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%%D Nucleon structure and partonic distributions

One of the central aims of hadron physics:
to understand better nucleon's structure.

How does the mass of the nucleon arise?

How does the spin of the nucleon arise?  NAS report 2018

What are the emergent properties of dense systems of gluons?
Answering these questions is one of the crucial expectatson

for the upcoming years!

For this, we need to probe the 3D structure.
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to understand better nucleon's structure.

How does the mass of the nucleon arise?

How does the spin of the nucleon arise?  NAS report 2018

What are the emergent properties of dense systems of gluons?
Answering these questions is one of the crucial expectatson

for the upcoming years!

Y For this, we need to probe the 3D structure.

Can lattice QCD help?

Y Direct access to partonic distributions impossible in LQCD
Y Reason:Minkowski metric required, while LQCD works withEuclidean
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How does the mass of the nucleon arise?

How does the spin of the nucleon arise?  NAS report 2018
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for the upcoming years!

For this, we need to probe the 3D structure.

Direct access to partonic distributions impossible in LQCD
Reason: Minkowski metric required, while LQCD works withEuclidean

Wigner Distributions

Way out: similar as experimental access to these distribaitis g .
. . PR} 55 e 9. %,
b factorization & o o %G,
(experiment) cross-section perturbative-part f partonic-distribution 5" L / y %/O/:Z)’j
. . . . . . . &(b\\iﬁc‘\& g n S E
(lattice) lattice-observable perturbative-part 1 partonic-distribution ~ ° Kg\xp ol \ °/
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Can lattice QCD help?
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How does the mass of the nucleon arise?

How does the spin of the nucleon arise?  NAS report 2018

What are the emergent properties of dense systems of gluons?
Answering these questions is one of the crucial expectatson

for the upcoming years!

For this, we need to probe the 3D structure.

Direct access to partonic distributions impossible in LQCD
Reason: Minkowski metric required, while LQCD works withEuclidean

Wigner Distributions

Way out: similar as experimental access to these distriboiis Y A
. . <D 5% lefin 17 s,
P factorization S __ & Yo,
(experiment) cross-section perturbative-part I partonic-distribution \\\ L / p %/:2’;
. . ) ) ) ) ) &@\\:Q@*& & o <
(lattice) lattice-observable perturbative-part 1 partonic-distribution ~ y Jxx,, o i N, -
i

Two most popular approaches: . -
T quasi-distributions  Xiangdong Ji, 2013
T pseudo-distributions  Anatoly Radyushkin, 2017 ; drs
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. c f\ff' %, A
But maybe we can aim for direct access? @ %

Direct access to partonic distributions possiblein lattice eld theory
(maybe one day in lattice QCD!) using:

Y tensor network methods with

Y explicit light-front evolution.
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Direct access to partonic distributions possiblein lattice eld theory

(maybe one day in lattice QCD!) using: z T T

Y tensor network methods with g 4 Tfﬁg;e 1 .

Y explicit light-front evolution. . _/)'**%\ 5.
8 0t - 0.1

-100

PDF for the massive Schwinger model 0 2 4 6 5 o
M.C. Bafiuls, KC, D. Lin, M. Schneider, arXiv:2504.07508 position [lattice units]

o= 10; V = 100; D = 80; N, = 100
4
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%é) But maybe we can aim for direct access? Vﬂ
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€3 2l e : - - €
%D Lattice QCD brief reminder vﬂ %
Y QCD put on aEuclideanlattice: quarks sites, gluons links T T )
Y various discretizations can be used for quarks and gluons
!

b TM fermions, Ilwasaki gluons in our work

gisini
pitssif

¢
gluon quark
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e . Pl
€3 2l e : - - €
%D Lattice QCD Dbrief reminder vﬂ %

Y QCD put on aEuclideanlattice: quarks sites, gluons links |

Y various discretizations can be used for quarks and gluons
L~a 32;48;64,80;96;128 b L-a 32 N
a> 0:04;0:15 fm P a 0:093fm = @D-— %\‘
|
!

\

Y typical lattice parameters: ® TM fermions, Iwasaki gluons in our work
L > 2,10 fm B L 3fm
m > 135,500 MeV b m 260 MeV %E;L’J‘\H
m LC3 4 DB mL 4 ‘7

2 _dim path integral 108 10'2-dim integral

—+ —+ =+ =+ —+ —+

¢
gluon quark
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Lattice QCD brief reminder

Y QCD put on aEuclideanlattice: quarks sites, gluons links n
Y various discretizations can be used for quarks and gluons
Y typical lattice parameters: ® TM fermions, lwasaki gluons in our work

L~a 32;48;64;80;96;128 b La 32
a> 0:04;0:15 fm b a 0:093fm ‘l%\f

\

t
+

T L> 2,10 fm b L 3fm

T m > 135500 MeV D m 260 MeVv %E;‘,i
T mLC3 4 D mL 4

T 2 _dim path integral 108 10'?-dim integral 1

gluon qugrk
Y Monte Carlo simulations to evaluate the discretized path tegral -

Y feasible, but still requires huge computational resources ‘
O"1 1000 million core-hours, depending on the question asked
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%%?D Lattice QCD brief reminder

QCD put on a Euclideanlattice: quarks sites, gluons links

Y various discretizations can be used for quarks and gluons
Y typical lattice parameters: B TM fermions, Iwasaki gluons in our work
T L-~a 32;48;64,80;96;128 bH L-~a 32
T a> 0:04;0:15 fm b a 0:093fm
T L> 2,10 fm b L 3fm
T m > 135500 MeV D m 260 MeVv
T mLC3 4 b mL 4
+

Y Monte Carlo simulations to evaluate the discretized path tegral

a -dim path integral

108 10'?-dim integral

Y feasible, but still requires huge computational resources

O~1 1000 million core-hours, depending on the question asked [

Y Lattice QCD o ers a way for a carefulab initio study
of non-perturbative aspects of QCD.
Y Its huge strength: possibility to control all systematic
e ects: cut-o e ects, nite volume e ects, renormalization
guark mass e ects, isospin breaking, excited states, ...
Y For many aspects, already precision results with
percent/per mille total uncertainty.

Y However, many aspects (the dicult ones like hadron structte!)

with still only exploratory studies.
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Lattice PDFs/GPDs: dynamical progress ,,_,,/Q:““
N %
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K. Cichy, Progress inx-dependent partonic distributions from lattice QCD, plenary talk LATTICE 2021, 2110.07440

K. Cichy, Overview of lattice calculations of the x-dependence of PDFs, GPDs and TMDs REVI EWS
plenary talk of Virtual Tribute to Quark Con nement 2021, 21 11.04552

K. Cichy, M. Constantinou, A guide to light-cone PDFs from Lattice QCD: an overview of approaches, techniques
and results invited review for a special issue of Adv. High Energy Phys2019 (2019) 3036904, 1811.07248

M. Constantinou, The x-dependence of hadronic parton distributions: A reviev on the progress of lattice QCD
(would-be) plenary talk of LATTICE 2020, EPJA 57 (2021) 77, 2 010.02445

X. Ji et al., Large-Momentum E ective Theory , Rev. Mod. Phys. 93 (2021) 035005
M. Constantinou et al., Parton distributions and LQCD calculations: toward 3D stru cture, PPNP 121 (2021) 103908
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Quasi- and pseudo-distributions

X. Ji, PRL 11(2013)262002;  A. Radyushkin, PRD96(2017)034025
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Quasi- and pseudo-distributions

X. Ji, PRL 11(2013)262002;  A. Radyushkin, PRD96(2017)034025

0 ¢
\
AN Ve
N 7
/7
/7
/
/
/
/
/
/7
/7 \
/ \

Krzysztof Cichy Partonic distributions from LQCD ISMD 202 5 Corfu 24.09.2025 6/ 19



e

4 o
Rt . TS
Q%g%;) Quasi- and pseudo-distributions

X. Ji, PRL 11(2013)262002;  A. Radyushkin, PRD96(2017)034025

boosted
y spatial
/ \ correlation
/ \
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%D Quasi- and pseudo-distributions

X. Ji, PRL 11(2013)262002;  A. Radyushkin, PRD96(2017)034025
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Quasi- and pseudo-distributions

X. Ji, PRL 11(2013)262002;  A. Radyushkin, PRD96(2017)034025

0 : :
L Euclidean matrix element:
\ | ’ F z;Pi;Pie "P;S"ze A" 700 "0ePje
matChmg/ d Its Fourier transform (quasi-distribution)

d £ can be matched onto the light-cone distribution:
— > Z (Large Momentum E ective Theory (LaMET) QUASI)
boosted Ay 1 dy ~&x. - 2 2.012 D25
/ Spatial qx’ ’P 3¢ Rls,_ySCS?a_S.q y, ¢ O %OQCD ~P3,MN"‘P3Z
/ L correlation quasi-PDF pertkernel  matched PDF higher-twist e ects
/ N
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Quasi- and pseudo-distributions

X. Ji, PRL 11(2013)262002;  A. Radyushkin, PRD96(2017)034025

0 : :
L Euclidean matrix element:
\ | ’ F z;Pi;Pie "P;S"ze A" 700 "0ePje
matChmg/ d Its Fourier transform (quasi-distribution)

d £ can be matched onto the light-cone distribution:
— > Z (Large Momentum E ective Theory (LaMET) QUASI)
boosted Ay 1 dy ~&x. - 2 2.012 D25
/ Spatial qx’ ’P 3¢ Rls,_ySCS?a_S.q y, ¢ O %OQCD ~P3,MN"‘P3Z
/ L correlation quasi-PDF pertkernel  matched PDF higher-twist e ects
/ N

OR the matrix element itself can be matched:
(Short-Distance Factorization (SDF) PSEUDO)

F*z;P3e R, dyC “yeF"yzPss O %° 3cp Z

pseudo-ITD pert.kernel matched ITD  higher-twist e ects
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/ — S oy \evégafwxsfe %,
ERSEL : ST .}
\%% Quasi- and pseudo-distributions @ %

X. Ji, PRL 11(2013)262002;  A. Radyushkin, PRD96(2017)034025

0 : :
L Euclidean matrix element:
\ | , F z;Pi;Pis 'P;S"ze A" 700 "0-Pie
matChmg/ d Its Fourier transform (quasi-distribution)
d can be matched onto the light-cone distribution:

Z (Large Momentum E ective Theory (LaMET) QUASI)

boosted N 1 d <X . 2 2.012 D2
spatial & X ;P 3° Rls,—ySCS?,—s'qy, « O %OQCD ~P3,MN~P3Z
/ w correlation quasi-PDF pertkernel  matched PDF higher-twist e ects
/ \
OR the matrix element itself can be matched:
(Short-Distance Factorization (SDF) PSEUDO)
F*z;P3e R, dyC “yeF"yzPss O %° 3cp Z
_ ] pseudo-ITD pert.kernel matched ITD  higher-twist e ects
Dirac structures for di erent PDFs/GPDs:

VECTOR: o; 3: H,E (unpolarized twist-2),

1; 2: G1,G2,G3,G4 (vector twist-3). Need di erent projectors
AXIAL VECTOR: 5 o: 5 3: H,E (helicity twist-2), to disentangle 2/4 GPDs
5 1; 5 2. G1,G2,G3,G4 (axial vector twist-3). UNPOL: P L o
. ) . 4
TENSOR: 1 3; 2 3: Hy ,ET ,HT ,E7T (transver3|ty t\NISt-Z), POL-k: P 14Oi L

1 2 HEES (tensor twist-3).
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Introduction

Nucleon structure
Lattice QCD

Quasi and pseudo

ANNs

Results

Summary
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Combining quasi and pseudo approaches? @ %

The quasi and pseudo approaches have a di erent status xfdependence
reconstruction:

Y quasi fully-reliable in a limited range ofX > Xmin ; Xmax 0:2;0:8
reason: power corrections 0D~ &cp X°Pse, 07 &cp ~ 1 X**Pje.
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The quasi and pseudo approaches have a di erent status xfdependence
reconstruction:

Y quasi fully-reliable in a limited range ofX > Xmin ; Xmax 0:2;0:8
reason: power corrections 0D~ &cp X°Pse, 07 &cp ~ 1 X**Pje.

Y pseudo x-dependence isnodel-dependent(assumed tting ansatz)
reason: power corrections 0D"z° &cp ¢ limited range of -space data
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Results

Summary
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Combining quasi and pseudo approaches? @ %

The quasi and pseudo approaches have a di erent status xfdependence

reconstruction:

Y quasi fully-reliable in a limited range ofX > Xmin ; Xmax 0:2;0:8

reason: power corrections oD” éCD ~x*P5s, O" éCD ~"1 Xe?Pje.

Y pseudo x-dependence isnodel-dependent(assumed tting ansatz)

reason: power corrections 00" z* &¢p

model-independent fully-reliable GPDs moments ( max

limited range of -space data
Xn max e)

AN

COMPLEMENTARITY e.g. extract x > 0:2;0:8 from quasi
+ add constraints at short distances frompseudo

See also: X. Ji, Ab Initio Lattice Quantum Chromodynamics Calculations of Parton Physics in the Proton:
Large-Momentum E ective Theory versus Short-Distance Expansion, Research 2025;8, Article 0695 (arXiv:2209.09332)
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Our aim: unify the quasi/pseudo approaches in a single analysis
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Combining quasi and pseudo approaches? @ %

The quasi and pseudo approaches have a di erent status xfdependence
reconstruction:

Introduction

Nucleon structure Y quasi fully-reliable in a limited range ofx > Xmin ; Xmax 0:2;0:8

Lattice QCD ] . A 2 2072 ~ 2 ~ 202
reason: power corrections oD” Gcp X“P3e, O7 Gep ~1  Xe“Pge.
ANNs Y pseudo x-dependence isnodel-dependent(assumed tting ansatz)

Result . ~ ..

S reason: power corrections oD"z* ¢, ¢+ limited range of -space data
Summary

model-independent fully-reliable GPDs moments ( max Txmax @)

COMPLEMENTARITY e.g. extract x > 0:2;0:8 from quasi
+ add constraints at short distances frompseudo

See also: X. Ji, Ab Initio Lattice Quantum Chromodynamics Calculations of Parton Physics in the Proton:
Large-Momentum E ective Theory versus Short-Distance Expansion, Research 2025;8, Article 0695 (arXiv:2209.09332)

Our aim: unify the quasi/pseudo approaches in a single analysis

And also: have a more robust way for reconstructing thex-dependence
"PS"ze gA"z;0¢ "0:Pe Rll dxe "P z €x; P, 10

BG (LaMET)
— CK

0.51

T Uyal (l )

0.0 1

0.0 02 04 06 08 1.0

Mock data test: generate 10 discrete points from a pheno PDF
and use Backus-Gilbert to reconstruct the pheno PDF with this limited dataset
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Combining quasi and pseudo approaches? @ %

S,

The quasi and pseudo approaches have a di erent status xfdependence
reconstruction:

Introduction

Nucleon structure Y quasi fully-reliable in a limited range ofx > Xmin ; Xmax 0:2;0:8

Lattice QCD ] . A 2 2072 ~ 2 ~ 202

reason: power corrections oD” Gcp X“P3e, O7 Gep ~1  Xe“Pge.

ANNs Y pseudo x-dependence isnodel-dependent(assumed tting ansatz)

Result . ~ ..

S reason: power corrections oD"z* ¢, ¢+ limited range of -space data

Summary ) . N

model-independent fully-reliable GPDs moments ( max X" max @)

COMPLEMENTARITY e.g. extract x > 0:2;0:8 from quasi
+ add constraints at short distances frompseudo

See also: X. Ji, Ab Initio Lattice Quantum Chromodynamics Calculations of Parton Physics in the Proton:
Large-Momentum E ective Theory versus Short-Distance Expansion, Research 2025;8, Article 0695 (arXiv:2209.09332)

Our aim: unify the quasi/pseudo approaches in a single analysis

And also: have a more robust way for reconstructing thex-dependence
"PS"ze gA"z;0¢ "0:Pe Rll dxe "P z €x; P, Lo
Finally: robust way for reconstructing
the t-dependence for GPDs

Tool to achieve these goals: 0'(:0 ———————

NEURAL NETWORKS Mock data test: generate 10 discrete points from a pheno PDF

and use Backus-Gilbert to reconstruct the pheno PDF with this limited dataset

BG (LaMET)
— CK

0.51

T Uyal (l )
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é%% Our neural network framework @ %
¥/ Ollaporat®™

Introduction

Nucleon structure RI/I\/IC_)M _ bare MEs ratiq _

Lattice QCD renormalization (lattice input) renormalization
uasi and pseudo

2 0 F(z,P,)

Results renormalized

Summary MEs

inverse
Fourier
transform

9% coordinate-
S space
matching (SDE)

light-cone
ITD

F(v)

distribution
i(z, P,)

light-cone
distribution

q(z)

inverse Fourier

inverse matching
transform

(LaMET)

M. Chu, KC, M. Constantinou, P. Sznajder, J. Wagner, arXiv:2509.15931
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Functional form of ANN PDFs

. 0o - 0. o 0 -
Constructed light-cone PDF:q%"xe x "1 xe  ANN % "xe
Single arti cial neural network: ANN "x b2 PN w. " In& exp b’

Weights w;ko' and biasesb;f'+ powers 9°: "0° constrained by lattice data.

ANN(X)
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Constructed light-cone PDF:q % "x* x
Single arti cial neural network: ANN 9" xe

. “ Qe
Weights W,

Three auxiliary functions,q 23"~ xe:

ooy

$q9%xs q
) .

bq % "xe g
aq 2" xe;

q 9 xe "X

Constraints:

g~ " Xmax

3.
q Xmin °

Krzysztof Cichy

Functional form of ANN PDFs

and biasesb;f'+ powers 9°: "0° constrained by lattice data.

Oe . 0e “Qe ~

1 Xe ANN Xe
“De N O°
b,y Pi

output
layer

“0e ) & ~}s 0o
W, InS1 exp by

3e

ANN(X)

0 @x @Xmin ; ~0e~ “3en ’
mn el g0 e X @ @Xmax wiN\ by S
Xmax @x @1; Q X® 4 "0en .
. a4 Xe otherwise
otherwise
“1e “1le A Al n Al' ~ R
q ! AXmin ° O, q 1 Xe X Xmin Xe ANN 1 Xe
“o. . "2 "2 N
* q 2" 1 0; q 2t rye " x X max ° "1 Xe ANN 2" "xe
"3 . "3eal . A 3. "3 3.
q Xmax * 0; ¢ X " X Xmin ® Xmax  X°* ANN X
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Functional form of ANN PDFs

. ~ e n 0 0. N
Constructed light-cone PDF:q%"xe x "1 xe  ANN % "xe
Single arti cial neural network: ANN "x b2 PN w. " In& exp b’

Weights wjko' and biasesbjf'+ powers 9°: "0° constrained by lattice data.
AF : "1,2;30n, o
Three auxiliary functions,q Xe:
¢ 00~ “Leay o
| Xe q Xe; 0@x @Xmin ; ¢ ~0.~ “Zen
“Qea “Oen ~ e “Poe. X e X*: Xmin @x @x ;
q Q" xe i Q 0 x q 20 xe Xmax @x @1; ¢ P xe i qu.A ) a min - max
T fQeal | _ ad Xe; otherwise
aq Xe: otherwise
. Al.,\ Alc,\ Al.,\ Al. Al',\
Constraints: 9~ "Xmin* 07 g7 "Xe X Xmin ~ X*  ANN Xe
~ ~ ~ A2. A2. ~
9% "Xmax * g2 "1 0: g2 x* " X Xmax * "1 Xe ANN 2°"xe:
- LN - LN - L N . Ag.,\ A3. - LN
q 3 Xmin * 0 3 Xmax * O0; (Q 3t e X Xmin ® Xmax  X°® ANN 3" "xo:

M. Chu, KC, M. Constantinou, P. Sznajder, J. Wagner, arXiv:2509.15931

Lmin - - Tmax Lmin - - Tmax
T T T

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
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%9 Mock data test for PDFs w
Mock data test. generate 10 discrete points from a pheno PDF
and use ANN to reconstruct the pheno PDF with this limited datset
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Mock data test: generate 10 discrete points from a pheno PDF
and use ANN to reconstruct the pheno PDF with this limited datset

M. Chu, KC, M. Constantinou, P. Sznajder, J. Wagner, arXiv:2509.15931

1.01V2Z mock 1.01 v/ mock
— mock (ref.) — mock (ref.)
=051
3
=i
= 0.0/
0.5 — —_—
1072 1071 10°
T T
v//] mock 0-50 v//] mock
—— mock (ref.)
10t 10
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%@ Mock data test for PDFs

Mock data test: generate 10 discrete points from a pheno PDF
and use ANN to reconstruct the pheno PDF with this limited datset

M. Chu, KC, M. Constantinou, P. Sznajder, J. Wagner, arXiv:2509.15931

1.091 2/ mock 1.0 v/ mock
— mock (ref.) — mock (ref.)
= 05

0.0/

0z 10t

<
%
S
8

v//] mock ' /7l mock

—— mock (ref.)

S T T = R T

X X

Fully successful reconstruction of the pheno PDF!
Important note: limitations of data (discreteness/truncdion) translated to uncertainties
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LaMET alone
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Purple bands:
t using only quasi (LaMET)
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X
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Lattice results for PDFs
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M. Chu, KC, M. Constantinou, P. Sznajder, J. Wagner, arXiv:2509.15931
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Introduction . .
meeu Y 2zt parameter representing the largest values in LaMET data
esults
Mock data test Zewt  8a;9a; 108, _ _
Y ZzZmax parameter representing the largest values in SDE data
GPDs Zmax  3@;4a; 53,
Summary Y choice ofXmin 0:15;0:2;0:25 and Xmax  0:75; 0:8; 0:85.
0.20 - 0.3
8 statistical Zowt —— Tminmax 4 1] O statistical Zet ™ Tminmax
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M. Chu, KC, M. Constantinou, P. Sznajder, J. Wagner, arXiv:2509.15931
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Summary Y choice ofXpmin 0:15:0:2:0:25 and Xmax  0:75; 0:8: 0:85.
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M. Chu, KC, M. Constantinou, P. Sznajder, J. Wagner, arXiv:2509.15931

More uncertainties to quantify: discretization e ects,gn mass
e ects, renormalization, matching etc.

The ANN framework can naturally incorporate all these and
ultimately lead to a fully quantitative result!
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Generalization for GPDs

Constructed light-cone GPD:q ©“x:ts x "1 xs  ANN *"x:te

ANN now dependent onx andt, additional parameters: slopes;o'.

~ “Ne Qe “De ~ ~r " 0De “Qe ~ " Qe ~
ANN O "x:te bzg PN, WZ? InSL exp bl? W, X oo expSsiO 1 Xe’te

1i

The factor "1 xe<? introduced to satisfy the theory-driven constraints: ensues that the t dependence
vanishes asx 1 (the active parton located at the origin of the reference frame).

Second power keeps the distance to the spectator system nie asx
the nucleon to collapse/expand inde nitely).

1 (smaller/larger power would cause

Similarly to the PDF case: three auxiliary functionsg '%3*"x; te.
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Generalization for GPDs @ %

Constructed light-cone GPD:q ©“x:ts x "1 xs  ANN *"x:te
ANN now dependent onx andt, additional parameters: slopes;o'.

e “0e N0 "0k A 70 "0 U 2
ANN X;te b,y Py 1 W, InSL exp'b; W, XeeexpSs,m "1 Xe“te

The factor "1 xe<? introduced to satisfy the theory-driven constraints: ensues that the t dependence
vanishes asx 1 (the active parton located at the origin of the reference frame).

Second power keeps the distance to the spectator system nie asx 1 (smaller/larger power would cause
the nucleon to collapse/expand inde nitely).

Similarly to the PDF case: three auxiliary functionsg '%3*"x; te.

Considered casesvalence zero-skewness unpolarized GPO3 9" x; 0;te and E"x; O; te.
Forward limit of HY “x; 0; 0+ normalized toF,' ™ 2~1 for u/d quarks.

E.L, “X; 0;0¢ normalization NOT enforced (FZu~OI u~d well-known experimentally).
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Constructed light-cone GPD:q ©“x:ts x "1 xs  ANN *"x:te

ANN now dependent onx andt, additional parameters: slopes;o'.

ANN O°x:te b2 pN” w,> InS1 exp b w, ) xes expSs O 7L xe2te

The factor "1 xe<? introduced to satisfy the theory-driven constraints: ensues that the t dependence
vanishes asx 1 (the active parton located at the origin of the reference frame).

Second power keeps the distance to the spectator system nie asx 1 (smaller/larger power would cause
the nucleon to collapse/expand inde nitely).

;3¢

Similarly to the PDF case: three auxiliary functionsg '%3*"x; te.

Considered casesvalence zero-skewness unpolarized GPO3 9" x; 0;te and E"x; O; te.

Forward limit of HY “x; 0; 0» normalized toF,' ™ 2~1 for u/d quarks.
E.L, “X; 0;0¢ normalization NOT enforced (FZu~OI u~d well-known experimentally).

Nucleon tomography. by impact parameter (def. in center-of-momentum frame of all partons).
. R 2 . - . R

unpolarized proton:q°x; bye R S—%e PV YHYx; 0;  Ee.

transversely polarized proton (along th& -axis): gx “x; bye g x; bye ﬁ&e{x; bye,

o 2 o pat @8
with e;"x; boe R S—2e PV YEg"x 0 e

Ji's spin sum rule: RY, dxxSHIx; ; 00 E9x; ; Qe 239,
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M. Chu, KC, M. Constantinou, P. Sznajder, J. Wagner, arXiv:2509.15931
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M. Chu, KC, M. Constantinou, P. Sznajder, J. Wagner, arXiv:2509.15931
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Results for GPDs

M. Chu, KC, M. Constantinou, P. Sznajder, J. Wagner, arXiv:2509.15931
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Nucleon tomography from GPDs

UNPOLARIZED M. Chu, KC, M. Constantinou, P. Sznajder, J. Wagner, arXiv:2509.15931 TRANSV POLARIZE[
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Our comprehensive program for GPDs

Standard symmetric (Breit) frame: Asymmetric frame:
source momentum: P "E;™ N P "E;;™N N
sink momentum: P, "E:M™ N P, “E;:Pb
very costly, each t a separate calculation! cost e cient, many t at once!
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Standard symmetric (Breit) frame: Asymmetric frame:
source momentum: P "E;™ N P "E;;™N N
sink momentum: P, "E:M™ N P, “E;:Pb
very costly, each t a separate calculation! cost e cient, many t at once!

Main theoretical tool: Lorentz-covariant parametrizatio of matrix elements:
unpolarized (zero skewness):s. Bhattacharya et al., PRD106(2022)114512
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helicity (zero skewness): s. Bhattacharya et al., PRD109(2024)034508
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F S utpy s 5\1 55\2 505—5\3 mz 5\4 —5\5‘ m z 505—5\6 mz 5\7 —5\8‘ u'p; e
m m m m m

transversity (zero skewness):s. Bhattacharya et al., arXiv:2505.11288 F 5 up%® & Pi121 N S

unpolarized (nonzero skewness):s. Bhattacharya et al., arXiv:2508.17988
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also:

First nucleon unpolarized+helicity GPDs (symm. frame) C. Alexandrou et al., PRL 125(2020)262001
First nucleon transversity nucleon GPDs (symm. frame)C. Alexandrou et al., PRD 105(2022)034501
Twist-3 axial GPDs (symm. frame) S. Bhattacharya et al., PRD 108(2023)054501

Moments of unpolarized GPDs (OPE) S. Bhattacharya et al., PRD 108(2023)014507

Unpolarized pseudo-GPDsS. Bhattacharya et al., PRD110(2024)054502

Moments of helicity GPDs (OPE) S. Bhattacharya et al., JHEP01(2025)146
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Main messageprobing nucleon's 3D structure with LQCD
becomes feasible and reliable!

This talk: presented a development that improves the lagtic
extraction of PDFs/GPDs by:

T (both) combining the two most popular approaches, quasi- an
pseudo-distributions, and allowing them to work in synergy

T (both) employing a modern tool, arti cial neural networks,to reconstruct
the x dependence and mitigate the inverse problem,

T (GPDs) reconstructing thet dependence in a model-independent way, also
with arti cial neural networks.

With this, we have a very robust framework for optimal use
of expensive lattice datal!

Still, a lot of work to be done: quantify all systematics
b laborious, but crucial.

Consistent progress will ensure complementary role of
lattice to phenomenology and experiment!
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the x dependence and mitigate the inverse problem,

T (GPDs) reconstructing thet dependence in a model-independent way, also
with arti cial neural networks.

With this, we have a very robust framework for optimal use
of expensive lattice datal!

Still, a lot of work to be done: quantify all systematics
b laborious, but crucial.

Consistent progress will ensure complementary role of
lattice to phenomenology and experiment!
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