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Outline

% Introduction
¢ Lattice QCD zero-temperature state-of-the-art simulations
¢ EIC science program for hadron structure
% Precision lattice QCD hadron structure quantities (pion, kaon and nucleon)
¢ Mellin moments of PDFs and GPDs:
+ first and second Mellin moments
+higher than second Mellin moments

% Direct computation of PDFs and GPDs (TMDs not covered, see 4 talks Friday afternoon)

Thanks to: Andrea Shindler, Artur Avkhadiev, Christian Zimmerman, Christopher Monahan,
Dimitra Petkou, Wayne Morris, Sara Collins, Wer Wang, Zhao Yong, for sending highlights



Lattice QCD - 45 years

1 — .
Loop =—7FLF™™ + Y s (iy" Dy —my) ¢y

4 K
f=u,d,s,c,b,t

+ QCD defined on a lattice provides a non Fritzsch, Gell-Mann and Leutwyler, Phys. Lett. 47B (1973) 365

perturbative regularization * Unique properties:

% Confinement
% Asymptotic freedom

% Mass generation via interaction

© quark A gluon

Ken Wilson 1974

Many algorithmic improvements:

1o

2) Domain decomposition 2004, Martin Liischer
3) ...

e First simulation of SU(2) gauge ensembles

Mike Creutz 1980

* Modern era of lattice QCD




State-of-the-art gauge ensembles for hadron structure
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State-of-the-art gauge ensembles for hadron structure
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Electron Ion Collider

\ jon Key science questions:
Cooling
e Low-energy * How do nucleon properties such as mass and spin emerge

Storage Ring Proton Bypass
from partons and their underlying interactions?

* How are partons inside the nucleon distributed in both
El C jon — momentum and position space?

Storage Ring ‘Y
Electrons

Possible * How do color-charged quarks and gluons, and jets, interact

Second

Detector N Fectron with a nuclear medium? How do the confined hadronic states
ectrons \ ccelerator
_lons /4 emerge from these quarks and gluons? How do the quark-

ePIC ' — & : : T
N S gluon interactions create nuclear binding?

Electron
Source

[ =]

* How does a dense nuclear environment affect the dynamics
of quarks and gluons, their correlations, and their
interactions? What happens to the gluon density in nucler?

®_ lon Sources lon
T Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and
Expected to be even in nucleons?

operational early 2030s

EIC yellow report, arXiv:2103.05419 6



Electron Ion Collider

* High lepton and light-ion beam polarization (~70%)

o  Availability of 1on beams from deuterons to the heaviest
Electron Low-energy HUCICI
Storage Ring Proton Bypass
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/ Expected to be
operational early 2030s

Key science questions:
* How do nucleon properties such as mass and spin emerge from partons and their underlying interactions?
* How are partons inside the nucleon distributed in both momentum and position space?

* How do color-charged quarks and gluons, and jets, interact with a nuclear medium? How do the confined
hadronic states emerge from these quarks and gluons? ...

* How does a dense nuclear environment affect the dynamics of quarks and gluons, their correlations, and their

Interactions?. .. EIC yellow report, arXiv:2103.05419



Hadron tomography

W(x,b, ,k,)
Wigner distributions
% 4 both the form factors and the PDFs
f d°b, f d'k; are fully encoded within GPDs
Fourier trf. r -
........................................ |f(x,k,l,) | | f(x,b,)l . —4 H (x,0,1) 2c )
transverse momentum impact parameter t=-A=-Q generalized parton
distributions (TMDs) distributions distributions (GPDs)
semi-inclusive processes exclusive processes
r 4 ~ — s
[d*k, [d’b, [ax [ dxx""
1D f(x) F,(1) A, () +4E° A, (D) + ...
........................................ parton denskies form factors generalized form
inclusive and semi-inclusive processes elastic scattering factors
lattice calculations
Studies 1n lattice OCD since the 1990s
EIC report: A. Arcardi ef al. arXiv:1212.1701
Wigner distributions
/)(.l'. I:T- l_;T) e 1::7 /Tmnsvelse momentum
¥ Parton Distribution Functions (PDFs) —> momentum and spin distributions of ~ 3-D correlations Tiahsverse /.
position ‘ »
quarks and gluons. Longitudinal momentum b7. vcﬁ).metons
¥ Generalised Parton Distributions (GPDs) —> correlation between the transverse g R\
position and longitudinal momentum of the partons. =

¥ Transverse Momentum Dependent (TMDs) PDFs —> link the longitudinal and
transverse momenta of the partons. AN
/NN, @)

from Ba'cchetta, 2014



Generalised Parton Distributions (GPDs)

* High energy scattering processes: Factorization mto a hard partonic subprocess, calculable in perturbation
theory, and a universal non-perturbative parton distribution

e'(k)

e D. Mueller et al., Fortschr. Phys. 42, 101 (1994)
e A. V. Radyushkin, PLB 380, 417; PLB385, 333 (1996); PRD56, 5524 (1997)
-------- - ---- Factorization e X.Ji, PRL. 78, 610; PRD55, 7114 (1997); J. Phys. G24, 1181 (1998)

Soft part

Hard part

N'(p)

Deeply Virtual Compton Scattering

* Probes 3D quark distribution
—>Replace final photon with ]/ for the 3D gluon distribution

Spin 1/2: The unpolarized GPDs of the nucleon

1 / — / ' +a o
Py (2,6,7) = o | B, €m0y ulp) + B, & (e )22 “‘p)] ¢ T——t=—Q*= () —p)
_pt=pt
£ = —opr skewness

* Forward limit: PDFseg H. i (2,0,0) =q(x), x> 0; H +(2,0,0) = —¢(x), v <0

* Moments of GPDs are generalized form factors

) _
/ do " VH. 1 (2, €,7) Z ™) + mod(n, 2)(26)" Cro(7)]
—1 1=0,2,-
1 n—1
/ 1da:x”‘1E7 c(2,67) = D [(2)'Bui(r) — mod(n, 2)(26)" Cro(7)] Ph. Hagler, Phys. Rept. 490 (2010) 49
— i=0,2,--

n=1: Dirac and Pauli FF's Ai9(7) = F1(7), Bio(T) = F3(7),



Generalised Parton Distributions (GPDs)

* High energy scattering processes: Factorization mto a hard partonic subprocess, calculable in perturbation

theory, and a universal non-perturbative parton distribution

Hard part

Factorization

Soft part

D. Mueller et al., Fortschr. Phys. 42, 101 (1994)

A. V. Radyushkin, Phys. Lett. B380, 417 (1996), hep-ph/9604317
A. V. Radyushkin, Phys. Lett. B385, 333 (1996), hep-ph/9605431
A. V. Radyushkin, Phys. Rev. D36, 5524 (1997), hep-ph/9704207
X. Ji, Phys. Rev. Lett. 78, 610 (1997), hep-ph/9603249

X. Ji, Phys. Rev. D55, 7114 (1997), hep-ph/9609381

X. J1,J. Phys. G24, 1181 (1998), hep-ph/9807358
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EIC complements JLab accessing the low x-region probing flavor and quark-antiquark asymmetries
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Examples of EIC hadron quantities (1D structure): form factors

¥ Charges, form factors (FFs) of pion, kaon and proton where EIC will access Q2 up to 40 GeV?

| 1 |

% Amendolia elt al.
0.6 - ® Ackermann p(e,e’nn*)n
. A Brauel et al. (Reanalyzed)
m JLab (F,-1)
o JLab (F -2)
0.5 —{¢{ JLab 12 GeV (projected errors) |

Bakulev Hard QCD

5
. Melntichouk Duality
0.1 Hutauruk Cloet & Thomas BSE+NJL (-
Nesterenko & Radyushkin QSR
Roberts et al Dyson-Schwinger
J.P.B.C. de Melo et al Light Front QFT
T

0 10 20 30

E
3
BN 0.50} JAM20
< BN M0 § EIC

0.25F % Alexandrou et al (2019) (2ni,=0)
¥ Gupta et al (2018) (2,in=0)

10_4. 10_3 . 10_2 10_1 .....i.OU

¥ Need to reach large momentum transfers

* Breit frame allows larger momentum transters

S. Syritsyn et al, PoS LAT'TICE2024 (2025) 340 & EINN2025

* Reduction of noise-to-signal

» Momentum smearing

G. S. Bali, B. Lang, B. U. Musch and A. Schafer, Phys. Rev. D 93, 094515 (2016)

» Better interpolating fields
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Examples of EIC hadron quantities (1D structure): PDFs

Nucleon helicity

¥ Twist-2 PDFs with EIC accessing x<0.1
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¥ Higher twist PDFs and moments probing multiparton correlations, e.g. twist-3 PDFs such as the scalar e(x),

transversity gr(x) and the do term -



Examples of EIC hadron quantities (3D structure)
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Mellin moments - Precision era of lattice QCD in hadron structure

* How do hadron properties emerge from partons and their underlying interactions?

EIC yellow report, arXiv:2103.05419

* Light-cone matrix elements cannot be computed using a Euclidean lattice formulation

* Expansion of light-cone operator leads to a tower of local twist-2 operators —> connected to moments that
can be computed in lattice QCD

* Readily accessible in lattice QCD from matrix elements of local operators with computations in early 90s

G. Martinelli and Ch. Sachradja Phys. Lett. B217 (1989) 319

14



Computation of lower Mellin moments of GPDs

* Light-cone matrix elements cannot be computed using a Euclidean lattice formulation
* Expansion of light-cone operator leads to a tower of local operators —> connected to moments that can be computed in lattice QCD
* Readily accessible in lattice QCD from matrix elements of local operators with computations in early 90s

* To leading order we have the twist-2 operators

| 1
Olianz: ¢7{u12Du2...i<ﬁun}¢ unpolarized <x”_1>q:/0 dx 2" 1 [q(az)—(—l)"_lq(x)]
1
<= elict
Otttz — oy dmn Dz Pondy MUy / da "~ [Aq(x) + (=1)" ' Aq(x)]
0

| 1

Otttz — gl Do | (Pondy rensvgreity ooty / do "1 [Sq(x) — (=1)" " 0q(=)
0

q=q, +q, Aqg=4q, —q, 0¢=¢q;+qL

Made traceless and {} denotes symmetrization

8q(x) = gL +q1
T T e S S
(x,12) -
Pol. i v Yy ioys
U H Er
L H Er
T E E Ht, Hy

* Matrix element of first and second Mellin moments give information on the mass and spin of the nucleon 15



Spin-0 particles: pion, kaon
¥ Spin-0

* Matrix elements of local operators (n=1) —>  vector and tensor charges, gy, gr and form factors: Fy,(Q?), Fr(Q?)

* Can also consider the scalar operator in relation to the mass —>scalar charge gs and FF: F5(Q?)

* Matrix elements of first derivative operators (n=2) or the energy and momentum tensor (quarks and gluons)

—> unpolarized and tensor generalized form factors factors (GFFs):  Ago(Q?), Ca0(Q?), Br20(Q?)

_ QQZN@:\
E.g. for unpolarized <h(ﬁ> |Tg;’/g | h(ﬁ» — 2pup1/ <x>q,g

Momentum fraction Pressure/Shear
O,ul/ (finsa tins)

' ' s, ls
* Most studies are for the pion EM form factor (Zs,ts)

(%o, to)
* Surprising few results for pion tensor and scalar and all kaon form factors, e.g. ETMC "

for one ensemble Q
O,uu (fin& tins)

(Zo, to)

nz (fins ’ tins)

(507 tO)

16



Spin-0 and 1/2 particles: pion, kaon, nucleon
¥ Spin-0

* Matrix elements of local operators (n=1) —>  vector and tensor charges, gy, gr and form factors: Fy,(Q?), Fr(Q?)

* Can also consider the scalar operator in relation to the mass —>scalar charge gs and FF: F5(Q?)

* Matrix elements of first derivative operators (n=2) or the energy and momentum tensor (quarks and gluons)
—> unpolarized and tensor generalized form factors factors (GFFs):  Ago(Q?), Ca0(Q?), Br20(Q?)

_ Q?=0 QQZ(\
g for unpolarized (A(F) | T4 | A(7)) = 2P0 (@) 1
Momentum fraction Pressure/Shear
% Spin-1/2
* Matrix elements of local operators (n=1) —> vector, axial and tensor charges, gv ga gt and form factors and gs, Fg(Q?)

1
Helicity gives intrinsic quark spin: A, (1) = / dx [AC](% u?) + Aglz, ,UQ)] = g%
0

EM nucleon form factors studied since the 50s: Fi (Q2), F: 2(Q2)

* Matrix elements of first derivative operators (n=2) —> unpolarized, helicity and tensor generalized form factors

factors (GFFs)
Moments: (z)q = A20(0), (#)aq = A20(0), (z)sq = Adp(0) and spin: Jy = 3[A20(0) + Bao(0)] = A% + Lg

Spin and momentum sums: Z [lAEq i Lq} i Jg — %, Zq<$>q +(x), =1

;Ij JZ
/u/ ins» 1ns MV ns» 1HS xll’lS7 1ns

@5607 to) @fﬂoa to) ®$0, to) 17




Vector form factor of the pion

¥ Three recent computations that include at least one ensemble with physical pion mass

ETMC: C.A. et al.,PHYS. REV. D 97, 014508 (2018)

BNL/JLab: X. Gao et al, PHYS.

REV. D 104, 114515 (2021)

1-0 -‘ T T T I T T T T I T T T T I T T T T I T T T T
. =2 TWF a=0.09 fm 140 MeV Colangelo et, al 18
Me= e
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|+ CERN (Amendoia et al. ‘34, '85) ‘{> Y, .
o7 W M NEenT ey i 02t Clover on HISQ Ttrreeag
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voluIine Q2=
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1.00 | ] Gaoetal. 21t A—t i -
0.95 [ E
- 1Fengetal. 20 ¢ .
0.90 | 3
0.85 £ XQCD 20 —+— -
0.80 - ]
0.75 _ ETMC18 °® .
0.70 _ * exp. data [CERN]
C —ETMC (N, = 2) 7 HPQCD 15 < .
0.65 F g
0.60 £ 1 L ! I ol i ]
0.00 0.05 0.10 0.15 0.20 0.25 PDG19 | | l_T_' |
Q@ (GeV?) 0.38 0.40 0.42 0.44 0.46

(r2) [fm?]

XQCD: G. Weng et al.,PHYS. REV. D 104, 074502 (2021)

1.000
ooo] *  Nf=2+1 Overlap on DWF
»
| %, 2=0.195-0.083 fin
. R ﬁ‘
NN
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~
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Yo
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4 32IDc m,, =137 MeV
0.200 . : . : :
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Q*(GeVv?)

1.2

Planned measurements atJLabl andl EIC

X Amendolia et al.
0.6 - ® Ackermann p(e,e’n*)n
. A Brauel et al. (Reanalyzed)
m JLab (F,-1)
o JLab (F_-2)

0.5 —{¢{ JLab 12 GeV (projected errors) |
0.2 Bakulev Hard QCD
Melntichouk Duality
0.1 Hutauruk Cloet & Thomas BSE+NJL |-
Nesterenko & Radyushkin QSR
Roberts et al Dyson—Schwinger
O 0 J.P.B.C. de Melo et al Light Front QFT
° l T ] T T l T

20
Q® (GeV?)

30
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Pion and Kaon momentum fractions

¥ ETMC: continuum limit taken directly at physical pion mass
Ny =2+ 1+ 1, Twisted — mass fermions :64° x 128, a = 0.080 fm, m, = 140 MeV
80° x 160, a = 0.069 fm, m, = 137 MeV
96> x 192, a = 0.057 fm, m, = 141 MeV

WM ETMC b MIT FA  Cuietal.
MS SCheme at 2 GeV i  MSULat KH Novikov et al. X Bednaretal.
¢ cB211.072.64 4 ¢C211.060.80 t  cD211.05496 i@ RQCD S JAM
; ; ; — ; ; Co 1.0 p=======— e
0s 0 0.532(56) 0 0.618(32) r I 1 LI L I T e 7T
1 ] I ] —m— = 2]
0.8 H—=C—H
I ——0—+—
1 'S W
B I > ——
0.4r M v
I I X
0.2 0.2 0.4 0.6 01 0.5 0.9
I I L <X>S,R <X>3R
0.0 B :
s c Zf qr g  Total
M B o I S MMM B ] —— .
1.0 pm===mmmmmmmmmmmmmoooeooooooo I k- M M
0.8 - X
1 1 1 1 1 1 ST '
0.001 0.003 0.005 0.001 0.003 0.005 7 06 - I L 1 1 1 L |
a2[fm?] a2[fm?] B 0.2 0.4 06 0.1 0.5 0.9
i K K
0.4F (x) (x)
. ! 9,R q,R
Momentum sum verified :
0.2 r
0.0! Total
C. A. et al. (ETMC), Phys. Rev. Lett. 127 (2021) 252001 L VL

C. A. etal. (ETMC), Phys. Rev. Lett 134 (2025) 131902

¥ MI'T group computed GFFs of the pion using a Clover ensemble with m;~170 MeV, a~0.09 fm

—> confirmed the momentum sum
D. C. Hackett et al., Phys. Rev. D 108 (2023) 114504

19



Higher Mellin moments for pion and kaon

Pion

Locall

ETMC 2025 operators

Moments of
E LQCD-determined
PDFs

Lin et al. 2021

Gao et al. 2020 F

Experimental

JAM + LQCD 2025} data

Han et al. 2021} analyses

JAM 2018 F

Wijesooriya et al. 2005 F

Sutton et al. 1992 F

Bednar et al. 2020
Ding et al. 2020 F
BLFQ-NJL 2020

Watanabe et al. 2018 F
Chen et al. 2016 F
Hecht et al. 2001 F

theory
approaches

0.075 _ 0.100

S

0.100 _ 0.125 0.025 _ 0.050

(@)

0.050 _ 0.075

% Third and fourth Mellin moment
Ny =2+ 1+1, Twisted mass fermions
643 x 128, a = 0.08 fm, m, = 140 MeV

g;g — 0.715(5), % — 0.647(8), % — 0.632(67)

* Results point to the strange quark PDF having its support at
larger x than the up quark PDF 1n the kaon

0.1

ETMC 2025

JAM + LQCD 2025
Han et al. 2021

Bednar et al 2020
BLFQ-NJL 2020
Watanabe et al 2018
Chen et al, 2016

* SU(3) symmetry breaking is more pronounced for higher moments

JAM + LQCD 2025} data,

Han et al. 2021

BLFQ-NJL 2020
1 Watanabe et al. 2018

Chen et al. 2016

Kaon

Local

ETMC 2025 | operators

Experimental

analyses

Bednar et al. 2020 F theory

approaches

0.06 0.08

0.10

Local
- operators

Experimental
- data
| analyses

- theory
approaches

0.10
(x?)F

0.05

0.15
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Reconstruction of PDFs using moments

* Use moments up to <x9>

1
f _ e B _ _
r) =Nz (1 —x)"(1+ €T 1 —/ x)=1
(z) (22) (%) qﬂ',K( ) ( )7 ( Wz)  (Lu ; qm ()
u™ 0.2194(22) 0.1021(34) 0.079(25) Kaon
u0.2151(12)  0.0925(11)  0.0557(54) e
sk 0.30081(67) 0.14312(86) 0.0881(41) ' - . C. Han et al.
. 0.30 - g . JAM + LQCD 25
Pion [mm ETMC 25
0.40 - — IAM21 0.25 N
0.351 Fantol0 020
N\ 1 xFitter Ra)
0991 N\ [ ETMC 25 Tois
0.25 \
- 0.10
< 0.20
" 015 0.051
0.10 0.00
0.0 0.2 0.4 0.6 0.8 1.0
0.051 i
0.00
0.0 0.2 0.4 0.6 0.8 1.0 C. Han et al.
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Reconstruction of PDFs using moments

* Use moments up to <x9>

1
J _ o B _ _
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Beyond the fourth moment

¥ Standard techniques allow computation of up to the fourth Mellin moment with increased statistics needed as

the order of the moment increases.

¥ New ideas may enable computation of higher order moments, e.g. using:

* Wilson flow

A. Shindler, Phys.Rev.D 110 (2024) 5, L051503, arXiv:2311.18704

* Heavy-quark OPE (HOPE) method for computing moments of the light-core distribution amplitude

HOPE collaboration: W. Detmold et al. Phys.Rev.D 105 (2022) 3, 034506, arXiv:2103.09529

W. Detmold ¢t al., arXiv:2509.04799

with a proof of concept presented in the pion case for both approaches for heavy pion mass.

p=2GeV
0.5 1 Theory/Lattice
% ¥ this work
[ 5 mn~4 10 MeV Expt./Pheno.
% xFitter
0.31 } L, FANTO
! 1
0.2 -
L.
0.1 - o § %
Talk by D. Pefkou, Tuesday
0.01_, . . .
(z*)/(z) (@®)/(z) (@h)/(x) (z°)/(z)

HOPE Collaboration, 2022 1
This work -

A. Francis ¢t al. PoS LATTICE2024 (2025) 336;
A. Francis et al. arXiv:2510.26738; arXiv:2509.02472

¥Compute directly PDFs/GPDs and take moments

Asymptotic form 1

Zhang et al, 2020 ]
Holligan et al, 2023 ]
Cloét et al, 2024 -

Braun et al, 2015 ]
Bali et al, 2018
Bali et al, 2019 1
Gao et al, 2022 -

Holligan et al, 2023 ]

Talk by S.-P. Alex Chang, Tuesday

23

mnNSSO MeV
THE
'HOPE - )
1 COLLABORATION . . - <§4>
- LaMET + endpoint modelling
—e—
—+—
b b
- Moment methods
L]
» b
PH
A A
P
- HOPE method [
—e—
e e
' —(I)l - IOIOI - 'Oill - '0I2I - '0'3' - I0.4


https://arxiv.org/abs/2311.18704
https://arxiv.org/abs/2509.02472

« RQCD: 47 CLS ensembles with 6 a~(0.038-0.098) fm, m,~(480-130) MeV and multiple L. PNDME23;

Nucleon isovector charges

¥ Nucleon isovector charges are well-studied by many collaborations: Recent results by

* ETMC: 4 ensembles with 4 a~(0.08-0.05) fm and mx~140 MeV

* CGLQCD: 16 Clover ensembles with 4 a~(0.105-0.052) fm, m~(340-134) MeV and

multiple L
gg—¢
Ny=2+1+1
ETMC25¢ =
PNDME23} i
R e
RQCD25¢ ——
Mainz24¢ H—e—H
PTG :
NME21¢} H———H
¥QCD21}
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S. Collins communication

Talk by Masato Nagatsuka, Wednesday



Baryon isovector charges

¥ Nucleon isovector charges are well-studied by many collaborations: Recent results by ~ ETMC26;
PNDMEZ23}

* RQCD: 47 CLS ensembles at 6 a~(0.038-0.098) fm, m;~(480-130) MeV and multiple L. cairat19}
* ETMC: 4 ensembles at 4 a~(0.08-0.05) fm and mx~140 MeV RQF:DZS.
Mainz24¢

* CGLOQCD: 16 Clover ensembles ar 4 a~(0.105-0.052) fm, mx~(340-134) MeV and A sr 28}
multiple L NME21t}
¥QCD18}

¥ ROQCD has new results for isovector charges and momentum fractions for 3 and &

*
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Nucleon charges

ETMC: continuum limit taken

u d S
da da gda directly at physical pion mass
0.80 o
ETMC25¢ — 4F - 1L — . ] & 0.763(17)
o} ]
PNDME25F  +p»— {F > i i ]
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% Tensor charge provides input for phenomenology
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Nucleon EM form factors

* Electron-proton scattering since the 50s, however still surprises

Pohl 2010 (uH spect.) Bl e — Bernauer 2010 (ep scatt.)
Antognini 2013 (uH spect.) —_r Zhan 2011 (ep scatt.)
Beyer 2017 (H spect.) ——— —— CODATA-2010 (H spect.)
CODATA-2018 - —— CODATA-2010
Bezginov 2019 (H spect.) +———e—H [ 1+ Fleurbaey 2018 (H spect.)
Xiong 2019 (ep scatt.) + -
Mihovilovic 2021

' = 1 (ep scatt.)
Grinin 2020 (H spect.) —e—i
Brandt 2021 (H spect.) —0—1

A 1 ' l L L ' l ' 1 ' l A L ' l ' L l A ' ' l ' L 1 l L
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92

Proton charge radius r: [fm]

W. Xiong, Ch. Peng, Universe 9 (2023) 4, 182 , arXiv:2302.13818

« EIC will measure EM FFs up to Q240 GeV?
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https://arxiv.org/abs/2302.13818

Nucleon EM form factors

* Electron-proton scattering since the 50s
* Still surprises

¥Mainz results using 6 CLS ensembles at 4 lattice spacings with one ensemble with

physical mx
1.0 —— this work ¥ exp. uu
{ Al ep scattering

S 081 31
kg g—\ 3
g S5
506 T
oy
O

0.4

1 .
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0.06 1 —— this work
t  exp. world data

=
 0.04 _
2 S
< 0.02 )
35
O

0.00 -

, , , , , , , 2041 , , , , , ,
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» Use covariant baryon chiral perturbation theory to model the Q? dependence of the form factor
 Fit simultaneously the Q2-dependence with the extrapolation to the physical mx, a = 0, L — 00

Mainz: D. Djukanovic et al., Phys. Rev. Lett. 132 (2024) 21, 21; Phys.Rev.D 109 (2024) 9
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Nucleon EM and axial form factors by ETMC

E -

z-exp Continuum with max probability

0.080 fm

—-- Experiment

1.00

0.80 |

0.60 -

0.40 -

a=0068fm Y a=0.057fm

[ Galster-like at Q2 = 0.3 GeV?

® Experiment

Two-fit forms for Q? dependence:
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1.00 [

0.50 -
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ETMC: C.A., S. Bacchio, G. Koutsou, B. Prassad, G. Spanoudes, arXiv:2507.20910
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* Model independent z-expansion

kmax

Q)= (@)
k=0

Z(QQ) _ V tcut + Q2 - vtcut + tO
V tcut + Q2 + V tcut + tO

tew= particle production threshold and ty=0

* Dipole or Galster form

GQ) = "
=)
n 2\ QQA 1
TR )

Talk by B. Prasad, Thursday
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i 102 ¢
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ETMC: C.A. et al., Phys. Rev. D 109(2024)3, 034503

Q2 [GeV?]
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Nucleon EM and axial form factors - comparison
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Strangeness in the nucleon from ETMC

N; =2+ 1+ 1, Twisted — mass fermions :64° x 128, a = 0.080 fm, m, = 140 MeV

z-exp Continuum with max probability

(ré)s [fm?]

(rg)° [fm?2]

80° x 160, a = 0.069 fm, m, = 137 MeV

¥ a=0.08 a=0.068 ¥ a=0.057 & a=0.049
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pe Talk by B. Prasad, Thursday

¥ First computation directly at physical pion mass with continuum extrapolation - clearly shows the accuracy
that can be reached by lattice QCD on sea quark effects
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Isovector nucleon moments

¥ ROQCD computed isovector moments for the nucleon, 2 and X using 47 ensembles
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Nucleon second moments 12f
1.0F=zmmmmmmm oo ~
¥ Nucleon momentum and Spin sums 08 E """" $--- e

Ny =241+ 1, Twisted — mass fermions :64° x 128, a = 0.080 fm, m, = 140 MeV X 0.6- 4 -
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Generalised form factors by MIT group

N, =2+ 1, Clover fermions : 483 x 96,a = 0.091(1)fm

Nucleon at mz~170 MeV
(MS, y=2GeV) Scalar glueball
1.5 §
o total 03 _@O%O 7 s . |
} g ¢ u Compute root mean square radius of the energy density of the

B
¢ urd+s 027 o glueball in the Breit frame

S 1 dA(t) 3
~ 2
= r = 6 o — ——=(A(0) 4+ 2D(0
3 e = 3057 |07t im0 — oz (A(0) + 2D(0)

1.2
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g 0.8 A [3/2F] 4 mx =450 MeV, g e

= 0.6- N[1/27] 1 o
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0'0~ 1 1 1 1
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Glueball has a very small mass radius
0.0 0.5 1.0 1.5 2.0
—1[GeV?] R. Abbot ¢t al., arXiv:2508.21821

Momentum + spin sums fulfilled

D. C. Hackett, D. A. Pefkou and P. E. Shanahan, Phys. Rev. Lett 132 (2024) 251904 34




Nucleon higher Mellin moments

¥ Third Mellin moments of the twist-2 and twist-3 helicity structure functions g1 (CI? ) and go (UU )

¥ The twist-3 dois connected to the Sivers function for b, — 0 and probes quark-gluon correlations

¥ First computed by QCDSF ~ QCDSF: M.Goeckeler ¢t al., Phys. Rev. D 72, (2005) 054507

¥Recent calculation by RQCD using clover fermions with six different spacings from 0.039 fm to 0.098 fm and
220 <mz <420 MeV to perform chiral and continuum extrapolation

RQCD: M.Buerger ¢t al., Phys.Rev.D 105 (2022) 054504

do(p) = 4/1 dxa? [gl (z,Q%) + ggZ(x’ Q’ —o— RQCD (2022)
0
—0— SANE (2019)
p2 =0Q2=4 GeV?2 ——i SANE (2019)
o | HERMES (2012)
d5 = 0.0105(19)(65), dy = —0.0009(14)(69) e E155 (2003)
Helicity third momentin MS - Has e

—0102 O.(I)O O.IOZ O.(I)4 0.66 0.&)8
(p)
< 2?2 >a,=0.035(3)(8), < 22 >a,= 0.0034(17)(41) a2

¥ Third Mellin moments of unpolarized, helicity and transversity

Talk by Emilio Taggi, Tuesday



Direct computation of GPDs and TMDs

Fixed Target DIS «  Collider Di
Collider DIS 3

Fixed Target SIDIS :
Fixed Target DY :
Collider DY

Jet Production

Top Production

S T (S T/
i

2;.1..1‘“.1.1“11“.1....1...,1.““
10707105 10° 10% 10° 102 10° 1
4 K

EIC will probe the region of low x —> non trivial flavor and quark-anti-quark differences



Direct computation of GPDs

Quasi-approach - X. J1 2013

Pseudo-approach - A. V. Radyushkin 2017

Hadronic tensor - K.-F. Liu 2016

Forward Compton amplitude - A. Chambers et al. 2017
Auxiliary heavy quark - W. Detmold and C. D. Lin 2006
Good lattice cross sections - Y.-Q, Ma and J.-W. Q1u 2018

O O O O o o o

¥ Large momentum effective theory (LaMET)  X. Ji, Phys. Rev. Lett. 110 (2013) 262002

* Define spatial correlators and boost nucleon state to large momentum —> quasi PDFs (have same IR behavior)

* Match to the infinite momentum frame using the matching kernel computed in perturbation theory (possible due to

asymptotic freedom of QCD)

* Allow momentum transfer —> generalised parton distributions

>~

t
A

>~

¥Short distance factorization (SDF) —>Pseudo- distributions V. Radyushkin, Phys. Rev. D 96 (2017) 034025

¥Quasi- and Pseudo- distributions are extracted from the same spatial corrector



Many studies on PDFs/GPDs

results © physical pion mass ETMC/PKU, PRD102(2020)014508
results extrapolated to physical pion mass

results @ non-physical pion mass

: MSU/NTU/UR, NPB952(2020)114940
it BNL/ANL, JHEP02(2025)056

Quasi-distributions

\

ETMC, PRL126(2021)102003 Gluon PDF | MSU, JPhysG52(2025)035105
. . ETMC, PRD104(2021)054503
(Nucleon twist-2 PDF MSU/LANL, PRD104(2021)094511 (Nucleon twist-3)

A LCDA | LPC, PRD111(2025)034510
: -
unpolarized v Nucleon GPD ETMC/Temple
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MSU/NTU. arXiv:2011.14971 ETMC, PRD103(2021)094512 BNL/ANL, PRD109(2024)054506 MSU. PRD110(2024)034503 BNL/ANL, JHEP07(2024)211 BNL/ANL, PRD106(2022)114510

[ Aiiirﬁg?;-ﬁ;:}rtegfja/rk } {Auxiliary heavy quark} { OPE without OPE J { Hadronic tensor J

‘/{ Pseudo-distributions _
Nucleon PDF Sliow - 25

HadStruc. PRD100(2019)114512

BNL, PRD102(2020)094513 Nucleon PDF
(2020) Pion PDF \ 4 el

UR, PRD110(2024)074503 CD, PRD101(2020)114503
HadStruc, PRD99(2019)074507 Pion DA (Nucleon GPD] xQCD, (2020)

HadStruc, PRD102(2020)054508 Taiwan/MIT, arXiv:1810.12194 QCDSF, PRD105(2022)014502 \
HadStruc, JHEP11(2021)14g HadStruc. PRD104(20211004516 Ao QCDSF, PRD110(2022)014509
HadStruc, PRD105(2022)034507 MSU. PRD106(2022)094510 ucleon [Nucleon FQ,FL]

] Taiwan/MIT, PRD105(2022)034506
i leon F
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Computation of quasi- and pseudo-PDFs

% Compute space-like matrix elements for boosted states Mp(z, Ps) = (Ps]9%(0) TW (0, 2) (2)| Ps3)

* Quasi-distributions: Take Fourier transform and the large boost limit

Z Tdz R lise non-perturbatively, Z
Fp(x, PS,M) — 2P3/ 7 i P3z MF(Z, P3>@ «— enormalise non-perturbatively, Z(z,p)

C oo A7 Need to eliminate both UV and exponential divergences
Match using LaMET ﬁt“rbaﬁve kernel Higher twist Validity range:
1 2 2

- dy L U AQCD AQCD
e, Pou)= | Zol(Z L) By, u)+0 , 2 € (Zanin — Trnax) ~ (0.2 — 0.8

F( 3 ,u) /_1 ‘y‘ (y yPg) F(:U :u) + ( .’L‘2P32 (1 _ 33>2P32 ( min max) ( )

Yo unpolarised

I' = Y573 helicity

03;,1 = 1,2 transversity

* Nucleon
Gluon

Connected Disconnected

@Yins +2z tins) @ins tz tins)

(X +2,E00)

.§ms " (yins' tins) (?insl tins)

(Fins: fins J0,0) 76,0) 70, 0)
-7(}5/ ts) j(?s'tS)
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Computation of quasi- and pseudo-PDFs

% Compute space-like matrix elements for boosted states Mp(z, Ps) = (Ps]9%(0) TW (0, 2) (2)| Ps3)

* Quasi-distributions: Take Fourier transform and the large boost limit

~ > dz : Renormalise non-perturbatively, Z
FF(ZE,Pg,,LL) _ 2P3/ _e—szgz M(Z,Pg)@ — pertu vely, Z(z,p)

oo A Need to eliminate both UV and exponential divergences

Match using LaMET ﬁturbaﬁve kernel Higher twist Validity range:

. L dy T WU AQQCD AQQCD
Fr(z, P3, ) = / — C <_ —> Fr(y,p) + 0O T € (Tmin — Tmax) ~ (0.2 = 0.8)

1 |yl y yPs v2P%’ (1 —x)2P%

* Pseudo-distributions: use same matrix elements as quasi-distributions and write in terms of v = z. P loffe time

- My (v, 2%)
R lize matrix element e.g. Mr(v, 2%) = ——~
enormalize matrix element e€.g r( ) MF(O,Z2)

Match 1n coordinate space via short distance factorization (SDF)
1

Mr (22, v) :/ dy C(y)Mr(yv, p) + O(z*Adyep)

- \ \ Higher twist

Ioffe time distribution limits max. Vmax value —> max. moments x'*vmax

1

My (v, 1) :/ dve'™ Fr(x, )

1
% Quasi- and pseudo- are complementary — X. Ji, Research 8 (2025) 0695
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% Pion

Pion and kaon unpolarized PDF

R. S. Sufian ¢f al., Phys. Rev. D 102 (2020) 054508

0.5

0.0

¢ E615

#== LCSs: Fit 1
s LCSs: Fit 2

® E615 (ASV-rescaled)

0 01 02 03 04 05 06 0.7 0.8 0.9 1.0

Wi

“Good lattice cross-sections” approach with Ni=2+1
clover, m;~410-280 MeV and a=0.127 and 0.094

% Kaon

H.-W. Lin et al., Phys.Rev.D 103 (2021) 014516

T T
O FNAL-E615'89 1

051 = ASV'10 ’
~ DSE'16
0.4 ~ BLFQ-NJL'19
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== MSULat'20
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’r+
Xuj
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Quasi-PDF approach with clover valence on staggered
sea with m;=220, 310, 690 MeV and a=0.12, 0.06 tm

with extrapolation to the continuum and physical m, via
2 2
Co +c1m., + c3a

H.-W. Lin et al., Phys.Rev.D 103 (2021) 014516
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Pion and kaon unpolarized PDF

% Pion
R. S. Sufian ¢t al., Phys. Rev. D 102 (2020) 054508
0.5 $ E615
® E615 (ASV-rescaled)
#===1CSs: Fit 1
0.4 @ LCSs: Fit 2
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“Good lattice cross-sections” approach with Ni=2+1

Z

clover, m;~410-280 MeV and a=0.127 and 0.094

¥ Kaon
H.-W. Lin ¢t al., Phys.Rev.D 103 (2021) 014516
" | H-W Lin et al.
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H.-W. Lin ¢t al., Phys.Rev.D 103 (2021) 014516
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Quasi-PDF approach with clover valence on staggered
sea with m,;=220, 310, 690 MeV and a=0.12, 0.06 fm
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Nucleon helicity and strange quark PDFs

% Studies in the quasi-PDF approach helicity have had an impact on phenomenology

¥ Isovector at physical pion mass ¥ Disconnected at heavier
o LP3: N=2+1+1, my~135 MeV, a=0.09 fm e ETMC: N=2+1+1.
H.-W. Lin ¢t al. Phys. Rev. Lett. 121, 242003 (2072
o _ 0.50 - z Au®
« ETMC: Ni=2, m=135 MeV, a=0.094 tm
C.A. et al. (ETMC) Phys. Rev. Lett. 121 (2018) 112001 0.95 -

0.00 -

0.0 -
—0.1 -

—0.2 -

—0.3

0 02 04 06 08

BN exp
5—0.2; HEE exp+lat
[ lat (DFT)
1072 107! 10°
xTr

J- Bringewatt et al. (JAM) Phys.Rev.D 103 (2021) 016003

s(z) — 5(x)

than physical pion mass

m,=260 MeV, a=0.094 fm

)5

x Ast

- — .
. —
S —

J0 g
NNPDFpoL1.1

JAM17
Py =1.24GeV

)5 1
o 02 04 06 08 1
x
C. A., M. Constantinou, K. Hadjiyiannakou, K.
Jansen, . Manigrasso, Phys. Rev. Lett. 126 (2021)

102003

C.A. et al., Phys.Rev.D 104 (2021) 5, 054503

0.20 4 o Py=0.41GeV
T P3=0.83GeV
i P3=1.24GeV

0.10 NNPDF3.1

0.0 0.2 0.4 0.6 0.8 1.0

* Unpolarized s- and c-quark PDFs with mixed action (clover on

staggered sea) mx=310 MeV and m,=690 MeV, a=0.12 fm

R. Zhang, H.W. Lin, B. Yoon (2020), 2005.011

* Ongoing effort by the HadStruc Collaboration
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Pion and isovector nucleon unpolarized PDFs
¥ Improvements in renormalization and matching by e.g. LPC, BNL, ETMC, MSULAT, ...

* PDFs using NNLO matching and the hybrid renormalization scheme by BNL

Pion Nucleon isovector
X. Gao et al. Phys. Rev. Lett. 128 (2022) 142003 A X. Gao et al. Phys.Rev.D 107 (2023) 074509
0.4 . ' — NNPDF40
I ’ BNL ANL21. I
[m] - i
= m BNL20 _ ’ PR
Z 3 mJAM21nlo >
= - ASV S , z) = 0.191(14), (z*) = 0.0149(47)
o~ - GRVPII N 0 4
2} xFitter ] (z°) = 0.065(10), (z*) = 0.0083(43).
Bl S L
CUTTSSSG o ——3K\| - ]

0.6

0.0 0.2 0.4 0.8 1.0

-1 . . . : ; .
-1.00 -0.75 -0.50 —-0.25 0.00 0.25 050 0.75 1.00
x

T
Quasi-approach with NNLO matching using hybrid action: me=140 MeV, 64*, a=0.076 fim in same setup as pion

clover on Ni=2+1 staggered m,=300 MeV, a=0.04 fm

X. Gao et al. Phys.Rev.D 106 (2022) 11, 114510 4.0
|.| H 3 ETMC
JAM A 1 [ NNPDF
0.12 W 3.5 e JAM
(XZ) 010 30 Gao et al.
NNPDF -
0.08 2.5
e BNL20 S
0.06 | . N | P 2.09
= =]AM21nlo iaoetal. { | o | —— S
(x4)0.04 == E i 1.5
0.02 b o 3 = ETMC - | o—Hreliminary | - | 1.0
(x®)
0'00 B o T T T T T T T 05 1
1 1 1 1 1 1 0.05 0.06 0.07 0.08 0.01 0.02 0.03 0.04
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 (x2) (x3) 0.0 : :
2 2 ' '
a<[fm<] x

Pseudo-approach to extract moments with m.=140 MeV,

a=0.076 fm and m=300 MeV, a=0.06, 0.04 fm



Pion and isovector nucleon unpolarized PDFs
¥ Improvements in renormalization and matching in LaMET approach by e.g. LPC, BNL, ETMC, MSULAT, ...

* PDF5s using NNLO matching and the hybrid renormalization scheme mixed action by BNL

Pion
X. Gao et al. Phys. Rev. Lett. 128 (2022) 142003

’,—-‘

mBNL-ANL21

’5\ m BNL20
8 3t mJAM2Inlo
= -~ ASV
o~ --- GRVPII
I 2f xFitter
=
\&j: S
e N

0.0 0.2 0.4 0.6 0.8 1.0

T
Quasi-approach with NNLO matching using hybrid action:

clover on Ni=2+1 staggered m,=300 MeV, a=0.04 fm

X. Gao et al. Phys.Rev.D 106 (2022) 11, 114510
0-12 W
(Xz)o_]_o "

0.08

s BN L2 0
== = |AM21nlo

(x4)0.04 == $

0.06

2

H&+H HeH

(x®)
0.00

0.000 0.001 0002 0003 0004 0005 0006 0.007
a?[fm?]
Pseudo-approach to extract moments with m,=140 MeV,
a=0.076 fm and m=300 MeV, a=0.06, 0.04 fm

Nucleon 1sovector
A X. Gao et al. Phys.Rev.D 107 (2023) 7, 074509

—— NNPDF40
—— DNN
3 Xx-space

N \
S 2 z) = 0.191(14), (z3) = 0.0149(47)
1 (x?) = 0.065(10), (z*) = 0.0083(43).
E 1
S

-1 . . . : ; .
-1.00 -0.75 -0.50 —-0.25 0.00 0.25 050 0.75 1.00
x

mx=140 MeV, 644, a=0.076 fm in same setup as pion

* Auxiliary heavy quark approach
C. Zimmerman and A. Schafer, Phys. Rev. D 110 (2024) 074503

T u(y=0,p=0)

B u(y=5,p=0)
u(y=0,0=5)
u - MSHT20an3lo

—— u - CJ15NLO

L, (x)

Talk by Christian Zimmerman, Tuesday

0.0 0.2 0.4 0.6 0.8 1.0

CLS ensemble with m;=335 MeV, 64% a=0.086 fm



Transversity PDF

¥ Lattice Parton Collaboration (LPC) analyzed CLS ensembles with 4 lattice spacings (0.098-0.049 fm), pion masses
ranging from 220 to 350 MeV and momentum boosts from 1.6 GeV to 2.8 GeV

* Continuum and chiral extrapolations are performed as well as the large momentum limit

* Renormalization done using a hybrid scheme separating the short and long distances

~ ~

~ 1 h(z,P?*,1/a Zr(zs,1/a) h(z, P*,1/a
hR(Z,PZ) — _ ~( / )0(23 . ‘ZD + R( / ) ~( / )0(|Z| . Zs)
h(0,P%,1/a) | h(z,0,1/a) Zr(z,1/a) h(zs,0,1/a)
du(z, p) —dd(z, p1) LPC: E Yao et al., Phys. Rev. Lett. 131 (2023) 26, 261901
2.8}
241 pr— LLPC
2t JAM 22
1 6l JAM 20

1.2}
0.8f
0.4}

0

—0.4}
_0.75 -05 -025 0 025 05 075 1
xXr
¥ BNL also computed the transversity 1sovector and 1soscalar PDFs using clover on staggered and one ensemble at

physical pion mass for both the quasi- and pseudo-approaches
X. Gao ¢t al., Phys. Rev. D 109 (2025) 054506

¥ HadStruc Collaboration used "window observables” to compare lattice and phenomenology for isovector
transversity

x4
onfa-— )= [ dua” fyyn(@
x_ J- Karpie et al. arXiv: 2505.22795



Gluon PDFs

¥ Most studies in the pseudo-pdf approach
* Nucleon unpolarized PDF

zg(x)

3.0 : .
+0 w2 - param(Q) ETMC --- CT18 NNLO
s NNPDF3.1 41 25 NNPDF3.1 NNLO
3.0 CT18 JAM20 N £5% a~0.09 fm, M,~310 MeV
01 am JAM20 3- HadStruct21 Z20 59 a0, M, - 135 MeV
® - +
Lol \ op mz=260 MeV, a=0.093 fm S 15 99+94
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1.01 05!
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| | | | 0.0t | , , ,
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0 0.2 04 06 0.8 1.C . x
, MSULAT: Z. Fan, W. Good, H.-W. Lin,
HadStruc Collaboration: T. Khan et al., ETMC: J. Delmar et al.,, Phys. Rev. D Phys. Rev. D 1815? (2023>0001 4508 "
Phys. Rev. D 104, (2021) 094516 108 (2023) 094515
* Pion and kaon gluon PDFs by MSULAT MSULAT data on pion + JAM
>0 0.10 : 2.07 mm exp iy
- 3 008 213 tm kpon N oplat S 2
. o (<))
o~ 0.06 1 1.5 1
— Il — &)
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%0 0.2 0.4 0.6 0.8 1.0 T
A. NieMiera, W. GOOd, H)-(W Lin, Phys.RCV.D 112 (2025> 074504 W. Good ¢t al. arxXav: 2507.22730
* Nucleon gluon helicity HadStruc Collaboration: C. Egerer e/ al., Phys.Rev.D 106 (2022) 094511

T. Khan, T. Liu, R. S. Sufian, Phys. Rev. D 108, (2023) 074502



Unpolarized gluon PDF

¥ LPC analyzed 2+1 clover ensembles at 3 lattice spacings (0.105, 0.0897, 0.0775 fm) and m,~300 MeV with HYP smeared
gluons

¥ Continuum and large momentum limit are performed

¥ Renormalization done using a hybrid scheme separating the short and long distances

~ ~

~ 1 h(z,P?,1/a Zr(zs,1/a) h(z,P*,1/a
hn(z, P?) = - (0 PL1/0) g oy 4 Zebn VO M P10 gy
h(0,P#,1/a) | h(z,0,1/a) Zr(z,1/a) h(z,0,1/a)
LPC: Ch. Chen ¢t al., arXiv:2510.26425 MSULAT: A. NieMiera , W. Good, H.-W. Lin, E. Yao, arXiv:2510.17758
3.0 1 I
LPC(sta err) i
LPC(sta+sys err) L Aqep/[z(1 —z)P;] > 1
CT18 NNLO 2.5 - —— MSULat, a — 0.0 fm
B NNPDF NNLO ' — JAM24
o JAM24 — —— CT18 NNLO
20 —— CJ22hty,
— > )
x 5
§ <15
> <
E 10-
= 1
8
0.5
0.0
0.0
X x

¥ MSULAT analyzed 2+1+1 staggered ensembles with clover valence at 3 lattice spacings (0.15, 0.12, 0.09 fm) and
mx~310 MeV performing the continuum limit. Used Wilson flow for the gluon

¥ Renormalization done using a hybrid scheme separating the short and long distances
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https://arxiv.org/abs/2510.26425
https://arxiv.org/abs/2510.26425

Twist-3 PDFs

O
¥ PDFs are classified in terms of twists: f ;T b + 522 -+ -

\ 2 \ 2
twist-2  twist-3

¥ Three types: e(x), go(x) and ho(x). No density interpretation but e.g. the x2- moments of e(x) and gs(x) can yield
information on the transverse force and encode information on quark-gluon correlations

¥ oo(x) (g7 (x)) and ho(x) (hi(x)) computed by ETMC using the quasi-distributions approach at a pion mass of 260 MeV
%* gr(x) extracted from (P (0, 2)v,;vsW (2)(0,0)|P) with j, K L P S Bhattacharya, et al., PRD 102, 111501 (2020)

S. Bhattacharya, et al., PRD 104 (2021) 114510

¥ hi(x) extracted from (Pl (0. 0)or.. > N Plwith 7, k L P
¥ (P1¥(0,0)ar; W0, 2)3(0, )| Phwith. g, S. Bhattacharya, Lattice 2024, arXiv: 2502.00481

12 r :
g1(z) i hi™(z) \
| — — @ ] — _ pu—d
10 gr() 31\ gl hi () ll P; = 1.67 GeV
8 I ‘

6_
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Generalised parton distributions

¥ Quasi-approach: Compute space-like matrix element with different initial and final nucleon boosts e.g. in the Breit frame

hr(z,&,Q% P3) = (N(Psé, + Q/2)| () TW (z, 0) (0)| N(P3é, — Q/2))

> Q3 .
£ = ~3p, . quasi — skewness & =& + O PQ)

Renormalise, take the Fourier transform and match and final nucleon boosts

P27P27 J}2P2 9 (1 :U)ZP2

\ RlI-scale MS — scale

Reduces to the matching kernel for =0
Does not depend on ()2

n o 1 0 0\2 2 A2 A2
Fr(z,¢, Q2>P3v:“0mug) = f_1 dyCF (y yplgg yMP337 EZ§§2> r(y, Q% ¢, M)+O( B 2o rE Ly )

X_Ji et al., Phys.Rev. D92 (2015) 014039

X.Xiong, J-H. Zhang, Phys.Rev. D92 (2015) 054037
Y-S. Liu ¢t al., Phys.Rev. D100 (2019), 034006

¥ Pscudo-approach: Compute space-like matrix element with different initial and final nucleon boosts e.g. in the Breit frame

M M :
Use e.g. the double ratio M(v, z) = (v, ) M(0,0) , involve, match and take FT in v to extract the GPDs
5 M (0, 2) M(v,0)

A. Radyushkin, Int. J. Mod. Phys. A 35, 2030002 (2020)

* Geometrical interpretation for ¢=0
b, , -

y

> d2A :
Hby) = [ Gobe S = 0.7)

M. Burkardt, Phys. Rev., D62:071503, 2000, hep-ph/0005108



Pion and nucleon GPDs

+ Pion GPD at Z=0 and m»=300 MeV hybrid action * Isovector nucleon GPDs, m»=260 MeV
8 ! I '
— — H(x)-GPD, { =0 il
— — H(x)-GPD, ¢ =|1/3|| I\
2t—— 9@ g\\ | Py =125 GeV -
: AN 5
\\ \\1\91 .T):H(JZ,0,0)
1 L Nl Ny -
0 = :__*g—\;;;fss ..................................... N\\
g \ +¢ DGLAP
. A . . A . A 1 I !
00 02 04 06 08 10 12 14 -1 -0.5 0 0.5 1
5 .
, x — — hi™(z)
J-W. Chen, H.W. Lin, J.H. Zhang, Nucl. Phys. B 952, 114940 — — HY%z,0,-0.69 GeV?)
(2020), 1904.12376 == Bl = 1/3,~1.02 GeV?)
3 \ Py =125 GeV
\
2 jll )
\ Q N
—> GPDs flatten as Q2 increases N W N\
B
-1 05 0 05 1
i

C. A. et al. (ETMC), Phys. Rev. Lett. 125 (2020) 262001, 2008.10573
C.A. et al.( ETMC), Phys. Rev. D 105 (2022) 3, 034501, 2108.10789
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Asymmetric frame

¥Express GPDs in terms of Lorentz invariant amplitudes that can be computed in any frame allowing easier
access to a range of Q2 similar to FFs

S. Bhattacharya et al. Phys. Rev. D 106 (2022) 114512; Phys. Rev. D 109
(2024) 034508; Phys. Rev. D 112 (2025) 11, 114504

3 T 6 T T 3 T
1=2.24 GeV?2 -1=2.24 GeV? 1=2.24 GeV?
25 =1.49 GeV? 5 -t=1.49 GeV? mmm E d s 25 -t=1.49 GeV?
=1.36 GeV2 mmmm =1.36 GeV? u— =1.36 GeV? mmmm
21 -t=1.22 GeV? e AL -4=1.22 GeV? - | 21 =122 GeV? mmmm
-t=0.79 GeV? -t=0.79 GeV? ‘ -t=0.79 GeV?
15 F  -=0.64 GeV? =0.64 GeV? 15 F  t=0.64 GeV? mm——
-t=0.33 GeV? 3t -t=0.33 GeV? ‘ . -t=0.33 GeV?
1k 5017 GeV? mmmmm w 4=0.17 GeV? mm— ‘\ 3 1L t50.17 GeV?
I
2
0.5 0.5
1 =
0 0 — -
05 S. Bhattacharya et al. 0 05 S. Bhattacharya et al.
o PRD106(2022)114512 e | PRD109(2024)034508
=1 1 1 ol -1 1 1
-1 -0.5 0 0.5 1 . -0. ' -1 -0.5 0 0.5 1
1 0.5 0 % 0.5 1 X
X

K. Cichy, EINN 2025

10.01

B —r=0.17 GeV?
—1=0.34 GeV?

e —1=0.65 GeV? 1.57
P —r=0.81 GeV?

=124 GeV? 5.01

o —r=1.38 GeV? &~ X
1_ —t=1.52 GCV2 Lﬂ 25 J. Mlller) EINN 2025

B =229 GeV?

0.0-

-25

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
X X

#¥Other advancements is the usage of neutral networks
M. Chu, K. Cichy, M. Constantinou, P. Sznajder, J. Wagner, arXiv:2509.1593 1



3-D imaging of pion and nucleon
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Nucleon GFFs determined from GPDs

¥ Comparison of first moment of isovector unpolarized
GDPs from pseudo (m-=358 a=0.094 fm MeV) to direct

computation of form factors

¥ Also computed second and third moments for non-zero
skewness

HadStruc Collaboration: H. Dutrieux et al., JHEP 08 (2024) 061

¥ Comparison of first and second moments of

isovector helicity GDP using quasi and SDF
(Mmz=260 MeV and a=0.093 fm) Lol

ETMC: S. Bhattacharya et al. JHEP 01 (2025) 146 0.5}
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Pion unpolarized GFFs

¥ An Ni=2+1 ensemble of staggered fermions at a=0.04 fm 64* and clover valence at m;=300 MeV
¥ Computation is done using the gauge invariant decomposition and ratio method to renormalize

¥ Renormalization with ratio and short distance expansion to compute moments for zero and non-zero skewness
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https://arxiv.org/abs/2511.01818

Conclusions

% EIC is a versatile machine that will bring a wealth of data on pion, kaon and proton structure:

1. Extend measurement of form factors to large momentum transfer

2. Probe the low x-region of PDFs and GPDs improving our knowledge of sea quark and gluon distributions
—> spin structure of proton, mass generation, mechanical properties

—> 3D imaging of pion, kaon and proton

3. Measure helicity and transversity TMD PDF's such as the Sivers structure and the Boer-Mulders functions and
higher twist PDFs probing multi-particle correlations

¥ Lattice QCD can greatly impact the scientific program of EIC:

1. Precise computations of charges, form factors and Mellin moments of PDFs and GPDs taking into account all

major lattice systematics
As 1% 1s reached in some of these quantities one needs to include isospin breaking

—>New era of QCD+QED

2. Great progress for direct computations of PDFs; GPDs and TMDs including twist-3 with better matching and
renormalisation procedures
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Transverse momentum distributions (TMDs)

¥ Transverse momentum dependent distributions encode 3D structure in momentum space, e.g. correlations between the

direction of parton and hadron spins and intrinsic transverse momenta

—> EIC with polarized beams will provide results on these quantities

*  The unpolarized TMD is the best measured one

Leading Quark TMDPDF's @ uceensen @Quark o *  There are different schemes to define TMDs e.g.
Quark Polarization * Use space-like Wilson lines and Lorentz-invariance
- __ _ - to get ratios where the soft function cancels:
Un-P?lI;nzed Longltudmall)y Polarized Transvers?:_); Polarized B. U. Musch et al. (LHC) Phys. Rev. D 83 (201 1) 094507
1
L _ (9
fl = @ h’l B @ @ O = = va_i_en—)oo
Unpolarized Boer-Mulders 4 ; ........ [
L = = v
g1r=(=p = (2 hip =(2 (0 0 m
Hellclty Worm-gear  LaMET: X.Ji, ¢t al. Phys. Rev. D 99 (2019) 114006;
@ d,) M. A. Ebert, I. W. Stewart, Y. Zhao, Phys.Rev.D 99 (2019)
fib = é _ @ gl = @ - @ A 034505; JHEP 09 (2019) 037; JHEP 03 (2020) 099
i
Sivers Worm-gear th @ @
Pretzelosity

TMD Handbook: arXiv:2304.03302
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 Lattice Parton Collaboration (LLPC) within the quasi- approach computed the unpolarized nucleon TMD-PDF using a

Recent highlights of TMDs

hybrid action, m=220 and 310 MeV, a=0.12 fm and up to P?=2.58 GeV

* LPC also computed the Boer-Mulders function: Pion using Clover fermions, m,~340 MeV and a=0.098, 0.085,

0.064; nucleon using m;~340 MeV, a=0.098 fm

b, = 0.36fm = (0.55GeV)"?

xf(xr b_L; U, ( )

0.6

0.4

xf(x, b_LJ U, C )
0.2

* ANL-BNL used gauge fixing to compute the pion TMD-PDF with a hybrid action (Clover valence on staggered),
m-~300 MeV a=0.06 fm and up to Pz=3 GeV; proton helicity TMD-PDF using an ensemble of domain-wall

J--C. He et al.,Phys. Rev. D 109 (2024) 114513
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