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Golden process to probe nucleons and nuclei with electron 

beam providing the unmatched precision of EM interactions

●
Access to partonic kinematics through scattered 

lepton on event level

●
Initial and final state effects can be cleanly 

disentangled

Q 2 = s · x · y

Q 2- resolution power (virtuality of the photon)

s - center-of-mass energy squared 

x - the fraction of the nucleon’s momentum that the 

struck quark caries 

y - inelasticity

Center-of-mass energy √s: 30 – 140 GeV

●
Explore QCD landscape over large range of 

resolution (Q 2) and quark/gluon density (1/x)

e + p →
e’ + X

Deep Inelastic Scattering
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Proton:  the  proto(n)-type of all nuclei 
the simplest one, still many (important) open questions

The Proton Radius Puzzle (2010)

Discrepancy between radius 
measured with electrons and 
muons

Nature 466, 213 (2010)

2E. J. Downie – SPIN 2023

proton 
size ?

14

Understanding Nucleon Mass
GeV

MeV

❑ Preliminary Lattice QCD results:

“… The vast majority of the nucleon’s mass is due to quantum fluctuations of quark-
antiquark pairs, the gluons, and the energy associated with quarks moving around at close 
to the speed of light. …” The 2015 Long Range Plan for Nuclear Science

Quark Energy Gluon Energy Quark Mass Trace Anomaly 

Relativistic motion Quantum fluctuationχ Symmetry Breaking 
proton  
mass ?

M. Żurek
8

Unraveling the Mystery of the Origin of the Proton Spin

After decades of experiments: quark spins 
account for only about 30% of the proton’s 
spin

Proton Spin Puzzle

=
?

Pictures: adapted from Brookhaven National Laboratory

We now know that quarks, gluons, and 
their motion all contribute, but the full 
picture remains elusive 

8

proton spin ?
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proton spin ? 1925: Pauli’s paper on  
          “two value-ness”  
          of electron
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proton spin ?
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•
High-energy protons are packed with 

increasing numbers of gluons

•
At extreme densities, gluon multiplication 

halts, giving rise to a new state of 

matter—
this is gluon saturation

•
Heavy ion beams at the EIC are key to 

creating the extreme conditions needed to 

study and magnify this effect
New State of Gluonic Matter

Pictures: adapted from
 Brookhaven National Laboratory

Energy and Nucleus M
ass

The EIC will probe the unexplored dense gluon environments, potentially unveiling new states of 

matter and deepening our understanding of the fundamental forces that bind everything in the 

visible Universe

14

data exist (0.01 . x . 0.3) should be taken with due care. At variance with previous studies, in the denominator of
the asymmetries in Eqs. (4) and (12) we are using unpolarized TMDs that were extracted from data in our previous
Pavia17 fit, with their own uncertainties. Therefore, our uncertainty bands in Fig. 1 represent a realistic estimate of
the statistical error of the Sivers function.

x = 0.1

u
�u

p�

�1.0 �0.5 0.0 0.5 1.0

kx (GeV)

2

4ky = 0
2 4

�1.0

�0.5

0.0

0.5

1.0

k y
(G

eV
)

kx = 0

1

2

3

4

x = 0.1

d
�d

p�

�1.0 �0.5 0.0 0.5 1.0

kx (GeV)

1
2
3ky = 0

1 2 3
�1.0

�0.5

0.0

0.5

1.0

k y
(G

eV
)

kx = 0

0.5

1.0

1.5

2.0

2.5

3.0

Figure 2: The density distribution ⇢a
p"

of an unpolarized quark with flavor a in a proton polarized along the +y direction and moving towards the

reader, as a function of (kx, ky) at Q2 = 4 GeV2. Left panels for the up quark, right panels for the down quark. Upper panels for results at x = 0.1,
lower panels at x = 0.01. For each panel, lower ancillary plots represent the 68% uncertainty band of the distribution at ky = 0 (where the e↵ect
of the distortion due to the Sivers function is maximal) while left ancillary plots at kx = 0 (where the distribution is the same as for an unpolarized
proton). Results in the contour plots and the solid lines in the projections correspond to replica 105 (see text).

In Fig. 2, we show the density distribution ⇢a
p" of an unpolarized quark a in a transversely polarized proton defined

in Eq. (1), at x = 0.1 (upper panels) and x = 0.01 (lower panels) and at the scale Q2 = 4 GeV2. The proton is moving
towards the reader and is polarized along the +y direction. Since the up Sivers function is negative, the induced
distortion is positive along the +x direction for the up quark (left panels), and opposite for the down quark (right
panels).

At x = 0.1 the distortion due to the Sivers e↵ect is evident, since we are close to the maximum value of the
function shown in Fig. 1. The distortion is more pronounced for down quarks, because the Sivers function is larger
and at the same time the unpolarized TMD is smaller. The peak positions are approximately (kx)max ⇡ 0.1 GeV for
up quarks and �0.15 GeV for down quarks. At lower values of x, the distortion disappears. These plots suggest that
a virtual photon hitting a transversely polarized proton e↵ectively “sees” more up quarks to its right and more down
quarks to its left in momentum space.
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parton  
orbital 

motion ? Sivers effect

Bacchetta et al., P.L.B827 (22)  2004.14278

20th anniversary of  
HERMES SSA



M. Żurek - EIC

4

X

Nucleon

q

k’

Golden process to probe nucleons and nuclei with electron 

beam providing the unmatched precision of EM interactions

●
Access to partonic kinematics through scattered 

lepton on event level

●
Initial and final state effects can be cleanly 

disentangled

Q 2 = s · x · y

Q 2- resolution power (virtuality of the photon)

s - center-of-mass energy squared 

x - the fraction of the nucleon’s momentum that the 

struck quark caries 

y - inelasticity

Center-of-mass energy √s: 30 – 140 GeV

●
Explore QCD landscape over large range of 

resolution (Q 2) and quark/gluon density (1/x)

e + p →
e’ + X

Deep Inelastic Scattering

8

Proton:  the  proto(n)-type of all nuclei 
the simplest one, still many (important) open questions

The Proton Radius Puzzle (2010)

Discrepancy between radius 
measured with electrons and 
muons

Nature 466, 213 (2010)

2E. J. Downie – SPIN 2023

proton 
size ?

14

Understanding Nucleon Mass
GeV

MeV

❑ Preliminary Lattice QCD results:

“… The vast majority of the nucleon’s mass is due to quantum fluctuations of quark-
antiquark pairs, the gluons, and the energy associated with quarks moving around at close 
to the speed of light. …” The 2015 Long Range Plan for Nuclear Science

Quark Energy Gluon Energy Quark Mass Trace Anomaly 

Relativistic motion Quantum fluctuationχ Symmetry Breaking 
proton  
mass ?

M. Żurek
8

Unraveling the Mystery of the Origin of the Proton Spin

After decades of experiments: quark spins 
account for only about 30% of the proton’s 
spin

Proton Spin Puzzle

=
?

Pictures: adapted from Brookhaven National Laboratory

We now know that quarks, gluons, and 
their motion all contribute, but the full 
picture remains elusive 

8

proton spin ?
M. Żurek 14

•
High-energy protons are packed with 

increasing numbers of gluons

•
At extreme densities, gluon multiplication 

halts, giving rise to a new state of 

matter—
this is gluon saturation

•
Heavy ion beams at the EIC are key to 

creating the extreme conditions needed to 

study and magnify this effect
New State of Gluonic Matter

Pictures: adapted from
 Brookhaven National Laboratory

Energy and Nucleus M
ass

The EIC will probe the unexplored dense gluon environments, potentially unveiling new states of 

matter and deepening our understanding of the fundamental forces that bind everything in the 

visible Universe

14

data exist (0.01 . x . 0.3) should be taken with due care. At variance with previous studies, in the denominator of
the asymmetries in Eqs. (4) and (12) we are using unpolarized TMDs that were extracted from data in our previous
Pavia17 fit, with their own uncertainties. Therefore, our uncertainty bands in Fig. 1 represent a realistic estimate of
the statistical error of the Sivers function.

x = 0.1

u
�u

p�

�1.0 �0.5 0.0 0.5 1.0

kx (GeV)

2

4ky = 0
2 4

�1.0

�0.5

0.0

0.5

1.0

k y
(G

eV
)

kx = 0

1

2

3

4

x = 0.1

d
�d

p�

�1.0 �0.5 0.0 0.5 1.0

kx (GeV)

1
2
3ky = 0

1 2 3
�1.0

�0.5

0.0

0.5

1.0

k y
(G

eV
)

kx = 0

0.5

1.0

1.5

2.0

2.5

3.0

Figure 2: The density distribution ⇢a
p"

of an unpolarized quark with flavor a in a proton polarized along the +y direction and moving towards the

reader, as a function of (kx, ky) at Q2 = 4 GeV2. Left panels for the up quark, right panels for the down quark. Upper panels for results at x = 0.1,
lower panels at x = 0.01. For each panel, lower ancillary plots represent the 68% uncertainty band of the distribution at ky = 0 (where the e↵ect
of the distortion due to the Sivers function is maximal) while left ancillary plots at kx = 0 (where the distribution is the same as for an unpolarized
proton). Results in the contour plots and the solid lines in the projections correspond to replica 105 (see text).

In Fig. 2, we show the density distribution ⇢a
p" of an unpolarized quark a in a transversely polarized proton defined

in Eq. (1), at x = 0.1 (upper panels) and x = 0.01 (lower panels) and at the scale Q2 = 4 GeV2. The proton is moving
towards the reader and is polarized along the +y direction. Since the up Sivers function is negative, the induced
distortion is positive along the +x direction for the up quark (left panels), and opposite for the down quark (right
panels).

At x = 0.1 the distortion due to the Sivers e↵ect is evident, since we are close to the maximum value of the
function shown in Fig. 1. The distortion is more pronounced for down quarks, because the Sivers function is larger
and at the same time the unpolarized TMD is smaller. The peak positions are approximately (kx)max ⇡ 0.1 GeV for
up quarks and �0.15 GeV for down quarks. At lower values of x, the distortion disappears. These plots suggest that
a virtual photon hitting a transversely polarized proton e↵ectively “sees” more up quarks to its right and more down
quarks to its left in momentum space.

8

↑
x

y

parton  
orbital 

motion ? Sivers effect

Bacchetta et al., P.L.B827 (22)  2004.14278

gluon saturation ?

(BNL copyright)



Seeing is believing - the power of imaging

1012 m 10-2 m 10-9 m

black hole  
(Event Horizon telescope)

CT scan sequence of brain 
with glioblastoma

3D image of myelin 
(coating of nerve fibres)

Imaging:   a powerful scientific method to understand Nature from  
                astronomical    ….              to            ….    microscopic scale

courtesy Kong Tu (BNL)

1D  ECG 3D  cardio MR

Muldi-dim. imaging:   
fundamental to enhance 
this power !
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(incomplete) list of EINN25 topics

lattice
No time to touch all theory topics of the conference.  

Apologies for those that will not be mentioned. 
   

In this talk, main focus on tools for imaging:   
“(femto-)tomography” of the Nucleon 

(with specific reference to very recent results,  
typically > 2024..)



W(x,k⊥,b⊥)

∫db⊥

∫dk⊥

ρ(x,b⊥)

∫db⊥

∫dk⊥

F.T. b⊥↔Δ⊥  at  ξ=0
F(x,k⊥,ξ,Δ2)

∫dk⊥

H(x,ξ,Δ2)F.T. b⊥↔Δ⊥  at  ξ=0

∫dx xn-1

n

∑
k=0

Ank(t = Δ2) (2ξ)kat  ξ=0
Fn(t)

∫dx xn-1

F.T. b⊥↔Δ⊥

TMD impact PDF

PDF

Wigner GTMD

GPD

generalised  
form factors

form factors

q(x,k⊥)

q(x)

Lorcé et al., JHEP 05 (11)  
Burkardt & Pasquini, EPJ A52 (16) 
Boussarie et al. (TMD Handbook),  
2304.03302

Nucleon “femtography” 
Multi-dim. maps of Nucleon structure



PDF:  Parton Distribution Functions   
          (1D mapping)    

⊥ plane↑

partons

k+=xP+

P+

proton  
momentum Ongoing major effort in increasing precision and  

estimate uncertainties, demanded by reproducing 
new data (primarily, LHC)

Experimental datatheoretical 
accuracy

Methodology

Global fit

reducing the uncertainty 
depends on the accuracy of 
all ingredients entering a 
global fit



theoretical 
accuracy Goyal et al., 2312.17711; Bonino et al., 2401.16281

 Bonino et al., 2404.08597; Goyal et al., 2404.09959

Bonino et al., 2506.19926

Nocera @SPIN 2025
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Perturbative content 
Hard cross sections: semi-inclusive DIS (SIDIS)

SIDIS is a unique process that bridges between PDFs and FFs: 
routinely used in extractions of  FFs and pPDF (not yet of  PDFs, studies exist). 
So far approximated NNLO corrections used [2109.00847]. 

Exact NNLO corrections have been recently computed: 
electromagnetic unpolarised and polarised SIDIS [2312.17711, 2404.08597, 2404.09959, 2401.16281], 
neutral- and charged-current unpolarised SIDIS [2506.19926]. 

Significant impact on predictions:
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Exact NNLO corrections for  
         unpolarized SIDIS  
         long. polarized SIDIS 
         NC-, CC-unpolarized SIDIS

Significant impact on NNLO FFs
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Goyal et al., 2312.17711; Bonino et al., 2401.16281

 Bonino et al., 2404.08597; Goyal et al., 2404.09959
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Significant impact on NNLO FFs

approximate N3LO (aN3LO) PDF sets for unpolarized PDFs in inclusive processes 
MSHT   2207.04739       NNPDF   2402.18635

MSHT+NNPDF  arXiv:2411.05373
e.g. Higgs in VBF @ N3LO

NNLO → N3LO PDFs

CHALLENGE #1: N3LO PDFS AND MISSING HIGHER ORDER UNCERTAINTIES
• Shift between results obtained with NNLO PDFs and with 

aN3LO PDFs more significant than expected  

• Next steps: 

• As more N3LO theory ingredients become available, aN3LO PDFs 
updated by improving convergence of results obtained with 
different methodologies  

• Exact N3LO evolution, exact NNLO grids for hadronic coefficients 
and N3LO k-factors  

• Every step of the way becomes computationally more costly 
and complex for a smaller and smaller improvements. But 
extremely needed! 

• What about other effects? Resummation, higher twists, 
power correction… 

• Estimate of incomplete N3LO terms and MHO uncertainties 
still computed via scale variations: is there a better way?

14/19

NNLO  aN3LO  
unexpected significant shift

→

 Cridge et al., 2411.05373
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approximate N3LO (aN3LO) PDF sets for unpolarized PDFs in inclusive processes 
MSHT   2207.04739       NNPDF   2402.18635

NNLO  aN3LO  
unexpected significant shift

→

Polarised PDFs at NNLO

Good agreement across di↵erent groups

Residual di↵erences due to choice of data and methodology

Times are mature for a benchmark, as in the case of unpolarised PDFs

Fragmentation functions (FFs) accurate to NNLO are required
Large di↵erences across groups occur for FFs, which do not impact polarised PDFs

[See plenary talk by A. Vossem on Monday afternoon; see talks by H.-Y. Xing and X. Shen on Tuesday morning]

Emanuele R. Nocera (U. Torino & INFN) Nucleon Helicity Distributions 22nd September 2025 10 / 34

Polarized PDFs at NNLO:  good agreement among different groups Nocera @SPIN 2025
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Polarized PDFs at NNLO:  good agreement among different groups

Gluon helicity
High-pT jet production

first evidence of a sizeable, positive
gluon polarisation in the proton
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NNPDF and DSSV results well compatible
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High-pT di-jets
confirm a positive

gluon polarisation in the proton
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x sensitivity extended down to x ⇠ 0.01
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dx�g(x,Q2 = 10GeV2) = +0.32±0.13

Emanuele R. Nocera (U. Torino & INFN) Nucleon Helicity Distributions 22nd September 2025 11 / 34

Hight-pT jet data confirm Δg > 0 in the proton
Nocera @SPIN 2025
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NNLO  aN3LO  
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→
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Hight-pT jet data confirm Δg > 0 in the proton

See also recent extraction at NLO from polarized DIS+SIDIS+pp  
                                                                Cocuzza et al. (JAM), 2506.13616



Methodology

NN can have O(~100) parameters  need M.L.-inspired techniques to find minimum χ2→

Parametrization:  reduce th. bias by replacing standard Mellin-transformable expressions  
                           with Neural Networks (NN)

NN flexibility  risk of overfitting  cross-validation tests→ →

Closure tests:  statistical validation of methodology and PDF faithfulness    
(generate pseudodata from known model and try to fit it)

Generalization tests:  how well do PDF sets describe new data not included in the fit? 

need exact NNLO predictions  
     (PineAPPLE, NNLOJET,..) 
need to include in χ2 all exp. and th. uncertainties:  
    bin-by-bin correlations, MHO, αs, PDF, QED corrections,..



34

Comparison between global fits
reasonable agreement with CT18, and MSHT20, different pattern of PDF uncertainties 

different 
large-x gluon 

quark flavour separation

Open Issues with PDF    
Uncertainties at large x in unpolarized PDFs   (for strangeness, over all x’s..)

impacts BSM searches at LHC  x ∼ MX

s
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impacts BSM searches at LHC  x ∼ MX

s

impacts antimatter asymmetry explorations (SeaQuest)  d̄(x)/ū(x) → ?

29

Antimatter asymmetry

 The recent SeaQuest measurement claims evidence for quark sea (``proton antimatter’’) asymmetry

0.1 0.2 0.3 0.4

x

0.5

1.0

1.5

2.0

2.5

d̄/
ū
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 Actually, SeaQuest further confirms the global fit prediction, which agrees with it even when not included

 Already well described by NNPDF3.1 within uncertainties
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x → 1



Open Issues with PDF    
Uncertainties at large x in unpolarized PDFs   (for strangeness, over all x’s..)

impacts BSM searches at LHC  x ∼ MX

s

impacts antimatter asymmetry explorations (SeaQuest)  d̄(x)/ū(x) → ?x → 1
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Quark and Gluon Spin contributions

I. Borsa,, et al., PRL133,151901, 2024

NNLO global QCD analysis

Gluon and Quarks almost saturate spin (JM) sum rule        small contribution from OAM

Borsa et al., PRL 133 (24)
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reweighting procedure of Refs. [36,37] with the 100
publicly available NNPDFpol1.1 PDFs. The results from
this reweighting, taking into account the total uncertainties
of the STAR 2013 data and their correlations [38], are
shown in Fig. 5 as the blue hatched bands. The
NNPDFpol1.1 uncertainties [1] are shown as the green

bands for comparison. Figure 6 shows the corresponding
differences of the light sea-quark polarizations versus x at a
scale of Q2 ¼ 10 ðGeV=cÞ2. The data confirm the exist-
ence of a sizable, positive Δū in the range 0.05 < x < 0.25
[4] and the existence of a flavor asymmetry in the polarized
quark sea.
In addition, AL was determined for Z=γ$ production

from a sample of 274 electron-positron pairs with
70 < meþe− < 110 GeV=c2. The eþ and e− were each
required to be isolated, have jηej < 1.1, and Ee

T > 14 GeV.
The result, AZ=γ$

L ¼ −0.04& 0.07, is consistent with that
in Ref. [4] but with half the statistical uncertainty.

e
η
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0.5−
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-W
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X + ± e→X + ± W→p + p
 = 510 GeVs  50 GeV <e

T< E25
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3.3% beam pol scale uncertainty not shown
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FIG. 5. Longitudinal single-spin asymmetries, AL, for W&

production as a function of the positron or electron pseudor-
apidity, ηe, for the combined STAR 2011þ 2012 and 2013 data
samples for 25 < Ee

T < 50 GeV (points) in comparison to theory
expectations (curves and bands) described in the text.
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FIG. 6. The difference of the light sea-quark polarizations as a
function of x at a scale of Q2 ¼ 10 ðGeV=cÞ2. The green band
shows the NNPDFpol1.1 results [1] and the blue hatched band
shows the corresponding distribution after the STAR 2013 W&

data are included by reweighting.

TABLE I. Longitudinal single- and double-spin asymmetries, AL and ALL, for W& production obtained from the STAR 2013 data
sample, as well as the combination of 2013 with 2011þ 2012 results. The longitudinal single-spin asymmetry is measured for six decay
positron or electron pseudorapidity intervals. The longitudinal double-spin asymmetry was determined in the same intervals and the
results for the same absolute pseudorapidity value were combined. The systematic uncertainties include all contributions and thus also
include the point-by-point correlated uncertainties from the relative luminosity and beam polarization measurements that are broken out
separately in Figs. 4 and 5.

hηei

AL & σstat & σsyst ALL & σstat & σsyst

2013 2011–2013 2013 2011–2013
−1.24 −0.493& 0.181& 0.022 −0.312& 0.145& 0.017
−0.72 −0.255& 0.035& 0.016 −0.251& 0.030& 0.014 ' ' ' ' ' '

Wþ −0.25 −0.327& 0.027& 0.014 −0.331& 0.023& 0.014
0.25 −0.406& 0.027& 0.016 −0.412& 0.023& 0.016 0.039& 0.049& 0.014 0.016& 0.042& 0.011
0.72 −0.557& 0.034& 0.024 −0.534& 0.029& 0.022 0.049& 0.063& 0.014 0.072& 0.054& 0.011
1.24 −0.365& 0.183& 0.023 −0.482& 0.140& 0.022 −0.052& 0.331& 0.044 0.000& 0.262& 0.028

−1.27 0.269& 0.185& 0.010 0.241& 0.146& 0.010
−0.74 0.264& 0.060& 0.010 0.260& 0.051& 0.010 ' ' ' ' ' '

W− −0.27 0.282& 0.066& 0.010 0.281& 0.056& 0.011
0.27 0.254& 0.066& 0.010 0.239& 0.056& 0.010 0.067& 0.120& 0.025 −0.012& 0.101& 0.019
0.74 0.383& 0.059& 0.015 0.385& 0.051& 0.014 −0.096& 0.107& 0.026 −0.028& 0.092& 0.020
1.27 0.218& 0.185& 0.009 0.205& 0.148& 0.009 −0.133& 0.331& 0.061 −0.147& 0.260& 0.038

MEASUREMENT OF THE LONGITUDINAL SPIN … PHYS. REV. D 99, 051102 (2019)

051102-7

Nocera, 1702.05077antimatter helicity asymmetry ?
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antimatter helicity asymmetry ?
Strange helicity: DIS vs SIDIS [PRL 119 (2017) 132001]

[See also talk by S. Pate on Tuesday morning]

gA = 1.24± 0.04 a8 = 0.46± 0.21
confirmation of SU(2) symmetry to ⇠ 2%

⇠ 20% SU(3) breaking ±20%

�s+ = �0.03± 0.09

�⌃ = 0.36±0.09 �u��d = 0.05±0.08

Emanuele R. Nocera (U. Torino & INFN) Nucleon Helicity Distributions 22nd September 2025 17 / 34

JAM, 1705.05889

JAM17 
(+SIDIS)

strange helicity?
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Expected impact of the EIC

Introduction PDFs TMDs GPDs Form factors Summary Backup

PDFs: not the end
of a story

J McGowan et al

arXiv:2207.04739

I EIC expected to be a game changer for polarised and nuclear PDFs
but may even be valuable for unpolarised PDFs in proton
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impact study for inclusive DIS at EIC
N Armesto et al, arXiv:2309.11269

M. Diehl Theory Perspectives on Electromagnetic Hadron Physics 5

Armesto et al., 2309.11269
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Figure 7.8: Expected impact on the unpolarized (sea) quark PDFs when adding SIDIS infor-
mation from pions and kaons in ep collisions. The baseline NNPDFs were take from Ref. [79].

icant number of QCD global analyses, a definitive signal has long been elusive,
with most analyses [81, 82] generally placing upper limits on the total nonpertur-
bative charm momentum, hxic+c̄, at the scale Q = mc. The EMC charm structure
function measurements of 1983 [83] have been suggested as offering evidence for
nonperturbative charm, but have been challenging to accommodate in a global fit.
The kinematic region over which nonperturbative charm is expected to be visible
in typical model calculations is high x and low-to-moderate Q2. In Fig. 7.9, the
size of the resulting effect in the charm structure function is plotted in a typical
model calculation [84] for two scenarios: highly suppressed [hxic+c̄ = 0.1%] and
intermediate [hxic+c̄ = 0.35%]. Precision DIS data in this region, x & 0.3 and
hQ2i ⇠ 20 GeV2, would permit the direct measurement of the charm structure
function and help resolve the proton charm content. As discussed in Ref. [82],
the nonperturbative charm contribution may be interpreted as involving twist-
4 four-gluon correlator functions. Measurements of nonperturbative charm may
therefore constrain twist-4 gluon correlators in the same way that extrinsic charm
is used to constrain the twist-2 gluon PDF. A recent analysis carried out by the
NNPDF Collaboration [85] has demonstrated how measurements of Fcc̄

2 at large
x have great potential to unravel intrinsic charm and that the constraints of the
EIC on a nonperturbative charm component would complement those provided
at the LHC, e.g., via weak boson production in the forward region. In addition,
the charm-tagging abilities discussed briefly below and in greater detail in Sec.
8.3 will likely enhance the EIC’s ability to disentangle a possible nonperturbative
charm contribution to the structure of the nucleon.

EIC Yellow Report, 2103.05419

large impact on strange 
and sea-quark ratio Rs
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Expected impact of the EIC

large impact on strange 
and sea-quark ratio Rs

Borsa et al., 2007.08300

12

FIG. 10: Impact of the projected EIC DIS data on the the total quark helicity distributions �u + �d, �d + �d and �s + �s,
respectively. Together with the DSSV14 estimate, we show the uncertainty bands resulting from the fit that includes thep

s = 44.7 GeV DIS pseudo-data, and the reweighting with data at
p

s = 141.4 GeV.
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FIG. 11: Correlated uncertainties for the truncated integrals of �g and �⌃ in the range 10�6 < x < 1 (left panel), 10�5 < x < 1
(center panel) and 10�3 < x < 1 (right panel) computed with DSSV14 (outer area), as well as including pseudo-data from the
EIC (inner areas).

but now in the same scale, together with the correlated
uncertainty of the moments truncated at xmin = 10�4

.

The central value of the truncated moments as a function
of xmin computed in the DSSV14 extrapolation scenario
is plotted as a red curve. A sizable change in the slope
of the red curve would suggest that wee partons play a
significant role in the proton spin.

Once we have a precise estimate for the constraints
that EIC will impose on the net quark and gluon contri-
bution to the proton spin, it is natural to ask how much
room they will leave for other contributions, like the one
that could come from quark and gluon orbital angular
momentum. For instance, one could assume that the dif-

ference between the net quark and gluon spin contribu-
tion and the actual proton spin 1/2, could precisely be the
contribution from the orbital angular momentum. This
is represented in Fig.13. In the horizontal axis we show
the di↵erence between 1/2 and the contribution from the
spin of quarks and gluons for a momentum fraction down
to x = 0.001. This would be the room left to the orbital
angular momentum if the net spin contribution from par-
tons with smaller momentum fractions is very small or
even zero. But as the latter could actually be non neg-
ligible, and is currently very uncertain, we represent in
the vertical axis their potential contribution. The colored
areas show the constraints on these values coming from
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Figure 7.19: Impact of SIDIS measurements at the EIC on the sea quark helicities xDū, xDd̄
and xDs as a function of x at Q2 = 10 GeV2.

Sea quark helicities via SIDIS

The sensitivity on the struck parton that fragmentation functions provide can be
used to leverage the understanding of the helicity structure of the nucleon — see
also Sec. 7.4.1 concerning the fragmentation functions themselves. In particular,
the access to the sea quark helicities can be substantially improved over inclusive
DIS measurements via SIDIS measurements that detect pions and kaons in addi-
tion to the scattered lepton. Detailed impact studies that use PEPSI as polarized
MC generator and follow the previous DSSV [88, 119, 120] extractions have been
performed on the expected EIC measurements using various collision energies and
polarized proton as well as 3He beams [87]. As can be seen in Fig. 7.19, the reduc-
tion in the uncertainties of all three sea quark helicities (Dū, Dd̄, Ds) in comparison
to the current level of understanding is substantial. Similar to the gluon polariza-
tion, the highest impact at low x relates to the data at the highest collision energies
while intermediate to higher x receive the biggest improvements already from the
lower collision energies. One of the most important points that can be answered
with the sea quark helicities are their contributions to the spin sum rule. In particu-
lar, the strange sea polarization is in current fits forced to negative values at lower x
due to the hyperon beta-decay constants and the assumption of SU(3)-flavor sym-
metry in conjunction with no indication of a negative polarization in the x-range
covered in the currently existing data [121, 122]. The EIC SIDIS data will conclu-
sively answer whether there is a nonzero strange polarization at x > 0.5 ⇥ 10�5.
Further studies using similar pseudodata together with a re-weighting technique
on the NNPDFpol [123, 124] replicas come to similar conclusions about the im-
provements to the sea quark helicities [125].

EIC Yellow Report, 2103.05419

impact on helicity contribution  
to spin sum rule
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Figure 7.11: Correlation (upper panel) and sensitivity (lower panel) coefficients between the
gluon helicity distribution Dg(x, Q2) and the (photon-nucleon) double-spin asymmetry A1,
as well as between the quark-singlet distribution DS(x, Q2) and A1, as a function of {x, Q2}.
The lighter blue and darker blue circles represent the values of the correlation (sensitivity)
coefficient for

p
s = 45 GeV and 140 GeV, respectively. In all the cases the size of the circles

is proportional to the value of the correlation (sensitivity) coefficient.
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Figure 7.12: Impact of the projected EIC ALL pseudoda on the gluon helicity (left panel)
and quark singlet helicity (right panel) distributions as a function of x for Q2 = 10 GeV2.
In addition to the DSSV14 estimate (light-blue), the uncertainty bands resulting from the fit
including the

p
s = 45 GeV DIS pseudodata (blue) and, subsequently, the reweighting withp

s = 140 GeV pseudodata (dark blue), are also shown.

the impact of the extrapolation region, three sets of pseudodata were generated by
shifting the unmeasured region at low x with ±1s confidence level, using existing
helicity PDF uncertainties as well as the central predictions.

In Fig. 7.13 the uncertainty bands for gp
1 before and after the three scenarios (±1s

confidence level and central) at the EIC are shown, along with the ratios dEIC/d
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Di↵erence in uncertainties depends on di↵erences in methodologies and in data sets
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Figure 7.68: Relative uncertainty bands for Au at Q2 = 1.69 GeV2 for u (first row), ū (sec-
ond row), s (third row) and gluon (lower row) for three different sets of nPDFs. The blue
and orange bands correspond to before and after including the EIC pseudodata in the fit,
respectively.

Probing nuclear gluons with heavy flavor production

Heavy flavor (HF) production is a powerful observable that will complement in-
clusive DIS measurements in determining nuclear modifications of the PDFs, in
particular for the gluon distribution. Recent results from ultraperipheral A + A
collisions [786,787,787–790] as well as HF and dijet production in p + Pb [791–793]
at the LHC support nuclear suppression with respect to the proton gluon at
x ⌧ 0.1 (shadowing). However, little is known about gluon enhancement (anti-
shadowing) at x ⇠ 0.1 or a possible suppression at x > 0.3 (“gluonic EMC effect”).
At the EIC it will be possible to obtain a direct constraint of the gluon density by
measuring HF pairs which at LO are produced through the photon–gluon fusion
process. This channel probes the gluon PDFs for x > axB, where a = 1 + 4m2

h/Q2

and mh is the heavy quark mass. This measurement will also permit the study of
different heavy quark mass schemes and constrain the intrinsic HF components in
the nPDFs [794].

The feasibility and impact of nuclear gluon measurements with HF production

expected EIC impact 
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M. Constantinou, A. Courtoy, M.A. Ebert et al. Progress in Particle and Nuclear Physics 121 (2021) 103908

Fig. 7. Summary of the lattice calculation of isovector unpolarized (top), helicity (middle) and transversity (bottom) with LP3 and ETMC isovector
quark (left column) and antiquark (right column) taken from LP318 [176–178], ETMC20/ETMC18 [179–182], JLab/W&M valence unpolarized
distribution results from [183], and global fits from NNPDF3.1 [23], ABMP16 [33], CJ15 [35] (unpolarized), NNPDFpol1.1 [78], JAM17 [80], DSSV08 [134]
(helicity), MEX19 [136], PV18 [129], LMPSS17[185] (transversity). Note that none of the current lattice calculations have taken the continuum limit
(a ! 0) and have remaining lattice artifacts (such as finite-volume effects); disagreement in the obtained distributions is not unexpected. A
comparison of each lattice PDF with the global-fitting results can be found in the reference above.

To calculate the small-x (x < 0.01) behavior of the PDFs using existing lattice x-dependent methods, one needs to
pursue boost momenta P3 an order of magnitude higher than those currently being used. The minimum x obtainable from
lattice QCD is connected to the product of the length of the Wilson line and momentum boost, zP3. It is also expected
that the size of the momentum boost is connected to the reliability of the lattice results in the various x regions. For
example, the matrix elements of higher values of P3 decrease significantly faster, and therefore, the truncation of the
maximum value of z in the Fourier transform matters less. There are a number of proposals to avoid Fourier transforming
by working in position space; this would work in an ideal world where there is arbitrarily precise data throughout the
large-zP3 region. However, in reality, the lattice data taken in the small-zP3 region are not precise enough to even discern
whether the parton distribution is flat across all regions of x in the case of the pion distribution amplitude [187]; one
loses sensitivity to very distinct distributions in x-space, which appear very similar in zP3 space. Furthermore, one still
needs large boost momenta zP3 to reliably obtain the distribution in the small-x region, and very fine lattice spacing,
a < 0.02 fm to reduce the lattice discretization systematic error that goes like (P3a)n. There have been some exploratory
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a < 0.02 fm to reduce the lattice discretization systematic error that goes like (P3a)n. There have been some exploratory
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isovector helicity PDFs 

PDF Lattice studies, Prog.Part.Nucl.Phys. 121 (21)

12LaMET: PDFs at Lattice QCD

ξି

2

−
ξି

2

Lorentz boost EFT

Ji, PRL110(2013)

Proton transversity PDF, PRL131(2023)

• Large-momentum effective theory: connecting Euclidean lattice and physical 
observables

• Achieved great success in the studies of PDFs and LCDA:

Unpolarized isovector quark PDF PRD 101 (2020) Pion valance PDF, PRD106(2022)

pion valence PDF

x
LPC, PRD 106 (22)

isovector transversity PDFs 

Lattice Example Results
§ Summary of PDF results at physical pion mass

2006.08636 (PDFLattice2019)
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Huey-Wen Lin — SPIN2025 @ Qingdao, Shandong

unpolarized longitudinally polarized transversely polarized

Finite volume, 
Discretization,
…

u 𝑥 − 𝑑(𝑥) Δ𝑢 𝑥 − Δ𝑑 𝑥 𝛿𝑢 𝑥  −𝛿𝑑 𝑥

talk by 
Delmar,  Wednesday 
             (Workshop 1)
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∫db⊥

q(x,k⊥)

∫dk⊥

ρ(x,b⊥)
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F.T. b⊥↔Δ⊥

TMD impact PDF

PDF

Wigner GTMD

GPD

generalised  
form factors

form factors

Nucleon “femtography” 
Multi-dim. maps of Nucleon structure



How do partons move and orbit inside hadrons?   

⊥ plane↑

partons

k+=xP+

P+

k⊥

proton  
momentum 

TMDs:  Transverse Momentum Dependent  
             PDFs (and FFs) 
            from 1D to 3D mapping   

How wide is the distribution ?   

How does it change with x ?   

How does it change with flavor ?   

What if the hadron is polarized ?   



Quark-parton Model Interpretation of SIDIS: 
Transverse Momentum Dependent PDFs (TMDs)

5/23/2015 CIPANP 2015 6
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Each entry:   - has a probabilistic interpretation;     = forbidden by parity invariance 
                    - is connected to deformations induced by spin-momentum correlations  

                    - can be extracted from a specific measurable spin asymmetry 
                    - f1 enters the denominator of each asymmetry  influences all others→

• Complete momentum spectrum of single particle 

• Transverse momentum size as function of x (3D map) 

• Spin-Spin and Spin-Orbit Correlations of partons 

• Information on parton orbital angular momentum  
(no direct model-independent relation)

Key information from Transverse Momentum Dependent PDFs 

*similar classification for gluon TMDs
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quark polarization

• Complete momentum spectrum of single particle 

• Transverse momentum size as function of x (3D map) 

• Spin-Spin and Spin-Orbit Correlations of partons 

• Information on parton orbital angular momentum  
(no direct model-independent relation)

Key information from Transverse Momentum Dependent PDFs 

*similar classification for gluon TMDs
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quark polarization

• Complete momentum spectrum of single particle 

• Transverse momentum size as function of x (3D map) 

• Spin-Spin and Spin-Orbit Correlations of partons 

• Information on parton orbital angular momentum  
(no direct model-independent relation)

Key information from Transverse Momentum Dependent PDFs 

*similar classification for gluon TMDs

TMD U L T

U f1 h?
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f1 h⊥
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1T g1T , h⊥
1L , h⊥

1T

Mulders & Tangerman, N.P. B461 
(96)  
Boer & Mulders, P.R. D57 (98)

Boer-Mulders

worm-gearSivers

transversity

pretzelosity

Kotzinian-Mulders

✘

✘

✘

quark TMD PDFs at leading twist  



Quark-parton Model Interpretation of SIDIS: 
Transverse Momentum Dependent PDFs (TMDs)
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Mulders & Tangerman, N.P. B461 
(96)  
Boer & Mulders, P.R. D57 (98)

Boer-Mulders

worm-gearSivers

transversity

pretzelosity

Kotzinian-Mulders✘

✘

quark TMD PDFs at leading twist  

collinear PDFs  surviving integration in kT

chiral-odd: need a chiral-odd partner in the cross section

naïve T-odd: vanishing without residual color final-state interactions 
                     non universal, but in a predictable way..→



Quark-parton Model Interpretation of SIDIS: 
Transverse Momentum Dependent PDFs (TMDs)
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Boer-Mulders

worm-gearSivers

transversity

pretzelosity

Kotzinian-Mulders✘

✘

Good knowledge of the x-dependence of f1 and g1

Good knowledge of the kT-dependence of f1 (also for pions)

Fair knowledge of    and h1 (mainly, x-dependence)f⊥
1T

Some hints about the others

quark TMD PDFs at leading twist  



Quark-parton Model Interpretation of SIDIS: 
Transverse Momentum Dependent PDFs (TMDs)
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similar table for TMD FFs;  and also for gluon TMD PDFs, but with some differences

Gluons carry “two color charges”  intricate T-oddness: WW-type and dipole-type 
Different color structures  different mechanisms  different processes to extract them 
WW-type:  heavy quarkonia, di-jets         dipole-type:  photon-jet    factorization under investigation 
Complementary role of colliders:  RHIC, LHC, EIC, NICA 

→
→ →

Mulders & Tangerman, N.P. B461 
(96)  
Boer & Mulders, P.R. D57 (98)

Boer-Mulders

worm-gearSivers

transversity

pretzelosity

Kotzinian-Mulders✘

✘

similar classification for subleading-twist TMD PDFs talk by 
Scimemi,  Wednesday

quark TMD PDFs at leading twist  



dσ
dxdzdqTdQ

∼ ℋSIDIS(Q2) 1
2π ∫

∞

0
dbT bT J0(bT, qT) f̃ q

1(x, b2
T; Q2) D̃q→h

1 (z, b2
T; Q2)

q2
T = P2

hT

z2 ≪ Q2M2 ≪ Q2

ℋDY(Q2) 1
2π ∫

∞

0
dbT bT J0(bT, qT) f̃ q̄

1(xA, b2
T; Q2) f̃ q

1(xB, b2
T; Q2)dσ

dqTdydQ
∼

SIDIS

Drell-Yan

electron

hadron

PhT
h

Q2

Fourier Transf. to bT space:  
from convolution to simple product

hard part TMDPDF TMDFF

qT
Q2

hadron hadron

q2
T ≪ Q2M2 ≪ Q2

hard part TMDPDF TMDPDF

factorization conditions

Ji, Ma, Yuan, P.R. D71 (05); Rogers & Aybat, P.R. D83 
(11) 
Collins & Metz, P.R.L. 93 (04) 252001

Collins, Soper, Sterman, N.P. B250 (85) 
199 
Echevarria, Idilbi, Scimemi, JHEP 07 (12)

Where TMDs ?

factorization conditions

+𝒪(q2
T /Q2, M2/Q2)

+𝒪(q2
T /Q2, M2/Q2)
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Complementarity between SIDIS and Drell-Yan 
For unpolarized TMDs O(  2000)  points,  

smaller but comparable with unpolarized PDFs [O(5000)]
≲



starting scale Q0

f̃ q
1(x, b2

T; Q0)
TMD PDF

small bT <=> large kT 
OPE on PDF perturbative

large bT <=> small kT 

nonperturbative

matching  
prescription

Evolution of TMDs
very different from PDFs:  no cross talk between different x;  no quark  gluon transition 
                                         two scales, μ (virtuality cutoff) and ζ (rapidity cutoff), usually  
                                           taken μ2= ζ = Q2

↔



starting scale Q0

f̃ q
1(x, b2

T; Q0)
TMD PDF

small bT <=> large kT 
OPE on PDF perturbative

large bT <=> small kT 

nonperturbative

matching  
prescription

scale Q of exp. data

evolution f̃ q
1(x, b2

T; Q) = Evo(Q ← Q0; bT) f̃ q
1(x, b2

T; Q0)

perturbative + nonperturbative components

Evolution of TMDs
very different from PDFs:  no cross talk between different x;  no quark  gluon transition 
                                         two scales, μ (virtuality cutoff) and ζ (rapidity cutoff), usually  
                                           taken μ2= ζ = Q2

↔



similarly for TMD FF D̃q→h
1

Quality of TMD extraction: 
- perturbative accuracy      - size of data set and best χ2

starting scale Q0

f̃ q
1(x, b2

T; Q0)
TMD PDF

small bT <=> large kT 
OPE on PDF perturbative

large bT <=> small kT 

nonperturbative

matching  
prescription

scale Q of exp. data

evolution f̃ q
1(x, b2

T; Q) = Evo(Q ← Q0; bT) f̃ q
1(x, b2

T; Q0)

perturbative + nonperturbative components

+  hard part     perturbativeℋ

every component in red is arbitrary => depends on parameters to be fitted to data

Evolution of TMDs
very different from PDFs:  no cross talk between different x;  no quark  gluon transition 
                                         two scales, μ (virtuality cutoff) and ζ (rapidity cutoff), usually  
                                           taken μ2= ζ = Q2

↔
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Mulders & Tangerman, N.P. B461 
(96)  
Boer & Mulders, P.R. D57 (98)

Boer-Mulders

worm-gearSivers

transversity

pretzelosity

Kotzinian-Mulders✘

✘

quark TMD PDFs at leading twist  

Just quick flash about very recent (~2024-25) results on  
unpolarized TMD PDF (  ) and helicity TMD PDF (  )f1 g1

overview talk by 
Pitonyak,  Thursday



Most recent extractions of Nucleon TMD f1 

Accuracy SIDIS Drell-Yan N of points χ2/Npoints Flavor dep.

PV 2017 
arXiv:1703.10157

NLL ✔ ✔ 8059 1.5 ✘

SV 2017 
arXiv:1706.01473

N3LL ✘ ✔  (LHC) 309 1.23 ✘

BSV 2019 
arXiv:1902.08474

N3LL ✘ ✔  (LHC) 457 1.17 ✘

SV 2019 
arXiv:1912.06532

N3LL(-) ✔ ✔  (LHC) 1039 1.06 ✘

PV 2019 
arXiv:1912.07550

N3LL ✘ ✔  (LHC) 353 1.07 ✘

MAPTMD 2022 
arXiv:2206.07598

N3LL(-) ✔ ✔  (LHC) 2031 1.06 ✘

ART23 
arXiv:2305.07473

N4LL(-) ✘ ✔  (LHC) 627 0.96 ✔

MAPTMD 2024 
arXiv:2405.13833

N3LL ✔ ✔  (LHC) 2031 1.08 ✔

MAPNN 2025 
arXiv:2502.04166

N3LL ✘ ✔  (LHC) 482 0.97 ✘

ART25 
arXiv:2503.11201

N4LL(-) ✔ ✔  (LHC) 1209 1.05 ✔

Also, first simultaneous extraction of PDF & TMD f1 from DIS + Drell-Yan data JAM, 2510.13771



Most recent extractions of Nucleon TMD f1 
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N3LL ✘ ✔  (LHC) 482 0.97 ✘

ART25 
arXiv:2503.11201

N4LL(-) ✔ ✔  (LHC) 1209 1.05 ✔

 Global fits now able to discriminate between kT distributions of different flavors

Also, first simultaneous extraction of PDF & TMD f1 from DIS + Drell-Yan data JAM, 2510.13771



Most recent extractions of Nucleon TMD f1 

Accuracy SIDIS Drell-Yan N of points χ2/Npoints Flavor dep.

PV 2017 
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MAPTMD 2024 
arXiv:2405.13833

N3LL ✔ ✔  (LHC) 2031 1.08 ✔

MAPNN 2025 
arXiv:2502.04166

N3LL ✘ ✔  (LHC) 482 0.97 ✘

ART25 
arXiv:2503.11201

N4LL(-) ✔ ✔  (LHC) 1209 1.05 ✔

First extraction of TMDs using Neural Networks

Also, first simultaneous extraction of PDF & TMD f1 from DIS + Drell-Yan data JAM, 2510.13771
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Figure 34: Comparison of uTMDPDFs and sizes of their uncertainty bands as function of b at
x = 0.1 between di↵erent extractions.
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Figure 34: Comparison of uTMDPDFs and sizes of their uncertainty bands as function of b at
x = 0.1 between di↵erent extractions.
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Figure 35: Comparison of TMDFFs for pion as function of b at z = 0.3 between di↵erent
extractions.

Figure 36: Comparison of TMDFFs for kaon as function of b at z = 0.3 between di↵erent
extractions.
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Figure 35: Comparison of TMDFFs for pion as function of b at z = 0.3 between di↵erent
extractions.

Figure 36: Comparison of TMDFFs for kaon as function of b at z = 0.3 between di↵erent
extractions.
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d → π+

significant differences 
in nonpert. model

different approach to 
collinear limit b 0→

overview talk by 
Pitonyak,  Thursday

more realistic 
description of 
uncertainties with 
MAPNN
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Figure 34: Comparison of uTMDPDFs and sizes of their uncertainty bands as function of b at
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Figure 34: Comparison of uTMDPDFs and sizes of their uncertainty bands as function of b at
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Figure 35: Comparison of TMDFFs for pion as function of b at z = 0.3 between di↵erent
extractions.

Figure 36: Comparison of TMDFFs for kaon as function of b at z = 0.3 between di↵erent
extractions.
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Figure 36: Comparison of TMDFFs for kaon as function of b at z = 0.3 between di↵erent
extractions.
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FIG. 9: Comparison between the unpolarized TMD PDFs extracted in the MAPTMD24 fit with a flavor dependent
approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as functions of
the partonic transverse momentum |k?| at µ =

p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central panel), and

x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.
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FIG. 10: Comparison between the normalized unpolarized TMD PDFs extracted in the MAPTMD24 fit with a flavor-
dependent approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as
functions of the partonic transverse momentum |k?| at µ =

p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central

panel), and x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.

sensitive to sea quarks. On the contrary, at larger x (left panel) the uncertainty bands of the TMD PDFs for up
and down quarks are very narrow, due to the large amount of SIDIS data in combination with high-precision
DY data. Finally, it is useful to remark that the uncertainties for all flavors increase as x decreases, confirming
the need for experimental data in this kinematic region.

In Fig. 11, we display the unpolarized TMD FFs for the fragmentation into a ⇡+ of up (purple) and down
(green) quarks, as functions of the hadronic transverse momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4

(left panel), and z = 0.6 (right panel). We note that the favored fragmentation channel (in this example,
u ! ⇡+) dominates over the unfavored one. Also, both TMD FFs show a second bump at intermediate |P?|
which decreases in size at larger z, as already observed in Sec. IV A.

In Fig. 12, we display the same TMD FFs of the previous figure but normalized to each corresponding central
replica at |P?| = 0. The unfavored channel (here, d ! ⇡+) is a↵ected by larger error bands. This is mainly
due to the larger uncertainties in the corresponding collinear FFs. There is generally no significant di↵erence
between favored and unfavored channels at high z, probably due to the limited sensitivity of SIDIS data in that
kinematic region.

In Fig. 13, we show the unpolarized TMD FFs for the fragmentation of quarks u, d, and s̄ into a K+ in the
same kinematic regions and with same conventions as in Fig. 11. Similarly, in Fig. 14 we show the normalized
versions, as we did in Fig. 12 for the fragmentation into a ⇡+. We note that in general the extracted TMD
FFs for kaons are a↵ected by larger uncertainties than for pions. Also, the bump at intermediate |P?| is more
pronounced than in the case of pions, as was also observed with the hadron-dependent MAPTMD24 HD fit (see
Fig. 8). Due to the size of the corresponding collinear FFs, the fragmentation channel s̄ ! K+ is dominant,
also in the normalized case. An interesting feature of our extraction is that the two favored channels (u ! K+

and s̄ ! K+) are quite di↵erent from each other. The large uncertainties in the s̄ ! K+ fragmentation channel
may be related to the fact that this TMD FF appears in the SIDIS cross section through the convolution with

f1(x, kT; Q)

f1(x, 0; Q)

better appreciate the very different kT behavior 
that changes with x Bacchetta et al. (MAP),  

JHEP 08 (24), 2405.13833

more realistic 
description of 
uncertainties with 
MAPNN



Comparison with lattice: TMDs in bT space
26

LPC. PRD 109 (2024) 114513

 The first lattice QCD calculation of nucleon unpolarized TMDPDF:

TMDs on Lattice QCD: TMDPDFs

[ART 25: see talk by Valentin Moos on Tuesday ]

LPC, PRD 109 (24)

27

LPC. PRD 109 (2024) 114513

• MILC ensemble, 𝒂 = 0.12 fm; 𝒎𝝅 = 
(220, 310) MeV, largest 𝑷𝒛 up to 
2.58 GeV;

 Chiral and infinity momentum 
extrapolation;

 NNLO + RGR matching kernel
 The systematic uncertainty from 

the operator mixing has been taken 
into account

 More comprehensive analysis is 
under progress

TMDs on Lattice QCD: TMDPDFs

x-dependence 

bT-dependence 

overview talk by 
Zhang,  Thursday



Comparison with lattice: Collins-Soper kernel

universal flavor-independent drives evolution in rapidity ζ 

Bollweg et al., arXiv:2504.04625

IFY23 (ResBos)
Isaacson et al., 
arXiv:2311.09916

ASWZ24 
Avkhadiev et al., 
arXiv:2402.06725

N3LL Vladimirov, 
arXiv:1610.05791

Li&Zhu, arXiv:1604.01404

Pheno 

16

Collins-Soper kernel 
[2504.04625]

N3LO 

EEC24 Kang et al., 
arXiv:2410.21435

PB24 Martinez et al., arXiv:2412.21116

LPC23 Chu et al. (LPC), arXiv:2306.06488

DWF24
Bollweg et al., 
arXiv:2403.00664

Lattice

pQCD

+ MAPTMD-22, -24, -NN

+ ART-23, -25

perturbative + nonperturbative 

 remarkable agreement with pheno  lattice↔
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Additional info: Energy-Energy Correlator in e+e-

Kang et al., arXiv:2410.21435

Energy-Energy Correlators

(e+e� collisions)

EEC(�) =
d�

d cos�
=

X

i ,j

Z
d�e+e�!ij+X

EiEj

Q2
�(cos ✓ij � cos�)

� ! z =
1� cos(�)

2

e+

e-

EEC(ζ) = dσe+e−

dζ
= ∑

ij
∫ dσe+e−→ij+X

EiEj

Q2 δ (ζ −
1 − cos χij

2 )
energy-weighted  e+e-  cross section 
measures correlation of two energy flows along specific directions

for ζ 1 (χ π) 
factorized formula: 

→ → dσ
dζ

= σ0
8 ∑

qq̄
Hqq̄ ∫ dbT J0(bTQ 1 − ζ) Jetq Jetq̄

Born Hard

Jetq(bT) = ∑
hadrons

∫
1

0
dz z3 TMDFFq→h(z, bT) = Jetqpert + JetqNP fitted to data

sensitivity only to Collins-Soper kernel

use OPAL, SLD, TOPAZ, TASSO, DELPHI,… data to constrain CS kernel

Bris et al., arXiv:2507.17478



L. Rossi, Ph.D. Thesis 
and in preparation

MAPTMD24 extraction - EIC Pseudodata
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The  EIC  impact at x=0.1, Q=2 GeV

(simulation campaign May ’24,  
  only π+ production)

MAPTMD24   2031 
EIC                # pts.       lumi [fb-1] 
5x41              1273        2.85 
10x100          1611       51.3 
18x275          1648       10



Extractions of  Pion  TMD f1 

Accuracy Drell-
Yan

N of points χ2/Npoints Flavor dep.

Wang et al., 2017 
JHEP 08 (17) 137 NLL ✔ 96 1.61 ✘

Vladimirov 2019 
JHEP 10 (19) 090 NNLL’ ✔ 80 1.44 ✘

MAPTMDPion22 
PRD 107 (23) 

014014

N3LL(-) ✔  138 1.55 ✘

JAM23 
PRD 108 (23) 

L091504

NNLL ✔  93 1.37 ✘

MAPTMDPion25 
2509.25098 N3LL ✔ 101 1.22 ✔

MAPTMDPion25  First fit sensitive to flavor dep. of kT distributions: valence - sea,  6 parameters 
E615, E537  -N Drell-Yan,  N TMDs from MAPTMD24 with same CS kernelπ−MAPTMDPion25 - extracted TMD PDFs 
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22

f1(x, kT; Q)
f1(x, 0; Q)

u = sea
d = val.

π− = (d, ū)

valence and sea have different kT distributions
FI = flavor-independent   
       ~intermediate between valence & sea

Similar to lattice

Similar to JAM23 results

Proton vs pion TMDPDFs
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Proton is narrower than pion
23Similar to chiral QCD

down quark in pion vs. proton
in kT space, proton is narrower than pion

same finding in JAM23, lattice, and chiral QCD

simultaneous extraction of 
pion PDF & TMD 
proton TMD



Nuclear TMD f1A 

Global fit using TMD factorization

Nuclear TMDs

27

QCD global fit using TMD QCD factorization

M. Alrashed, D. Anderle, Z.B. Kang, J. Terry and H. Xing, PRL129, no.24, 242001 (2022) 
M. Alrashed, Z. B. Kang, J. Terry, H. Xing and C. Zhang, [arXiv:2312.09226 [hep-ph]].

Nuclear ratio: TMD PDF Nuclear ratio: TMD FF

χ2/d . o . f = 1.275

❖ Broadening in medium.

❖ Shadowing, antishadowing, 

EMC effects from collinear 
PDFs are seen.

Q0 = 2.4 GeV

Alrashed et al., PRL 129 (22)

Alrashed et al., arXiv:2312.09226

χ2/Ndata = 1.275

Nuclear TMDs

27

QCD global fit using TMD QCD factorization
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❖ Broadening in medium.
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EMC effects from collinear 
PDFs are seen.
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TMD PDF

(anti-)shadowing visible       kT broadening

Nuclear TMDs
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QCD global fit using TMD QCD factorization
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❖ Broadening in medium.

❖ Shadowing, antishadowing, 

EMC effects from collinear 
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u π+  Pb/p→



Helicity TMD PDF

Quark-parton Model Interpretation of SIDIS: 
Transverse Momentum Dependent PDFs (TMDs)

5/23/2015 CIPANP 2015 6

Quark polarization

Unpolarized
(U)

Longitudinally Polarized 
(L)

Transversely Polarized 
(T)

N
uc
le
on

Po
la
riz
at
io
n

U

L

T

nucleon

quark

polar
iza

tio
ns

- How does polarization of quarks distort their kT ? 

- Do quarks with spin parallel to proton spin  
  have larger / smaller kT than those with spin  
  antiparallel ?

23

QCD in the Standard ModelTransverse-Momentum Distributions (TMDs)

gq
1 (x, k⊥) = q+ − q−

⦿ kx

ky

⊗

⊗

How the proton polarization 

reflects on its 3D structure?

How the quark polarization distorts 

their transverse momentum?

Do quarks with spin parallel to the proton 

have smaller transverse momentum?



Bacchetta et al. (MAP),  
P.R.L. 134 (25) 121901
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we apply the cut to evaluate the kT integral and vary kmax
T

from 1 to 2 GeV as part of the uncertainties. The
kT-integrated polarization distributions are shown in Fig. 3,
in comparison with those from collinear analysis [39,94].
Within the data covered region, up to x ∼ 0.3, the TMD and
collinear results roughly agree with each other, while there
are deviations when extrapolating to a higher x region.

Polarized SIDIS experiments at Jefferson Lab can make
measurements at larger x values [85], which will improve
the determination in the extrapolated region.
Summary and outlook—We report the first global analy-

sis of TMD helicity distributions. The analysis is performed
within the TMD factorization at NLO and NNLL accuracy
by fitting the longitudinal DSA measurements in the SIDIS
process. The results show nonzero signals of u quark and d
quark TMD helicity distributions, and their kT-integrated
polarization distributions are compatible with collinear
PDF extractions across the range of x values covered by
the data.
In addition to the x dependence, the TMD helicity

distributions reveal the kT dependence of parton polariza-
tion induced by the nucleon polarization, providing infor-
mation that is not captured in collinear distributions. Our
results indicate that both u-quark and d-quark polarization
decreases with kT in the valence component dominant
region. This behavior qualitatively matches the feature
predicted by the Wigner rotation effect. On the other hand,
in the relative low-x region, where QCD dynamics plays an
essential role, increasing polarization in dependence on kT
is observed. In either case, the kT-dependent polarization is
highly nontrivial, and will deepen our understanding of
nucleon spin structures and shed light on the dynamics of
strong interaction. So more scrutiny is desired for TMD
helicity distributions.

Note added—There is another analysis [101] appeared
during the reviewing process of this work.
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FIG. 3. Transverse momentum integrated polarization distri-
butions of u quark (red) and d quark (blue) and the comparison
with those from collinear distributions [39,94].

FIG. 2. Transverse momentum dependence of the polarization
of u quark (red) and d quark (blue). The bands represent 68% CL.
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MAPTMD22pol
YLSZM
Yang et al.,  
P.R.L. 134 (25) 121902

Accuracy SIDIS Drell-Yan
N of 

points χ2/N
Flavor 
dep.

MAPTMD22pol 
Bacchetta et al. (MAP) 
P.R.L. 134 (25) 121901

NNLL ✔ ✘ 291 1.09 ✘

YLSZM 
Yang et al. (TNT)  

P.R.L. 134 (25) 121902
NNLL ✔ ✘ 253 0.74 ✘

data from SIDIS DSA A1  

accuracy limited by gluon 
Wilson coeffs.  

enforced   |g1 | ≤ f1 *

*



Comparison with lattice: isovector g1/f1 ratio

23

unitary chiral quarks, 
physical mass

X. Gao et al., to appear soon

gΔu+−Δd+
1L (x, bT, ζ, μ)

gA ⋅ f uv−dv
1 (x, bT, ζ, μ)

TMDPDF of proton: helicity to unpolarized TMDPDF

Xiang Gao (Thursday, 4:30 pm)

Bollweg et al., arXiv:2505.18430

input from lattice 
gΔu+−Δd+

1L (x, bT; μ, ζ)
gA f uv−dv

1 (x, bT; μ, ζ)
μ = ζ = 1.62 GeV
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compatibility for x=0.2, 0.6  
partial    “      for x=0.3, 0.4

Comparison with lattice: isovector g1/f1 ratio



q(x)

W(x,k⊥,b⊥)
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TMD impact PDF
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GPD

generalised  
form factors

form factors

Multi-dim. maps of Nucleon structure
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Where are partons at a given momentum x ?   
⊥ plane↑

partons

k+=xP+

P+

bT

proton  
momentum 

GPDs:   
access to 1D (momentum) x 2D spatial 
distribution of partons inside hadrons 

2D spatial density at given  
momentum x

Hadron tomography   

As x      1, the active parton carries all the momentum  
 and represents the centre of momentum 

Dupré et al., PRD95(2017)011501

x-dependent Transverse Charge Radius
<latexit sha1_base64="oulFoLmZAGCNBar0nWTw0BpM+HI="></latexit>
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<latexit sha1_base64="llnwxvtYjHdPeI/JiG3hXgZk3js="></latexit>

hb2?i =
Z

dx hb2?(x)i =
2

3
hr2e.m.i = 0.43± 0.01 fm2

input from FF data

Dupré et al., PRD 95 (17)

b2
T(x)

for x 1, active parton carries the whole momentum 
and represents the center of momentum; 
low-x sea quarks populate the periphery

→  Lorcé et al. (Encyclopedia Part. Phys.), 2507.12664



Key Processes for Measuring GPDs

• Deep virtual Compton scattering (DVCS), Time-like Compton scattering (TCS),
Deep virtual meson production (DVMP)

– data available for all those processes

• More details on important DVCS process

(Sokhan, HUGS Summer School, 2018)

– interference between DVCS and Bethe-Heitler amplitude plays key role

– �int ⇠ Compton form factor ⇥ electromagnetic form factor

Deeply Virtual  
Compton Scattering 

(DVCS)

Where  GPDs ?

Time-like  
Compton Scattering 

(TCS)

Deeply Virtual  
Meson Production 

(DVMP)

Factorization for              Universality of GPDs in different processes| t | ≪ Q2, s

exclusive processes  GPDs are scattering amplitudes, depending on GPD(x, ξ, t)→

x = (k + k′ )+

(p + p′ )+ = k̄+

P+

average longitudinal 
momentum of partons

ξ = (p − p′ )+

(p + p′ )+ = − Δ+

2P+
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transfer

t = (p − p′ )2 = Δ2

momentum transfer 
squared (t-channel)
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quark GPDs at leading twist
Quark-parton Model Interpretation of SIDIS: 

Transverse Momentum Dependent PDFs (TMDs)

5/23/2015 CIPANP 2015 6

Quark polarization

Unpolarized
(U)

Longitudinally Polarized 
(L)

Transversely Polarized 
(T)

N
uc
le
on

Po
la
riz
at
io
n

U

L

T

✘

✘

H
H̃

 HT
 H̃T

E Ẽ
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similar table for gluons

GPDs in blue in the collinear limit reduce to PDFs: Hq(x,0,0) → f q
1 (x) , H̃q → gq

1 , Hq
T → hq

1

At ξ=0, Fourier Transf. Δ⊥↔b⊥ gives a probability density: the impact parameter PDF

ρ(x, b⊥) = ∫
dΔ⊥
(2π)2 e−ib⊥⋅Δ⊥ Hq(x,0,Δ2)

no data in this limit, extrapolation needed 
 model dependence→ Burkardt, PRD 62 (00)

Chiral-odd GPDs not accessible in DVCS

Interpretation of GPDs I

2+1D structure of the nucleon

In the limit ⇠ ! 0, one recovers a density interpretation:
I 1D in momentum space (x)
I 2D in coordinate space ~b? (related to t)

M. Burkardt, Phys. Rev. D62, 071503 (2000)

Possibility to extract density from experimental data
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figure from H. Moutarde et al., EPJC 78 (2018) 890

Correlation between x and b? ! going beyond PDF and FF.

Caveat: no experimental data at ⇠ = 0
! extrapolations (and thus model-dependence) are necessary
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Polynomiality of GPDs and spin sum rule

very general principle  
(Lorentz covariance)∫

1

−1
dx xm H(x, ξ, t) =

[ m
2 ]

∑
j=0

ξ2j A2j(t) + mod(m,2) ξm+1 Cm+1(t)

m=0  connection to elastic form factors 
             (only for chiral-even GPDs) 

→

Ji, J.Phys.G 24 (98) 1181 
Radyushkin, P.L. B449 (99) 
81

∫
1

−1
dx Hq(x, ξ, t) = Fq

1 (t) ∫
1

−1
dx Eq(x, ξ, t) = Fq

2 (t)

∫
1

−1
dx xm E(x, ξ, t) =

[ m
2 ]

∑
j=0

ξ2j B2j(t) − mod(m,2) ξm+1 Cm+1(t)

similarly, H̃ ↔ gA(t) , Ẽ ↔ gP(t)
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m=1  Ji spin sum rule→
Ji, P.R.L. 78 (97) 610

Jq = 1
2 ∫

1

−1
dx x [Hq(x, ξ,0) + Eq(x, ξ,0)] = Aq(0) + Bq(0)

∫
1
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Results - total angular momentum
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Burkardt's "lensing function")
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recent result fitting elastic FF  
and lattice data  
compatible with

Cichy et al., PRD 110 
(24)
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 Ji sum rule   Jaffe-Manohar  

- manifestly gauge invariant 
- “ready” for lattice (Jq, Jg from moments of GPD) 
* Lq does not satisfy canonical relations

Jg Sq

Lq

 pizza “Tre Stagioni”    pizza “Quattro Stagioni”   

Lq

Lg

Sg
Sq

PRL 78 (97) 610 NPB 337 (90) 509

1/2 = Lq + Sq + Jg                                                         1/2 = Lq + Sq + Lg + Sg

- Lq and Lg  satisfy canonical relations 
* each term gauge dependent (but measurable)

© M. Burkardt

Jq 

- Lq and Lg can be computed from Wigner  
  distributions, or from twist-3 GPDs

Lorcé & Pasquini, PRD 84 (11)

also, exploratory calculations on lattice
Engelhardt, PRD 95 (17); 102 (20)

intuitive Lq - Lq  difference:   
color Lorentz force acting on active quark and 
producing a torque along its trajectory 

Alexandrou et al., PRD 101 (20)

Lattice calculations  
of Sq and Lq = (Jq-Sq) 

Quark spin Quark orbital angular momentum
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Jq � Sq

<latexit sha1_base64="hVFg7KxadmETMqmHvcmyMvgM5Pc=">AAACDXicbVC7SgNBFJ2Nrxhfq5Y2g1EQi7AbfJUBG7GKYB6QrGF2cpMMmZ3dzMwKy5IfsPFXbCwUsbW382+cPIqYeODC4Zx7ufceP+JMacf5sTJLyyura9n13Mbm1vaOvbtXVWEsKVRoyENZ94kCzgRUNNMc6pEEEvgcan7/euTXHkEqFop7nUTgBaQrWIdRoo3Uso+aPnSZSGEgiJQkOR3mbh8GTRDtGall552CMwZeJO6U5NEU5Zb93WyHNA5AaMqJUg3XibSXEqkZ5TDMNWMFEaF90oWGoYIEoLx0/M0QHxuljTuhNCU0HquzEykJlEoC33QGRPfUvDcS//Mase5ceSkTUaxB0MmiTsyxDvEoGtxmEqjmiSGESmZuxbRHJKHaBJgzIbjzLy+SarHgXhTO74r50tk0jiw6QIfoBLnoEpXQDSqjCqLoCb2gN/RuPVuv1of1OWnNWNOZffQH1tcvHAacLg==</latexit>

Jq

dark bars: connected light bars: disconnected contributions (quarks & gluons) 

Alexandrou et al., Phys.Rev.D 101 (2020), 094513 

Spin and orbital angular momentum from lattice QCD

from EMT form factors (Ji sum rule) 

Talk of H.-W. Lin,Wed., WG1  

Quark spin Quark orbital angular momentum
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Spin and orbital angular momentum from lattice QCD
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Talk of H.-W. Lin,Wed., WG1  

Sq

Lq

V.D. Burkert, L. Elouadrhiri, A. Afanasev et al. Progress in Particle and Nuclear Physics 131 (2023) 104032

Fig. 12. Proton spin structure calculated from lattice QCD. (Left panel) the covariant spin decomposition [123]. (Middle panel) the gluon helicity
contribution �G calculated from large momentum effective theory [124], p3 is the absolute value of the 3-momentum p(0, 0, p3). (Right panel)
Integrated quark transverse angular momentum density versus quark momentum fraction jq(x) of the proton from LQCD, which can be measured
through twist-2 GPD E(x).

which are not based on partons, where Lq and Jg are related to the GFF through Jg = (Ag (0)+Bg (0))/2, Jq = �⌃/2+ Lq =

(Ag (0) + Bg (0)). This sum rule is frame-independent, and does not have a simple partonic interpretation when going to
the IMF. On the other hand, Jq and Jg can be extracted from twist-2 GPDs,

Jq,g =
1
2

Z
dxx(Eq,g (x, ⇠ , t = 0) + Hq,g (x, ⇠ , t = 0)) . (25)

In the IMF, the twist-2 Lq contains both the twist-three parton orbital angular momentum lq and a contribution from
potential orbital angular momentum. This connection between twist-2 and twist-3 observables is a reflection of Lorentz
symmetry, through which, one can construct the frame-independent longitudinal spin sum rule by measuring the
twist-two GPDs [125].

Lattice QCD calculations of the angular momentum structure of the nucleon have been investigated by a number of
groups (see a review in [25]). In particular, the frame-independent longitudinal spin sum rule has been explored with
gauge invariant operators on the lattice. Shown on the left panel in Fig. 12 is a calculation of the spin sum rule by the
ETMC collaboration [123]. A more recent result from the �QCD collaboration can be found in [126]. The gluon helicity
contribution �G has been extracted from polarized RHIC experiments and calculated in the large momentum effective
field theory [124], shown on the middle panel in the same figure.

3.2.2. Transverse-spin sum rules
The spin structure of a transverse polarized proton has been less studied both theoretically and experimentally.

However, it is not widely known that the transverse spin in the IMF is simpler to understand than the longitudinal
one [127]. This is due to that the transverse angular momentum J? grows with the momentum of nucleon,

J? ⇠ � ! 1 (26)

where � is the Lorentz boost factor [128]. J? is then a leading-twist quantity and has a simple twist-2 partonic
interpretation.

Introducing the parton’s transverse angular momentum distribution jq(x) for quarks and jg (x) for gluon, one has

jq,g (x) =
1
2
x
⇣
Eq,g (x, t = 0) + {q, g}(x)

⌘
. (27)

Physically, jq,g (x) is the transverse angular momentum density of the quarks and gluons when the partons carry the
longitudinal momentum fraction x [127]. These densities represent the total angular momentum contributions which
cannot be separated into spin and orbital ones, as the former is sub-leading for the transverse polarization. Using the
above, one has the simple twist-2 partonic sum rule for transverse spin

Z 1

0
dx

 
X

q

jq(x) + jg (x)

!
= h̄/2 (28)

which is the analogy of the well-known momentum sum rule. Physically, experimental measurements of Eq,g (x, t) are
best performed with transversely polarized targets with leading-twist observables. An example of ju,d(x) is shown on the
right panel of Fig. 12, which is obtained from lattice calculation of Eq(x) and phenomenological q(x).

There is another transverse spin sum rule at the twist-3 level, which is the rotated version of the Jaffe–Manohar sum
rule for longitudinal spin [35],

1
2
�⌃T + �GT + lqT + lgT = h̄/2 . (29)

21

Jq

dark bars: connected diagrams

Burkardt, PRD 88 (13)



QCD Energy-Momentum Tensor (EMT)

⟨P′ |Tq,g
μν |P⟩ = ū(P′ ) [Aq,g(t)

PμPν

MN
+Jq,g(t)

i(Pμσνρ + Pνσμρ) Δρ

2MN
+Dq,g(t)

ΔμΔν − gμν Δ2

5MN
+ c̄q,g(t) gμν] u(P)

Energy Density Momentum Density

Energy Flux Momentum Flux

pressure

shear forcesTµ⌫ =

T 00 T 01 T 02 T 03

T 10 T 11 T 12 T 13

T 20 T 21 T 22 T 23

T 30 T 31 T 32 T 33

nucleon momentum carried by parton 

angular momentum of partons

Relation with second-moments of GPDs:  

D-term ( “stability” of the nucleon)

“Charges” of the EMT Form Factors at t=0

hp|TQ,G
µ⌫ |p0i = ū(p0)


MQ,G

2 (t)
PµP⌫

MN
+ JQ,G(t)

i(Pµ�⌫⇢ + P⌫�µ⇢)�⇢

2MN
+ dQ,G

1 (t)
�µ�⌫ � gµ⌫�2

5MN
± c̄(t)gµ⌫

�
u(p)
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Form Factors of Energy Momentum Tensor

                              Charges 
Aq,g (0) = mass and momentum of partons 
Jq,g (0) = angular momentum of partons 
Dq,g (0) = “D-term” related to internal stability 

q,g = “anomalous” contribution to mass (trace Tμμ )c̄

Connection to GPDs 

∫ dx x H(x, ξ, t) = A(t)+ 4
5 D(t) ξ2

∫ dx x E(x, ξ, t) = 2J(t) − A(t)− 4
5 D(t) ξ2



Mechanical properties of the Nucleon

Tij(r) = s(r) ( rirj

r2 − 1
3 δij) + p(r) δij

Lorcé et al, P.L. B776 (18) 38 
Lorcé et al., E.P.J. C79 (19) 1 
Polyakov, P.L. B555 (03) 57

Fourier Transf. of EMT in Breit frame

shear force isotopic pressure

s(r) = − 1
2M

r
d
dr

1
r

d
dr

[ F.T. of D(t) ]

p(r) = 1
6M

1
r2

d
dr

r2 d
dr

[ F.T. of D(t) ]

Uncertainties:

expected for JLab @ 12 GeV
from CLAS @ 6 GeV data

prior to CLAS data

 GPDs provide indirect access to mechanical properties of the nucleon 
(encoded in the gravitational form factors, GFFs, of the energy-momentum 
tensor).

 Three scalar GFFs, functions of t: 
encode pressure and shear forces (d1(t)), 
mass (M2(t)) and angular momentum 
distributions (J(t)). 

 Can be related to GPDs via sum rules: 

 Possibility of extracting pressure 
distributions! More data needed.

V. Burkert, L. Elouadrhiri, F.-X. Girod,  
Nature 557, 396-399 (2018)

Imaging pressure within the nucleon

Girod et al., Nature 557 (18) 
7705

r2p(r)



Mechanical properties of the Nucleon
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pressure
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Form Factors of Energy Momentum Tensor

T ijdSj

“mechanical properties” of nucleon

M. Polyakov, PLB 555 (2003) 57

Fourier transform in coordinate space

shear forces pressure

TQ
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rirj
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� 1
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r2p(r)

pr(r) = p(r) + 2
3 s(r)

pt(r) = p(r) − 1
3 s(r) pt(r)

pr(r)

37

have profound consequences. Notice that D(t) is the only GFF which exhibits a divergence for t ! 0
when QED e↵ects are included. Also this is not surprising given the relation of D(t) to the forces
acting in a system. The behavior of D(t) / 1/

p
�t at small-t is relevant only in the unmeasurable

region of very small |t| < 10�3GeV2 such that this is of no practical concern for experiments [149].
However, a satisfactory theoretical definition of the D-term may require not only the inclusion of
electromagnetic forces but also gravitational forces which, no matter how weak, are present in every
system and are also long-range forces [154]. Notice that despite the divergence of D(t) due to QED
e↵ects, the accompanying prefactor (�µ�⌫ � gµ⌫�2) ensures that the matrix element hp2|T̂ q,g

µ⌫ |p1i is
overall well-behaving in the t ! 0 forward limit.

FIG. 13. Left: Spatial distribution of radial force, which has a positive sign everywhere. Right: Distribution of tangential force, which

exhibits a node near a distance r ⇡ 0.45fm from the center, where it also reverses sign as indicated by the direction of the arrows. The lines

represent the magnitude of force acting along the orientation of the surface. Note that pressure acts equally on both sides of a hypothetical

pressure gauge immersed in the system. A positive magnitude of pressure means that an element of the proton is being pushed on from

both direction,. i.e. it is being ”squeezed”, while a negative magnitude means it is being pulled on from both directions, i.e. it is being

”stretched”. [129, 155].

The first experimental information from Je↵erson Lab experiments allows one to present first
visualization of the pressure inside the proton. Using expression for D

q(t) in (10) and the pa-
rameterization of �(t) in [156] the Fourier transforms (34) and (35) can be inverted to determine
respectively s

q(r) which is also referred to pressure anisotropy, and p
q(r) which is also referred to as

the isotropic pressure.

Figure 13 shows an example of a tangential pressure distribution inside the proton using parameter-
izations of H(⇠, t) and �(t). We stress that these results have been obtained with paramterizations
of the kinematic observables ⇠ and t extrapolated into unmeasured physical territory. The extension
of these measurements to higher energies, including into the EIC kinematics domain and the avail-
ability of transversely polarized protons, will enable experiments with strong sensitivity to the CFF
E(⇠, t) and H(⇠, t) and unprecedented kinematic coverage.

radial pressure pr(r)

 always positive, fades away with r

tangential pressure pt(r)

 node at  
r~0.45 fm 

then  
changes sign

Burkardt et al, Prog.Part.Nucl.Phys. 131 
(23)



Gluonic EMT form factors

J/ψ  DVMP  suggested to address the gluon EMT

dσ
dt

∼ |ℳγp→J/ψ(t) |2 ∼ |⟨P′ |Tμ g
μ |P⟩ |2 ⟶

t → 0 Ag(0)
Dg(0)
c̄g(0){

gluon contribution to  Dg(0) →
mechanical radius rp =

∫ drr2pr(r)
∫ drpr(r)

mass radius rm =
∫ drr2T00(r)
∫ drT00(r)

lattice / pheno / model analyses  mechanical and mass radii < charge radius 
                                                       gluon contribution extends proton size w.r.t. quark

→

Hackett et al, PRL 132 (24)

gluon contribution to proton mass from trace anomalyc̄g(0) →

Problems: - factorization th. holds only for V= J/ψ,Υ production at threshold 
- lowest-order approximation in MN / MV and αs

talk by  
Castelli,  Wednesday



Deconvolution problem

Key Processes for Measuring GPDs

• Deep virtual Compton scattering (DVCS), Time-like Compton scattering (TCS),
Deep virtual meson production (DVMP)

– data available for all those processes

• More details on important DVCS process

(Sokhan, HUGS Summer School, 2018)

– interference between DVCS and Bethe-Heitler amplitude plays key role

– �int ⇠ Compton form factor ⇥ electromagnetic form factor

GPDs from interference amplitude   
DVCS - Bethe-Heitler

interference cross section contains convolutions of 
perturbative kernels and Compton Form Factors (CFF)

Re(CFF) Im(CFF)

CFF(ξ, t) = PV∫
1

−1
dx

GPD(x, ξ, t)
x − ξ

− iπ GPD(x = ± ξ, ξ, t) + o ( 1
Q2 )

How to deconvolute  
GPDs from CFFs ?

problem of shadow GPDs
Bertone et al, PRD 103 
(21)
Cichy et al, PRD 110 (24)



Deconvolution problem

Key Processes for Measuring GPDs

• Deep virtual Compton scattering (DVCS), Time-like Compton scattering (TCS),
Deep virtual meson production (DVMP)

– data available for all those processes

• More details on important DVCS process

(Sokhan, HUGS Summer School, 2018)

– interference between DVCS and Bethe-Heitler amplitude plays key role

– �int ⇠ Compton form factor ⇥ electromagnetic form factor

GPDs from interference amplitude   
DVCS - Bethe-Heitler

interference cross section contains convolutions of 
perturbative kernels and Compton Form Factors (CFF)

Re(CFF) Im(CFF)

CFF(ξ, t) = PV∫
1

−1
dx

GPD(x, ξ, t)
x − ξ

− iπ GPD(x = ± ξ, ξ, t) + o ( 1
Q2 )

Access only to the  
 dependence(x = ± ξ, ξ, t)

Deeply virtual Compton scattering (DVCS) 

q(x)

ERBL

DGLAP

Goeke, Polyakov, Vanderhaeghen, PPNP47 (2001) 

Real part        Imaginary partThe amplitude DVCS at LT & LO in S  (GPD H) :

𝑡,  fixed

In an experiment we measure
Compton Form Factor H

H = ∫ି ଵ
ାଵ 𝑑𝑥 ୌ(௫,,௧)

௫ି+𝑖ε
= P ∫ି ଵ

ାଵ 𝑑𝑥 ୌ(௫,,௧)
௫ି − 𝑖 𝜋 H(𝑥 = ± , , 𝑡)

ReH , 𝑡 = _1 න 𝑑𝑥
ImH (𝑥, 𝑡)
𝑥 − 

+ (𝑡)

Q²large, xB
ℓ

*

ℓ’

small

hard

soft GPDs
Generalized Parton 

Distributions

27

GPD(x,ξ,0) GPD(x,0,0) = PDF(x)

Alternatives: - access  dependence with DDVCS 
                    (proposal approved (C1) by JLab PAC53) 
                     
                    - use lattice

x ≠ ± ξ

How to deconvolute  
GPDs from CFFs ?

problem of shadow GPDs
Bertone et al, PRD 103 
(21)
Cichy et al, PRD 110 (24)

Deja et al, PRD 107 (23)   Alvarado et al., PRC 111 
(25)

VCS processes provide the most straightforward way to access GPDs 
(at least from theory side...)

ℓ ℓ

N N

𝛄 ℓ

ℓ

𝛄

N N

DVCS 
Deeply Virtual Compton 

Scattering

more production channels sensitive to GPDs exist!

TCS 
Timelike Compton 

Scattering

DDVCS 
Double Deeply Virtual 
Compton Scattering

Introduction

ℓ

ℓ
γ

N N

ℓ ℓ

• many measurements, see e.g.: 
EPJA 52 (2016) 6, 157

• description up to NNLO and 
twist-4 available

PRL 129 (2022) 17, 172001
JHEP 01 (2023) 078

• first measurement by CLAS
PRL 127 (2021) 26, 262501

• description up to NLO and 
twist-4 available  

PRD 111 (2025) 7, 074034 (NEW)

• never measured
• description up to NLO and 

twist-4 available  
PRD 111 (2025) 7, 074034 (NEW)
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Double Deeply Virtual Compton Scattering (DDVCS)

<latexit sha1_base64="SdYGmrn6HHQxh1zKg/hJ58RLk2Y=">AAACEHicbVC7SgNBFJ2Nr7i+opY2g0EUi7AbMNoIARvLCOYB2RBmJzfJkNnZdWZWsiz5BBt/xcZCEVtLO//GyaOIiQcuHM65l3vv8SPOlHacHyuzsrq2vpHdtLe2d3b3cvsHNRXGkkKVhjyUDZ8o4ExAVTPNoRFJIIHPoe4PbsZ+/RGkYqG410kErYD0BOsySrSR2rlTz4ceEyk8CCIlSc5H9vDaGzLsgejMqe1c3ik4E+Bl4s5IHs1Qaee+vU5I4wCEppwo1XSdSLdSIjWjHEa2FyuICB2QHjQNFSQA1UonD43wiVE6uBtKU0LjiTo/kZJAqSTwTWdAdF8temPxP68Z6+5VK2UiijUIOl3UjTnWIR6ngztMAtU8MYRQycytmPaJJFSbDG0Tgrv48jKpFQtuqXBxV8yXS7M4sugIHaMz5KJLVEa3qIKqiKIn9ILe0Lv1bL1aH9bntDVjzWYO0R9YX78uMZ1H</latexit>

x = ⇠✓ Get away from the          line by varying virtualities of incoming and outgoing photons

✓ Cross section at least 100 times smaller than DVCS          it requires large integrated luminosity 

✓ Cross section increases at small              it can be measured at EIC  going down to<latexit sha1_base64="6FhDx/lJ9WiPf7ayhkGO811dIfo=">AAACDHicbVDLSsNAFJ34rPVVdelmsAjioiQFq8uCG5cV7AOaUiaTm3boZBJnJmII/QA3/oobF4q49QPc+TdO2yxq64GBwznncuceL+ZMadv+sVZW19Y3Ngtbxe2d3b390sFhS0WJpNCkEY9kxyMKOBPQ1Exz6MQSSOhxaHuj64nffgCpWCTudBpDLyQDwQJGiTZSv1R2PRgwkcG9IFKS9HxcfMQuCH9OMSm7Yk+Bl4mTkzLK0eiXvl0/okkIQlNOlOo6dqx7GZGaUQ7jopsoiAkdkQF0DRUkBNXLpseM8alRfBxE0jyh8VSdn8hIqFQaeiYZEj1Ui95E/M/rJjq46mVMxIkGQWeLgoRjHeFJM9hnEqjmqSGESmb+iumQSEK16a9oSnAWT14mrWrFqVUubqvlei2vo4CO0Qk6Qw66RHV0gxqoiSh6Qi/oDb1bz9ar9WF9zqIrVj5zhP7A+voFJM2bpQ==</latexit>x
<latexit sha1_base64="82xuqkkQhTVftHjZIJZmLsNpXjI=">AAACGHicbVBNS8NAEN3Urxq/qh69LBZBBGtStHosePFYwX5AU8tmO22XbjZxdyOWkJ/hxb/ixYMiXnvz37itPdTWBwOP92aYmedHnCntON9WZml5ZXUtu25vbG5t7+R292oqjCWFKg15KBs+UcCZgKpmmkMjkkACn0PdH1yP/fojSMVCcaeHEbQC0hOsyyjRRmrnzjwfekwk8CCIlGR4ktpPnmIBdp375PQ8xR6IzozbzuWdgjMBXiTulOTRFJV2buR1QhoHIDTlRKmm60S6lRCpGeWQ2l6sICJ0QHrQNFSQAFQrmTyW4iOjdHA3lKaExhN1diIhgVLDwDedAdF9Ne+Nxf+8Zqy7V62EiSjWIOjvom7MsQ7xOCXcYRKo5kNDCJXM3Ippn0hCtcnSNiG48y8vklqx4JYKF7fFfLk0jSOLDtAhOkYuukRldIMqqIooekav6B19WC/Wm/Vpff22ZqzpzD76A2v0A2y5n/o=</latexit>

x ⇠ 10�4

Alvarado et al., arXiv:2502.02346

Beam spin asymmetry - JLab12GeV Beam spin asymmetry - EIC

N(p,S) N(p′,S ′  )

x + ξ x - ξ

e

e′

e-

e+

γ∗
  (Q2) γ∗

  (Q′  2)

GPD

TCS DVCS



Lattice calculations of GPDs
Access x-dependence of GPDs using LaMET theory, matching parton correlators in 
Euclidean space to Light-cone ones with perturbative coefficients and for large 
hadron momenta Pz ≫ M

Isovector Nucleon GPDs
§ Nucleon GPD using quasi-PDFs at physical pion mass  
MSULat: clover/2+1+1 HISQ

   0.09 fm, 135-MeV pion mass, 𝑃௭ ≈ 2 GeV
 𝜉 = 0 isovector nucleon GPD results

HL, Phys.Rev.Lett. 127 (2021) 18, 182001
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First LQCD Tomography
§ Nucleon GPD using quasi-PDFs at physical pion mass  
 Lattice details: clover/2+1+1 HISQ

 0.09 fm, 135-MeV pion mass, 𝑃௭ ≈ 2 GeV
 𝜉 = 0 isovector nucleon GPD results

𝑞 𝑥, 𝑏 = න
𝑑𝑞⃗

2𝜋 ଶ 𝐻 𝑥, 𝜉 = 0, 𝑡 = −𝑞⃗ଶ 𝑒௜௤⋅௕

Huey-Wen Lin — SPIN2025 @ Qingdao, Shandong

finite-volume, 
discretization,
…

HL, Phys. Rev. Lett. 127 (2021) 18, 182001
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§ Nucleon helicity GPD ( ෩𝐻) and pion GPD (𝐻గ) using quasi-PDFs 
at physical pion mass  HL (MSULat), Phys.Lett.B 824 (2022) 136821; 

Phys. Lett. B 846 (2023) 138181 

First LQCD Tomography
§ Nucleon GPD using quasi-PDFs at physical pion mass  
 Lattice details: clover/2+1+1 HISQ

 0.09 fm, 135-MeV pion mass, 𝑃௭ ≈ 2 GeV
 𝜉 = 0 isovector nucleon GPD results

𝑞 𝑥, 𝑏 = න
𝑑𝑞⃗

2𝜋 ଶ 𝐻 𝑥, 𝜉 = 0, 𝑡 = −𝑞⃗ଶ 𝑒௜௤⋅௕

Huey-Wen Lin — SPIN2025 @ Qingdao, Shandong

finite-volume, 
discretization,
…

HL, Phys. Rev. Lett. 127 (2021) 18, 182001

29

§ Nucleon helicity GPD ( ෩𝐻) and pion GPD (𝐻గ) using quasi-PDFs 
at physical pion mass  HL (MSULat), Phys.Lett.B 824 (2022) 136821; 

Phys. Lett. B 846 (2023) 138181 

q(x, b) = ∫ dΔ⊥ e−ib⋅Δ⊥ Hq(x,0,t = − Δ2
⊥)

Also for   and for pion HH̃

Lin, PRL 127 (21)

Lin (MSULatt), PLB 824 (22); 846 (23)

Asymmetric-Frame GPD
§ New calculations by ETMC using asymmetric frame
 2+1+1 twisted-Wilson, 0.09 fm, 
260-MeV pion, one source-sink used

 𝜉 ≠ 0 isovector nucleon GPD results

Huey-Wen Lin — SPIN2025 @ Qingdao, Shandong

finite-volume, 
discretization,
heavy quark, 
excited-state, … 
…

 ETMC, 2508.17998
33

෨𝐹 𝑥, ሚ𝜉, 𝑡, ത𝑃୞

=
ത𝑢 𝑃ᇱ

2 ത𝑃଴ 𝑯 𝑥, ሚ𝜉, 𝑡, ത𝑃୞ 𝛾଴ + 𝑬 𝑥, ሚ𝜉, 𝑡, ത𝑃௓
𝑖𝜎଴ఓΔఓ
2𝑀 𝑢 𝑃ᇱᇱ

NLO NLO
new:  at  using 
asymmetric frame

ξ ≠ 0

ETMC, arXiv:2508.17998

talks by  
Lin, Miller,  Wednesday 
Cichy, Zhang overview, Thursday



Conclusions
Significant progresses in many areas 

Complementarity between experiments, phenomenology, theory, and lattice 

New theory developments:  precision (higher-order correction), novel 
processes..

New robust methodologies and data science tools for reliable 
phenomenological information

Significant contributions from lattice, guiding both theory and experiments 
in “intricate” regions

Future more precise data, particularly from EIC, can turn the field to a higher 
level

Enjoy the rest of the workshop !


