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Introduction  
3D structure of  the hadrons via Mellin moments (pion, kaon and nucleon)  

first and second Mellin moments (charge, form factors, spin structure) 
higher than second Mellin moments (reconstruction of  PDFs and GPDs) - see also 
talks by A. Shindler and R. Perry 

Direct computation of   hadron PDFs and GPDs (pion, kaon and nucleon) 
Conclusions

Outline 
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State-of-the-art gauge ensembles for hadron structure
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Wilson-type

Staggered
Domain wall

mπ<145 MeV  

EIC  physics 

<latexit sha1_base64="vYiGVpLBG4qvm0BDD97nJe5BAUg="></latexit>
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Lattice Systematics
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 Discretisation effects: Continuum limit    
 —> need simulations for at least 3 lattice spacings

 Finite volume effects: Infinite volume limit                                                     
—> need simulations for at least 3  volumes

 Simulations directly at the physical point   
  Systematic effects from chiral extrapolation are eliminated

 Ground-state identification  
   Cross-check (one-, two-  and three-state fits, summation) 
    Two-particle state contributions complicate the identification of  the ground state

 Renormalisation  
    Non-perturbatively with improvements e.g using perturbative subtraction of  lattice artefacts

a
➜ 0

L <latexit sha1_base64="lkE7DsB3S6vPXAjncytq52Hqp8c=">AAAB5HicbVDLSsNAFL2pr1pfVZduBotQNyURqe4suHFZwT6gKWUynbRDJ5MwcyOE0j8QRMSNgl/iypW/4Ie4N2ndtPXAhcM55zL3jBdJYdC2v63cyura+kZ+s7C1vbO7V9w/aJow1ow3WChD3fao4VIo3kCBkrcjzWngSd7yRteZ37rn2ohQ3WES8W5AB0r4glFMpZYrlI9JoVcs2RV7CrJMnD9Suvoo/3w+uqf1XvHL7YcsDrhCJqkxHceOsDumGgWTfFJwY8MjykZ0wMfTIyfkJJX6xA91OgrJVJ3L0cCYJPDSZEBxaBa9TPzP68ToX3bHQkUxcsVmD/mxJBiSrDHpC80ZyiQllGmRXkjYkGrKMP2XrLqzWHSZNM8qTrVyfmuXalWYIQ9HcAxlcOACanADdWgAgxE8wSu8Wb71YD1bL7NozvrbOYQ5WO+/+j6O4g==</latexit>1➜

 Isospin corrections: QCD and QED  
   Very few lattice QCD results reach an accuracy to require isospin corrections  but for precision physics 
they become relevant 



Hadron tomography
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EIC  report: A. Arcardi et al.  arXiv:1212.1701  

Studies in lattice QCD since the 1990s 

1D

3D

both the form factors and the PDFs 
are fully encoded  within GPDs 
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= →Q2



Hadron tomography
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EIC  report: A. Arcardi et al.  arXiv:1212.1701  
Studies in lattice QCD since the 1990s 

1D

3D

both the form factors and the PDFs 
are fully encoded  within GPDs 
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= →Q2

 PDFs  —> momentum and spin distributions of  quarks and gluons. 
 GPDs —> correlation between the transverse position and 
longitudinal momentum of  the partons. 

 TMDs PDFs  —> link the longitudinal and transverse momenta of  
the partons

Talks by Yong Zhao and Wayne Morris



Examples of  EIC hadron quantities (1D structure): PDFs
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EIC Yellow report:  arXiv:2103.05419 
EIC White paper:    arXiv:2211.15746 

Twist-2 PDFs with EIC accessing x<0.1 

Pion

Nucleon helicity

Nucleon transversity

Higher twist PDFs and moments probing multiparton correlations, e.g. twist-3 PDFs  such as the scalar e(x), 
transversity gT(x) and the d2 term



3D structure of  hadrons via Mellin moments - precision era of  lattice QCD
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Computation of  lower Mellin moments of  GPDs
Moments are 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

Made traceless and {} denotes symmetrization 

<latexit sha1_base64="7GlxCc3PuTnqV5MpmwOXWk7NtfU="></latexit>

O
µ1µ2...µn

V = ω̄ε{µ1i
→↑
D µ2 . . . i

→↑
D µn}ω

unpolarized
↑ ↓xn→1

↔q =

∫ 1

0
dx xn→1

[
q(x)↗ (↗1)n→1q̄(x)

]

O
µ1µ2...µn

A = ω̄ε5ε
{µ1i

→↑
D µ2 . . . i

→↑
D µn}ω

helicity
↑ ↓xn→1

↔!q =

∫ 1

0
dx xn→1

[
!q(x) + (↗1)n→1!q̄(x)

]

O
ωµ1µ2...µn

T = ω̄iϑω{µ1i
→↑
D µ2 . . . i

→↑
D µn}ω

transversity
↑ ↓xn→1

↔εq =

∫ 1

0
dx xn→1

[
ϖq(x)↗ (↗1)n→1ϖq̄(x)

]

q = q↑ + q↓, !q = q↑ ↗ q↓, ϖq = q↭ + q↔

Spin-1/2

• n=1  —> vector, axial and tensor charges, gV, gA gT  

                        and form factors,  intrinsic spin, etc

• n=2 —>    unpolarized, helicity  and tensor  
                      generalized form factors factors (GFFs),     
                    spin structure, transverse densities, etc

Moments:



10

Computation of  lower Mellin moments of  GPDs
Moments are 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
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Spin-1/2

• n=2 —>    unpolarized, helicity  and tensor  
                      generalized form factors factors (GFFs),     
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Moments:
<latexit sha1_base64="jionA4T+ZvCrSMIRF0bqTIVWh+Q="></latexit>

→x↑q = A20(0), →x↑!q = Ã20(0), →x↑ωq = AT
20(0)

<latexit sha1_base64="IWPRIECzZDl24xBtqFRFffYZxSE="></latexit>∑
q

[
1
2!”q + Lq

]
+ Jg = 1

2 ,
∑

q→x↑q + →x↑g = 1

<latexit sha1_base64="6JA5Bi7/h/czqyYtyDn2G0OiPDo="></latexit>

Jq,g = 1
2 [A

q,g
20 (0) +Bq,g

20 (0)]

• n=1  —> vector, axial and tensor charges, gV, gA gT  

                        and form factors,  intrinsic spin, etcAngular momentum:

Sum rules:



Spin-0 
• n=1  —>    vector and tensor charges, gV, gT and form factors:  FF:

Spin-0 particles: pion, kaon
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• n=2 —>    unpolarized and tensor generalized form factors factors (GFFs):

•  Most studies are for the pion EM form factor 

• Surprising few results for pion tensor and scalar and all  kaon form factors, e.g. ETMC for one ensemble 
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Pion and Kaon momentum fractions
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MS scheme at 2 GeV
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C. A. et al. (ETMC), Phys. Rev. Lett. 127 (2021) 252001 
C. A. et al. (ETMC),  Phys. Rev. Lett 134 (2025) 131902
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ETMC: continuum limit taken directly at physical pion mass
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Nf = 2 + 1 + 1, Twisted→mass fermions :643 ↑ 128, a = 0.080 fm, mω = 140 MeV

803 ↑ 160, a = 0.069 fm, mω = 137 MeV

963 ↑ 192, a = 0.057 fm, mω = 141 MeV

B64
C80
D96

✦ About 40% comes from the gluon contribution and about 10% from sea quarks 

✦Momentum sum satisfied when all components are added
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Higher Mellin moments for pion and kaon

Third and fourth Mellin moment

Pion Kaon

• Results point to the  strange quark PDF having its support at 
larger x than the up quark PDF  in the kaon 

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

<latexit sha1_base64="1uOJ0BEp1y00I9M0KlsQ7PEAYsk="></latexit>

Nf = 2 + 1 + 1, Twisted mass fermions

643 → 128, a = 0.08 fm, mω = 140 MeV

<latexit sha1_base64="Gcr89wrmWYzlNqMxfCetP/v4PDg="></latexit>
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Use moments up to <x3> 
Reconstruction of  PDFs using moments
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h1iM =

Z 1

0
qM (x) = 1

Pion\kaon

<latexit sha1_base64="i8nOjMrV+2XBZrpviKXNZSwMs/s="></latexit>

qfω,K(x) = Nxε(1→ x)ϑ(1 + ω
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x)<latexit sha1_base64="+Cd+6S6iTUZh6bZDrsmEjoApDnI="></latexit>

→x↑ →x2↑ →x3↑
uω 0.2194(22) 0.1021(34) 0.079(25)
uK 0.2151(12) 0.0925(11) 0.0557(54)
sK 0.30081(67) 0.14312(86) 0.0881(41)

0.0 0.2 0.4 0.6 0.8 1.0

x

0

2

4

6

8

10

q(
x
)M f

qº
u(x)

qK
u (x)

qK
s (x)

0.0 0.2 0.4 0.6 0.8 1.0
x

0.0

0.1

0.2

0.3

x
qu K

(x
)

C. Han et al.
JAM + LQCD 25
ETMC 25

0.0 0.2 0.4 0.6 0.8 1.0
x

0.0

0.2

0.4

x
qs K

(x
)

C. Han et al.
JAM + LQCD 25
ETMC 25

0.0 0.2 0.4 0.6 0.8 1.0
x

0.0

0.2

0.4

x
qu º

(x
)

JAM21
Fanto10
xFitter
ETMC 25

0.2 0.4 0.6 0.8 1.0
x

0.0

0.5

1.0

u
K
/u

º

H-W Lin et al.
ETMC 25
CERN-NA3

Kaon

Pion

Kaon



 Nucleon isovector charges are well-studied by many collaborations

Nucleon isovector charges 
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Nucleon charges

16

ETMC: continuum limit taken 
directly at physical pion mass
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Nf = 2 + 1 + 1, Twisted→mass fermions :643 ↑ 128, a = 0.080 fm, mω = 140 MeV

803 ↑ 160, a = 0.069 fm, mω = 137 MeV

963 ↑ 192, a = 0.057 fm, mω = 141 MeV

1122 ↑ 224, a = 0.049 fm,mω = 136 MeV



Tensor charge provides input for phenomenology

Nucleon tensor charge input

17
Daniel Pitonyak,  EINN2025



Nucleon EM and axial form factors by ETMC

18ETMC: C.A. et al., Phys. Rev. D 109(2024)3, 034503 

ETMC: C.A., S. Bacchio,  G. Koutsou, B. Prassad,  G. Spanoudes,  arXiv:2507.20910  

<latexit sha1_base64="bIflqG71qWnpIhMjR3FoZytOFXo="></latexit>

G(Q2) =
kmax∑

k=0

ckz
k(Q2)

z(Q2) =

√
tcut +Q2 →

↑
tcut + t0√

tcut +Q2 +
↑
tcut + t0
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G(Q2) =
g

(
1 + Q2

M2

)2

Two-fit forms for Q2 dependence:

• Model independent z-expansion

• Dipole or Galster form 

<latexit sha1_base64="vgmgj6DaogRO+o4lu9QjVL46fcQ="></latexit>

Gn
E(Q

2) =
Q2A

4m2
N +Q2B

1
(
1 + Q2

0.71GeV2

)2

tcut= particle production threshold and t0=0

<latexit sha1_base64="pk9DQxGieiAT1R4z9C8pSHD63U0=">AAACEXicbVDLSgMxAMz6rPW16tFLsAjVQ9ldpPYiFDzoSVqwD+i2SzbNtqHJ7ppkC2XpV3jxV7yIeLHgF/g3po9LWwcCw8yEZMaPGZXKsn6Njc2t7Z3dzF52/+Dw6Ng8Oa3LKBGY1HDEItH0kSSMhqSmqGKkGQuCuM9Iwx/cT/3GkAhJo/BZjWLS5qgX0oBipLTkmU6vc+1VXPKS0CF0A4Fwyj2XJ+PU4d7T+MGr5Ksd584qlEozveNceWbOKlgzwHViL0gOLFDxzInbjXDCSagwQ1K2bCtW7RQJRTEj46ybSBIjPEA9ks4ajeGllrowiIQ+oYIzdSmHuJQj7uskR6ovV72p+J/XSlRQaqc0jBNFQjx/KEgYVBGczgO7VBCs2EgThAXVP4S4j/QsSo+Y1dXt1aLrpO4U7GKhWL3Jla3FCBlwDi5AHtjgFpTBI6iAGsDgDXyAbzAxXo1349P4mkc3jMWdM7AE4+cPCF2bkg==</latexit>

g→P → mµ

2mN
GP (Q

2 = 0.88m2
µ)



Nucleon EM and axial form factors - comparison
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ETMC

ETMC

ETMC

ETMC 
 

 
 

 
  

 
 



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

Strangeness in the nucleon from ETMC

20

Significant input to PV experiments e.g. for Q-weak, G0 & 
HAPPEX @JLab

B64
C80
D96

<latexit sha1_base64="nSc2Nzbozsoho5BaOZRPlE81Vjo="></latexit>

Nf = 2 + 1 + 1, Twisted→mass fermions :643 ↑ 128, a = 0.080 fm, mω = 140 MeV

803 ↑ 160, a = 0.069 fm, mω = 137 MeV

963 ↑ 192, a = 0.057 fm, mω = 141 MeV

1122 ↑ 224, a = 0.049 fm,mω = 136 MeV E112

ETMC: C.A. et al.,  arXiv:2603.26600; arXiv:2603.2691 

https://arxiv.org/abs/2603.26600


Nucleon second moments
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Nucleon momentum and spin sums
<latexit sha1_base64="nSc2Nzbozsoho5BaOZRPlE81Vjo=">AAADbnicjVJda9swFFWSfXTeV7LBHlbGxMJKoZmRVdeJB4HCXvay0UGTFuI0yIrcilq2keSNYJyn/cK97TfsZT9hSuI17UhhFwSXc3XPOfdKYRZzpRH6Was37ty9d3/rgfXw0eMnT5utZ0OV5pKyAU3jVJ6GRLGYJ2yguY7ZaSYZEWHMTsLLD4v6yVcmFU+TYz3L2FiQ84RHnBJtoEmr9r0IlixFGBN6WX6eRH285+w5HRh0YB FIAY+/GRts+k4QpYKOQSMmhWlW5fsS7qzbc1Z67tl+oLlgCjq414Gkj2zUQ/MVUSTKRbuYBBnvOy6aL9FPbFiWQWDB/4udoofWIh6qRDx/o8h+96bIld1zyVhS+t6ayscV1UEXzjf5dW6hMhtliSYldBx8hld0GLsVm+tfY7uy5V3jsiw4abaR7fvIwR5EtmvqBz5cTIWxj6Fjo2W0QRVHk+aPYJrSXBhhGpt3GTko0+OCSM1pzEoryBXLzHsaayOTJsR4GhdLvyV8a5ApjFJpTqLhEr3eURCh1EyE5qYg+kL9W1uAm2qjXEe9ccGTLNcsoSuhKI+hTuHi78Epl4zqeGYSQiU3XiG9IJJQbX6oZZbwd1J4ezLEtuPZ3he3fehW69gC2+AN2AUO6IJD8BEcgQGgtV/1Vv1lfbv+u/Gi8arxenW1Xqt6noMb0dj9A71aArw=</latexit>

Nf = 2 + 1 + 1, Twisted→mass fermions :643 ↑ 128, a = 0.080 fm, mω = 140 MeV

803 ↑ 160, a = 0.069 fm, mω = 137 MeV

963 ↑ 192, a = 0.057 fm, mω = 141 MeV

1122 ↑ 224, a = 0.049 fm,mω = 136 MeV

B64

C80
D96
E112

✦ About 40% comes from the gluon contribution and about 10% from sea quarks 

✦Momentum sum satisfied when all components are added



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

• 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 

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

X. Ji, Phys. Rev. Lett. 110 (2013) 262002

Quasi-approach - X. Ji 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. Qiu 2018 
…

 Large momentum effective theory (LaMET)

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

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



Computation of  quasi- and pseudo-PDFs
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<latexit sha1_base64="yJBeiFkpjGNkCYYlwSUliWJ/s5k="></latexit>

�0 unpolarised

� = �5�3 helicity

�3i, i = 1, 2 transversity

Renormalise non-perturbatively, Z(z,μ) 
Need to eliminate both UV and exponential divergences 

Match using LaMET Perturbative kernel
<latexit sha1_base64="/2kMI9bqMTrbEn/H9ZbCKEqgedI="></latexit>

F̃!(x, P3, µ) =

∫ 1

→1

dy

|y|
C

(
x

y
,

µ

yP3

)
F!(y, µ) +O

(
!2
QCD

x2P 2
3

,
!2
QCD

(1→ x)2P 2
3

)
Higher twist Validity range:  

<latexit sha1_base64="9CAcvOzVZNhZ0IklMZzGv2ww4TI=">AAACG3icbZDLSsNAFIYnXmu9VV26GSxCu2hISqldFty4rGAv0JQwmU7aoTOTMDORlND3cOOruHGhiCvBhW9j0lbQ1h8GPv5zDmfO74WMKm1ZX8bG5tb2zm5uL79/cHh0XDg57aggkpi0ccAC2fOQIowK0tZUM9ILJUHcY6TrTa6zeveeSEUDcaenIRlwNBLUpxjp1HIL1Rg6VMBS7CaO5JBTMav8MIpnZeigMJRBDEuWWa1YZqOcdwtFy7TmgutgL6EIlmq5hQ9nGOCIE6ExQ0r1bSvUgwRJTTEjs7wTKRIiPEEj0k9RIE7UIJnfNoOXqTOEfiDTJzScu78nEsSVmnIv7eRIj9VqLTP/q/Uj7TcGCRVhpInAi0V+xKAOYBYUHFJJsGbTFBCWNP0rxGMkEdZpnFkI9urJ69CpmnbdrN/Wis3aMo4cOAcXoARscAWa4Aa0QBtg8ACewAt4NR6NZ+PNeF+0bhjLmTPwR8bnN/fgnsc=</latexit>

x → (xmin ↑ xmax) ↓ (0.2↑ 0.8)

Compute space-like matrix elements for boosted states

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

<latexit sha1_base64="FXhKmdgteb3gCMbJ6rxc/Z188tg="></latexit>

M!(z, P3) = →P3|ω(0)!W (0, z)ω(z)|P3↑

Connected Disconnected 
Gluon

• Nucleon

<latexit sha1_base64="Y4t/4+kUmVMKJ6fNwykmGIyjzvs="></latexit>

F̃!(x, P3, µ) = 2P3

∫ →

↑→

dz

4ω
e↑ixP3z M!(z, P3)|µ



Computation of  quasi- and pseudo-PDFs
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Renormalise non-perturbatively, Z(z,μ) 
Need to eliminate both UV and exponential divergences 

Match using LaMET Perturbative kernel
<latexit sha1_base64="/2kMI9bqMTrbEn/H9ZbCKEqgedI="></latexit>

F̃!(x, P3, µ) =

∫ 1

→1

dy

|y|
C

(
x

y
,

µ

yP3

)
F!(y, µ) +O

(
!2
QCD

x2P 2
3

,
!2
QCD

(1→ x)2P 2
3

)

• Pseudo-distributions: use same matrix elements as quasi-distributions and write in terms of  

Higher twist Validity range:  
<latexit sha1_base64="9CAcvOzVZNhZ0IklMZzGv2ww4TI=">AAACG3icbZDLSsNAFIYnXmu9VV26GSxCu2hISqldFty4rGAv0JQwmU7aoTOTMDORlND3cOOruHGhiCvBhW9j0lbQ1h8GPv5zDmfO74WMKm1ZX8bG5tb2zm5uL79/cHh0XDg57aggkpi0ccAC2fOQIowK0tZUM9ILJUHcY6TrTa6zeveeSEUDcaenIRlwNBLUpxjp1HIL1Rg6VMBS7CaO5JBTMav8MIpnZeigMJRBDEuWWa1YZqOcdwtFy7TmgutgL6EIlmq5hQ9nGOCIE6ExQ0r1bSvUgwRJTTEjs7wTKRIiPEEj0k9RIE7UIJnfNoOXqTOEfiDTJzScu78nEsSVmnIv7eRIj9VqLTP/q/Uj7TcGCRVhpInAi0V+xKAOYBYUHFJJsGbTFBCWNP0rxGMkEdZpnFkI9urJ69CpmnbdrN/Wis3aMo4cOAcXoARscAWa4Aa0QBtg8ACewAt4NR6NZ+PNeF+0bhjLmTPwR8bnN/fgnsc=</latexit>

x → (xmin ↑ xmax) ↓ (0.2↑ 0.8)

limits max. νmax value —> max. moments

X. Ji, Research 8 (2025) 0695 

Compute space-like matrix elements for boosted states

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

Renormalize matrix element e.g.                                  

Match in coordinate space  via  short distance factorization (SDF)

<latexit sha1_base64="y2NIWNE7Enes6kqVgJgRcIgQ/34="></latexit>

F̃!(x, P3, µ) = 2P3

∫ →

↑→

dz

4ω
e↑ixP3z M(z, P3)|µ

<latexit sha1_base64="FXhKmdgteb3gCMbJ6rxc/Z188tg="></latexit>

M!(z, P3) = →P3|ω(0)!W (0, z)ω(z)|P3↑

Quasi- and pseudo- are complementary

<latexit sha1_base64="tCYZL0UAXId4jiQwBnBc/bMidPU=">AAAB9HicbVDLSgMxFL3js9bXqLhyEyyCqzIjUt1ZcOOygn1AW4dMmmlDM5khyZSWYT5EcSPiRsG9f+Av+Demj01bD9zL4ZwTcu/1Y86Udpxfa2V1bX1jM7eV397Z3du3Dw5rKkokoVUS8Ug2fKwoZ4JWNdOcNmJJcehzWvf7t2O/PqBSsUg86FFM2yHuChYwgrWRPPt4+JgKL22JxDQZohAPsyzz7IJTdCZAy8SdkcLN99MYzxXP/ml1IpKEVGjCsVJN14l1O8VSM8Jplm8lisaY9HGXppOhM3RmpA4KImlKaDRR53I4VGoU+iYZYt1Ti95Y/M9rJjq4bqdMxImmgkw/ChKOdITGF0AdJinRfGQIJpKZCRHpYYmJNnfKm9XdxUWXSe2i6JaKpXunUL6EKXJwAqdwDi5cQRnuoAJVIJDCK3zApzWwXqw3630aXbFmb45gDtbXH8jhlno=</latexit>

xnωmax

<latexit sha1_base64="LaJjUsakkj8xjGBJU0Dwtm+RwBI=">AAAB/3icbVDLSgMxFM34rPU16tJNsAguSpkRqW7EghvdVbAP6JSSSTNtaJIZkoxQhy7c+A/6A25E3Cj0D/wF/8bMtJu2Hrhw7jkn5N7rR4wq7Ti/1tLyyuraem4jv7m1vbNr7+3XVRhLTGo4ZKFs+kgRRgWpaaoZaUaSIO4z0vAH16nfeCBS0VDc62FE2hz1BA0oRtpIHRt6Ir58LFW9oleEiSc5vA2DgGStppyMOnbBKTkZ4CJxp6RwNX5J8Vrt2D9eN8QxJ0JjhpRquU6k2wmSmmJGRnkvViRCeIB6JMnmH8FjI3VhEEpTQsNMnckhrtSQ+ybJke6reS8V//NasQ4u2gkVUayJwJOPgphBHcL0GLBLJcGaDQ1BWFIzIcR9JBHW5mR5s7o7v+giqZ+W3HKpfOcUKmdgghw4BEfgBLjgHFTADaiCGsDgGbyDL/BtPVlv1of1OYkuWdM3B2AG1vgPkd2Y3Q==</latexit>

ω = z.P Io!e time

Higher twist

<latexit sha1_base64="X93wlTjhqA7vypMAAEPOdlc8Zyo="></latexit>

M!(ω, µ) =

∫ 1

→1
dωeixωF!(x, µ)

<latexit sha1_base64="Z/s2zaABbCzkj5fZGZnAkJnggsc="></latexit>

M̃!(z
2, ω) =

∫ 1

→1
dy C(y)M!(yω, µ) +O(z2!2

QCD)

Ioffe time distribution

<latexit sha1_base64="IjI4tAHIGP6oNcnHw7BForGLp7c="></latexit>

M̃!(ω, z
2) =

M̄!(ω, z2)

M̄!(0, z2)



Pion and kaon unpolarized PDF

Quasi-PDF approach  with clover valence on staggered 
sea with mπ=220, 310, 690 MeV and a=0.12, 0.06 fm 
with extrapolation to the continuum and physical mπ 
via 

<latexit sha1_base64="ENb6oVuUtVS4e1J3F9yuVp7KgLA=">AAAB/3icbZDLSgMxFIYz9dJab+MFN26CRRDEMlOluiy4cVnBXrCdDpk004YmmSHJKKV24Yu4cONCEbe+hjvfxvSy0NYfAh//OYdz8gcxo0o7zreVWlhcWk5nVrKra+sbm/bWdlVFicSkgiMWyXqAFGFUkIqmmpF6LAniASO1oHc5qtfuiFQ0Eje6HxOPo46gIcVIG8u397DvHGPfhdxvxrRVMHyKWgXfzjl5Zyw4D+4UcqXdk859+um27NtfzXaEE06Exgwp1XCdWHsDJDXFjAyzzUSRGOEe6pCGQYE4Ud5gfP8QHhqnDcNImic0HLu/JwaIK9XngenkSHfVbG1k/ldrJDq88AZUxIkmAk8WhQmDOoKjMGCbSoI16xtAWFJzK8RdJBHWJrKsCcGd/fI8VAt5t5gvXps0zsBEGbAPDsARcME5KIErUAYVgMEDeAav4M16tF6sd+tj0pqypjM74I+szx98V5aw</latexit>

c0 + c1m
2
ω + c3a

2

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

μ2=27 GeV2

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

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

Pion

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

To be measured by the AMBER experiment at CERN



Nucleon  helicity and strange quark PDFs
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Studies in the quasi-PDF approach helicity have had an impact on phenomenology

• LP3: Nf=2+1+1, mπ~135 MeV, a=0.09 fm  
H.-W. Lin et al. Phys. Rev. Lett. 121, 242003 (2018)

Isovector at physical pion mass

C. A., M. Constantinou, K. Hadjiyiannakou, K. 
Jansen, F. Manigrasso, Phys. Rev. Lett. 126 (2021) 
102003

• ETMC: Nf=2+1+1, mπ=260 MeV, a=0.094 fm  

C.A. et al. (ETMC) Phys. Rev. Lett. 121 (2018) 112001

• ETMC: Nf=2, mπ=135 MeV, a=0.094 fm  

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

Disconnected at heavier than physical pion mass

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



Improvements in renormalization and matching by e.g. LPC, BNL, ETMC, MSULAT, … 

Pion and isovector nucleon unpolarized PDFs

28

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

X. Gao et al., Phys.Rev.D 107 (2023) 074509

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

Pseudo-approach to extract moments with mπ=140 MeV, 
a=0.076 fm and mπ=300 MeV, a=0.06, 0.04 fm

X. Gao et al. Phys.Rev.D 106 (2022) 11, 114510 

Quasi-approach with NNLO matching using hybrid action: 
clover on Nf=2+1 staggered mπ=300 MeV, a=0.04 fm

Pion Nucleon isovector
X. Gao et al. Phys.Rev.D 107 (2023)  074509 

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



 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

Transversity PDF

29

LPC

LPC: F. Yao et al., Phys. Rev. Lett. 131 (2023) 26, 261901

 BNL also computed the  transversity isovector and isoscalar PDFs using clover on staggered and one ensemble at 
physical pion mass for  both the quasi- and pseudo-approaches 

X. Gao et al., Phys. Rev. D 109 (2025)  054506

<latexit sha1_base64="mlRKJQvP7l73D7aXM+TO0xoIMvc="></latexit>

h̃R(z, P
z) =

1

h̃(0, P z, 1/a)

[
h̃(z, P z, 1/a)

h̃(z, 0, 1/a)
ω(zs → |z|) + ZR(zs, 1/a)

ZR(z, 1/a)

h̃(z, P z, 1/a)

h̃(zs, 0, 1/a)
ω(|z|→ zs)

]



 Most studies in the pseudo-pdf  approach 
Gluon PDFs
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HadStruc Collaboration: T. Khan et al., 
Phys. Rev. D 104, (2021) 094516

• Nucleon unpolarized PDF

• Pion and kaon gluon PDFs by MSULAT

ETMC: J. Delmar et al., Phys. Rev. D  
108 (2023) 094515

mπ=358 MeV, a=0.094 fm
mπ=260 MeV, a=0.093 fm

MSULAT data on pion + JAM

MSULAT: Z. Fan, W. Good, H.-W. Lin, 
Phys. Rev. D  108 (2023) 014508

mπ=220,310,690 MeV 
a~0.09, 0.12, 0.15 fm

A. NieMiera, W. Good, H.-W. Lin, Phys.Rev.D 112 (2025) 074504 W. Good et al. arXiv: 2507.22730



 LPC and MSULAT used  the quasi-distribution approach at 3 lattice spacings and  mπ~300 MeV 

Continuum momentum limit  is performed  

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

Unpolarized gluon PDF
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LPC: Ch. Chen et al., arXiv:2510.26425 

<latexit sha1_base64="mlRKJQvP7l73D7aXM+TO0xoIMvc="></latexit>

h̃R(z, P
z) =

1

h̃(0, P z, 1/a)

[
h̃(z, P z, 1/a)

h̃(z, 0, 1/a)
ω(zs → |z|) + ZR(zs, 1/a)

ZR(z, 1/a)

h̃(z, P z, 1/a)

h̃(zs, 0, 1/a)
ω(|z|→ zs)

]

 Similar results by MSULAT  A. NieMiera , W. Good, H.-W. Lin, F. Yao, arXiv:2510.17758 

https://arxiv.org/abs/2510.26425
https://arxiv.org/abs/2510.26425


Pion and nucleon GPDs
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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

• Pion GPD at ξ=0 and mπ=300 MeV hybrid action 

• Isovector nucleon GPDs, mπ=260 MeV 

 J.W. Chen, H.W. Lin, J.H. Zhang, Nucl. Phys. B 952, 114940 
(2020), 1904.12376
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<latexit sha1_base64="mkAimSNLzsHyu53bFbKVd5iJIJU=">AAAB9nicbVDLSgMxFM3UV62vURcu3ASL0EIpM0XUTaHgpssK9gFtGTKZTBuaeZDckZYyv+JGxI2Cn+Ev+Dem7WxsPRA4nHPCvfe4seAKLOvHyG1t7+zu5fcLB4dHxyfm6VlHRYmkrE0jEcmeSxQTPGRt4CBYL5aMBK5gXXfysPC7z0wqHoVPMIvZMCCjkPucEtCSY16MHLs0LdcHwIXH5s20NK1YFavsmEWrai2BN4mdkSLK0HLM74EX0SRgIVBBlOrbVgzDOZHAqWBpYZAoFhM6ISM2X66d4mstediPpH4h4KX6J0cCpWaBq5MBgbFa9xbif14/Af9+OOdhnAAL6WqQnwgMEV50gD0uGQUx04RQyfWGmI6JJBR0UwV9ur1+6Cbp1Kr2bbX2eFNs1LMS8ugSXaESstEdaqAmaqE2oihFr+gDfRpT48V4M95X0ZyR/TlHf2B8/QK6f5Bq</latexit>

g1(x) = H̃(x, 0, 0)Q2=0.69 GeV2

-ξ +ξ

Q2=1.02 GeV2

 —> GPDs flatten as Q2 increases

DGLAP

Quasi-approach: Compute space-like matrix element with different initial and final nucleon boosts e.g. in the Breit frame
<latexit sha1_base64="QbyIPztVPJxcKbBTly6KTRyOSZs="></latexit>

h�(z, ⇠̃, Q
2, P3) = hN(P3êz + ~Q/2)| (z)�W (z, 0) (0)|N(P3êz � ~Q/2)i

<latexit sha1_base64="BXgf3sj3lZFNkXYZquJ04zozGhE="></latexit>
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Q3
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)



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

Asymmetric frame

33

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

xxx
K. Cichy, EINN 2025



An Nf=2+1 ensemble of  staggered fermions at a=0.04 fm 644 and clover valence at mπ=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

Pion unpolarized GFFs
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X. Gao, S. Mukherjee, Qi Shi, Fei Yao and Yong Zhao, arXiv:2511.01818 

                  
                  

GPD Mellin moments decrease as ξ increases

<latexit sha1_base64="uADwIhYL50e/qv9/+SEpds+IzLs="></latexit>

Hn(ω, t) =
n→1∑

k=0,2,..

An,k(t)(2ω)
k ±mod(n→ 1, 2)(2ω)2Cn(t)

nth moment

https://arxiv.org/abs/2511.01818


1. Measurement of  form factors to large momentum transfer  

2.  Study 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 PDFs such as the Sivers structure and the Boer-Mulders functions and 
higher twist PDFs  probing multi-particle correlations

Conclusions
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 EIC will bring a wealth of  data on pion, kaon (also AMBER@CERN) and proton structure:

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

As 1% is reached in some of  these quantities one needs to include isospin breaking  

—>New era of  QCD+QED 

2. Direct computations of  PDFs, GPDs and TMDs including twist-3 with better matching and renormalisation 
procedures

 Lattice QCD can greatly impact the scientific program of  EIC using complementary approaches: 



Thanks to ETMC members for their crucial contributions
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Backup slides
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Generalised form factors by MIT group
 

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

Nucleon at mπ~170 MeV
Scalar glueball

R. Abbot et al., arXiv:2508.21821

<latexit sha1_base64="uu8KzK1Aav5nnrpfoZyxUAomurY="></latexit>

Nf = 2 + 1, Clover fermions : 483 → 96, a = 0.091(1)fm

Glueball has a very small mass radius

Momentum + spin sums fulfilled

Compute root mean square radius of  the energy density of  the 
glueball in the Breit frame

<latexit sha1_base64="kQujJfHOAvLg2+6f7yg7ikZY6uo="></latexit>

r2mass,BF =
1

A(0)

[
6
dA(t)

dt
|t=0 →

3

4m2
(A(0) + 2D(0))

]

mπ~170 MeV



Third Mellin moments of  the twist-2 and twist-3 helicity structure functions  

The twist-3 d2 is connected to the Sivers function for                  and probes quark-gluon correlations  

 First computed by QCDSF 

Nucleon higher Mellin moments
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<latexit sha1_base64="5HiNW5iCiwJtBKP2VTMjCeQQ1KI=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzIjpbosuHFZwbZCZxgyaaYNzSQhySh1KP6KGxeKuPU/3Pk3pu0stPXAhcM593LvPbFkVBvP+3ZKK6tr6xvlzcrW9s7unrt/0NEiU5i0sWBC3cVIE0Y5aRtqGLmTiqA0ZqQbj66mfveeKE0FvzVjScIUDThNKEbGSpF7FEeBJEoGig6GBiklHqAXuVWv5s0Al4lfkCoo0Ircr6AvcJYSbjBDWvd8T5owR8pQzMikEmSaSIRHaEB6lnKUEh3ms+sn8NQqfZgIZYsbOFN/T+Qo1XqcxrYzRWaoF72p+J/Xy0xyGeaUy8wQjueLkoxBI+A0CtinimDDxpYgrKi9FeIhUggbG1jFhuAvvrxMOuc1v1Fr3NSrzXoRRxkcgxNwBnxwAZrgGrRAG2DwCJ7BK3hznpwX5935mLeWnGLmEPyB8/kDgLGVOQ==</latexit>

b→ → 0

QCDSF: M.Goeckeler et 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 <mπ <420 MeV to perform chiral and continuum extrapolation

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

μ2 =Q2= 4 GeV2

<latexit sha1_base64="YgxOrJLBPgQQlU6zvjI+TpuyePk=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgVSkmK1C4LblxWsA9oQphMJunQySTMTMQSunXjr7hxoYhb/8Cdf+M07UJbD1w4c869zL3HTxmVyrK+jbX1jc2t7dJOeXdv/+DQPDruySQTmHRxwhIx8JEkjHLSVVQxMkgFQbHPSN8fX8/8/j0Rkib8Tk1S4sYo4jSkGCkteSaMPLv6cAGdmlODuSNiiHgwLV6R19COZ1asulUArhJ7QSpggY5nfjlBgrOYcIUZknJoW6lycyQUxYxMy04mSYrwGEVkqClHMZFuXlwyhedaCWCYCF1cwUL9PZGjWMpJ7OvOGKmRXPZm4n/eMFNhy80pTzNFOJ5/FGYMqgTOYoEBFQQrNtEEYUH1rhCPkEBY6fDKOgR7+eRV0mvU7Wa9eXtZabcWcZTAKTgDVWCDK9AGN6ADugCDR/AMXsGb8WS8GO/Gx7x1zVjMnIA/MD5/ACtol3M=</latexit>

g1(x) and g2(x)

<latexit sha1_base64="UjMtBeUA8KaSeIv6hNhEn1EjeIc="></latexit>

dp2 = 0.0105(19)(65), dn2 = →0.0009(14)(69)

Helicity third moment in 

<latexit sha1_base64="SvvMVA1fzDoi9YhtV+kUAQkvjM0="></latexit>

< x2 >!p= 0.035(3)(8), < x2 >!n= 0.0034(17)(41)

<latexit sha1_base64="9GU/YikY4kan0esn3dvdQX3EMt4=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqsyIVJcFN26EivYBnaFk0kwbmseQZMQy9FfcuFDErT/izr8x085CWw8EDufcw705UcKoNp737ZTW1jc2t8rblZ3dvf0D97Da0TJVmLSxZFL1IqQJo4K0DTWM9BJFEI8Y6UaT69zvPhKlqRQPZpqQkKORoDHFyFhp4FYDae08nQWKw9v7WWXg1ry6NwdcJX5BaqBAa+B+BUOJU06EwQxp3fe9xIQZUoZiRmaVINUkQXiCRqRvqUCc6DCb3z6Dp1YZwlgq+4SBc/V3IkNc6ymP7CRHZqyXvVz8z+unJr4KMyqS1BCBF4vilEEjYV4EHFJFsGFTSxBW1N4K8RgphI2tKy/BX/7yKumc1/1GvXF3UWteFHWUwTE4AWfAB5egCW5AC7QBBk/gGbyCN2fmvDjvzsditOQUmSPwB87nD5GXlBk=</latexit>

MS

Third Mellin moments of  unpolarized, helicity and transversity 

<latexit sha1_base64="bC6hFicgeaCsNWpIVYiAbhS+jeQ="></latexit>

d2(µ) = 4

∫ 1

0
dxx2

[
g1(x,Q

2) +
3

2
g2(x,Q

)

]


