experimental precision
v Mature global analyses » Large-x behavior remains poorly
v’ Lattice QCD provides con§tra|ned _ _
: « Lattice constraints are not yet precise
complementary constraints .
enough for direct phenomenology
g J \




LaMET: A New qu'izon for Nucleon Structures from LQCD

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

lp >

%

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

" Ji, PRL110, 262002 (2013), see

Rev.Mod. Phys.93, 035005 (2021)
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« Recovering light-cone distributions in the large-momentum limit:
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LaMET: A New Horizon for Nucleon Structure from Lattice

> Significant progress has been made on PDFs, LCDAs, TMDs, and more:
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Ratios of Polarized PDFs

aligned aligned

o Quark helicity PDF:

M ) {;
Au(x)/u(x) >0 ——e—> ACI(.X') = q (.X') —q (.X')
Proton

spin |

o Quark unpolarized PDF:

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

JAM < HERMES (SIDIS)
NNPDF vV COMPASS (SIDIS)

= Statistical 0 E06-014 (DIS)

= NJL A E99-117 (DIS)
pQCD w/ angMom M This Work
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Predictions for Nucleon Spin Asymmetries

— e -  A;is the ratio between polarized structure

pQCD(w/angMom) |

pQCD

Smpwe: || JESSSA function g; and unpolarized structure function F;:

g4 (0:0%)
F'(x,0?%)

A (x, Q%) =

* Neglecting the strange quark, sea quark flavor

separation and higher-twist corrections, the

—— Statistical SHMS

b siac proton and neutron asymmetries:

pQCD(w/angMom) SLAC E154
pQCD SLAC E142
¢ E06-014 This Work

£99.117 = _ AAu(x) + Ad(x)
. A= Aulxa)it.d(xy.
Au(x) + 4Ad(x)
u(x) +4d(x) -

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).
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TMDs: 3D Momentum Tomography of Nucleon

TMDs: Spin-dependent 3D
momentum space images from

semi-inclusive scattering

Leading Quark TMDPDFs
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TMDs from LQCD within LaMET '

Quasi-TMDs: Equal-time correlators with staple-shaped Wilson lines, lattice calculable

Factorization in LaMET: PLB8I1, 135946 (2020); JHEPO4, 178, (2022)

Perturbative matching kernel

1 Agep M2 1

= > ¢*
I\/SI(b_La IJ’) — HI‘(C 7“) eXp[gK(bJ_a N)lln?]f(m) by, p, C) _I_O( (? ’ (Pz)2’ bicz)

f[‘(ma b_La ) Cz)

Quasi TMDs  Intrinsic Soft Function Collins-Soper kernel
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Collins-Soper Kernel from Lattice QCD

\3

‘\gt iv& / /
A B {ii{\f\/;._:/ | ‘ |
HH ] [ ” H ] ] l v" Continuum, physical mass, and infinite-momentum

* A benchimark quantity for lattice TMD studies

= l-loop ¥ ASWZ23
— 2-loop 4 DWF24
— 3-loop PionCG25

LPC22 § This work v’ Lattice QCD provides first-principles constraints up to

limits are now being addressed

SV19  EEC24 ART 25 b-|- =i
ART23 = ASWZ24 CFR 25

_| M TFV25 W MAPNNDS § ‘Thia woik v Agreement with global fits provides mutual validation

A precise CS kernel is a key step toward first-principles
predictions of TMD observables
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Intrinsic Soft Function from Lattice QCD

LPC, 2020 LPC, 2026

1—loop - 1 —loop
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In preparation \
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v' Continuum, physical mass and infinite-momentum limits
v' Precise first-principles prediction up fo b+~ 1fm
v' Essential input for the lattice calculation of TMDPDFs
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Unpolarized TMDPDFs from Lattice QCD

x-dependence ' LPC (2026), in preparation

b, =0.24fm=(0.82GeV)™! b, =0.36fm=(0.55GeV)™! b, =0.48fm=(0.41GeV)™! b, =0.60fm=(0.33GeV)"!

This work

BHLSVZ22
MAPTMD22




Helicity-to-Unpolarized TMD Ratio

Preliminary results @ continuum, chiral and infinite-momentum limit

Top to bottom:
=0.2, 0.3, 0.4, 0.6

« Systematic uncertainties are still absent;

* More systematic analyses are in progress ...

LPC (2026), in preparation
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Quark Spin-Transverse-Momentum Correlation

 First transverse moment of quasi Boer-Mulders function and its matching

1B [de ., ZsTr|Pru(P,S)(N(P, 8|07 ™(2,b1) IN(P, S)a(P,S)|
iMedb,; P* ] 2r ¢ Tr [Pyu(P, S)u(P, S)|,

O (z, b2, P, p) =

(1) S B ¢ T Lo\ VB s Adep M2 1
(w7b Pza/-L) SI(bLMl' = €Xp ln—K(bJ_,/J,) H ;vc_ hl (yabJ_7,u'a<)+O C ’(Pz)27bic

a=0.077fm, m,= 300 MeV — spis

— DY

« Gauge links encode initial and final state interactions,

leading to the predicted SIDIS-Drell-Yan sign reversal.
i

I &5
K ]

DY-type
LPC (2026), in preparation
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Quark Spin-Transverse-Momentum Correlation

Rebuild the full distribution of hi(x,kf) from model parametrization
2

7 M
B d(w,ki) =5 N /dbLbiJl(kLbi)hiL(l)(mybi)
: 7TkJ_

AM> o\ AM? K\
=, 1 : — H |
@) ( +L§<w>> A7Ts < *Li(w))

mL3(x) L5 (z)

LPC (2026), in preparation

Bacchetta, Conti, Radici, PRD78, 074010 (2008)
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Quark Spin-Transverse-Momentum Correlation

Rebuild the full k, -dependent distribution from model parametrization

hit "= (x=0.2,k?; u=2GeV, {=4GeV?) hi="~(x=04,k}; u=2GeV, {=4GeV?) hi=* " (x=0.6,k}; u=2GeV, {=4GeV?)
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Summary and Outlook,

Polarized PDFs reveal how quark spins align with the
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 and EicC
measurements, precision lattice calculations will open a

new era of multidimensional nucleon imaging.
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