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I apologize for the non-exhaustive, superficial, biased overview and 
for any misrepresentation 

Preliminary words



January 9, 2020
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EIC: A QCD Lab to explore the structure and dynamics of the visible world 

Understanding emergence of hadronic and 
nuclear matter in terms of quarks and 
gluons

Electron-Ion Collider
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The uniqueness of EIC

Electron-Ion Collider

Courtesy: T. Ullrich

Unprecedented kinematic coverage opens the door to 
extraordinary physics opportunities, paving the way for 
a deeper understanding of fundamental phenomena.

Nycz, Satogata, Pages’ talks
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Scientific goals of Electron-Ion Collider

Tomography

Gluon 
saturation Spin

The EIC will strive to answer profound questions related to the 3 pillars:
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The EIC will strive to answer profound questions related to the 3 pillars:



PDFs
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Parton Distribution Functions

Parton

Nucleon motion
Maps of internal dynamics of partons in 

multiple dimensions

Nonperturbative functions in QCD
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FFs

Form Factors

Parton

Nucleon motion
Maps of internal dynamics of partons in 

multiple dimensions

Nonperturbative functions in QCD



PDFs
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FFs

TMDs GPDs

Transverse Momentum-dependent 
Distributions

Generalized Parton Distributions

Parton

Nucleon motion
Maps of internal dynamics of partons in 

multiple dimensions

Nonperturbative functions in QCD
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FFs

TMDs GPDs

GTMDs

Generalized Transverse Momentum-dependent Distributions

Maps of internal dynamics of partons in 
multiple dimensions

Nonperturbative functions in QCD
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PDFs
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FFs

TMDs GPDs

GTMDs

Maps of internal dynamics of partons in 
multiple dimensions

Nonperturbative functions in QCD

Stewart’s talk This talk

Martinez’s talk

Discussed in the context of 
applications for spin physics
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Generalized Parton Distributions

Main motivations for studying GPDs

• Tomography:     

Up quark

Down quark

(BNL/Temple, 2023)
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Main motivations for studying GPDs

• Spin structure of nucleons:

Total angular momentum of partons:

Generalized Parton Distributions
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Main motivations for studying GPDs

• Mechanical properties (pressure, shear) inside nucleon: 

Energy Momentum Tensor (EMT) carries information about mechanical properties:

Gravitational Form Factors

Gravitational Form Factors

Gravitational Form Factors characterize the EMT in the context of proton 
scattering with a graviton

Generalized Parton Distributions
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Main motivations for studying GPDs

• Mechanical properties (pressure, shear) inside nucleon: 

Gravitational Form Factors

Exploit connections between Gravitational Form Factors and  GPDs:

GPD

Generalized Parton Distributions
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Key processes for measuring GPDs

• Deep virtual Compton scattering (DVCS), Deep virtual meson production (DVMP) 

• Interference between DVCS and Bethe-Heitler amplitude plays key role 

Data available 
for all those processes 

Generalized Parton Distributions
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GPDs are a core 
EIC physics topic 

Tomography: A big objective of mapping GPDs

While experimental data from the EIC provides valuable insights into GPDs in 
specific kinematic regions, synergy with new theoretical ideas as well as Lattice 
QCD calculations is essential to fully addressing the challenges of extracting 
GPDs. In particular, Lattice QCD can play a complementary role to the EIC by 
offering crucial information in different kinematic regions, thereby broadening our 
understanding of GPDs beyond the reach of experimental data alone.

Generalized Parton Distributions
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Challenges

Example of Compton Form Factor (CFF):

Extraction of CFFs is difficult (multi-variable problem, complicated structure 
of cross section, power corrections, ...) 

How to get from CFFs to GPDs? (deconvolution problem)

Generalized Parton Distributions



21
Conceptual problem for model-
independent GPD extractions

• Studied “shadow GPDs” (nontrivial distributions with a null 
forward limit and negligible contributions to CFFs)

• Since experimental data are obtained at non-zero 
skewness, the extrapolation towards zero skewness 
required for proton tomography may suffer from the 
residual presence of shadow distributions

• Evolution hardly changes this picture
 

Tremendous Progress

Conceptual problem for model-independent 
GPD extractions

Generalized Parton Distributions
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• Confirms qualitative finding of Bertone et al 

• Optimistic situation: Emphasized the ability of QCD evolution to help limit the size of 
shadow GPDs when constrained by simulated CFFs data over a large range
 

 
 

Tremendous Progress

Generalized Parton Distributions
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• Introduced a string-based parametrization for nucleon quark and gluon GPDs

• Isovector nucleon quark GPD in agreement with existing lattice data

• This works facilitates the empirical extraction and global analysis of nucleon GPDs in 
exclusive processes bypassing the deconvolution problem

 
 

Tremendous Progress

Generalized Parton Distributions
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Potential way out: other processes with direct sensitivity to x-dependence of GPDs 

1) Double DVCS 

Tremendous Progress

Generalized Parton Distributions
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Potential way out: other processes with direct sensitivity to x-dependence of GPDs 

2) Diphoton production 

Tremendous Progress

Generalized Parton Distributions
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Lattice QCD calculations of x-dependence of GPDs & related quantities using Euclidean correlators

Compilation by K. Cichy

Tremendous Progress

Generalized Parton Distributions



Pion:

Chen, Lin, Zhang, NPB 2019

- As t increases, distribution flattens

Tremendous Progress

Generalized Parton Distributions

27

• Examples of pioneering Lattice QCD results:



Proton:

Tremendous Progress

Generalized Parton Distributions
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• Examples of pioneering Lattice QCD results:

C. Alexandrou et. al. (PRL 125 (2020) 26, 262001)

- ERBL/DGLAP: Qualitative differences

- As             , qualitative agreement with
    power counting analysis

(Yuan, 0311288)



• Recent faster, cheaper and precise GPD calculations: exploiting non-symmetric frames

Tremendous Progress

Generalized Parton Distributions
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• Recent faster, cheaper and precise GPD calculations: exploiting non-symmetric frames

Example:

Tremendous Progress

Generalized Parton Distributions

Ding et al, 2407.03516 SB et al, 
2209.05373
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Proton

Pion



• Tomography from Lattice QCD: Moments of GPDs using short-distance factorization

Tremendous Progress

Generalized Parton Distributions
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• First results of quark twist-3 GPDs
 

Tremendous Progress

Generalized Parton Distributions
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• New global analyses of GPDs
    

Tremendous Progress

Generalized Parton Distributions
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• New global analyses of GPDs
    

Courtesy: Y. Guo
Recently funded DOE 
Topical Collaboration:

Global GPD Global analysis efforts

Tremendous Progress

Generalized Parton Distributions
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• New global analyses of GPDs
    

Fit of DVCS data

Recent simultaneous fit of DVCS and DVMP 

Tremendous Progress

Generalized Parton Distributions
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• New global analyses of GPDs
    

Recent simultaneous fit of DVCS and DVMP: 

• Overall finding: successful combined fit at 
     NLO

• Important step forward in this field

 

Fit of DVMP data

Tremendous Progress

Generalized Parton Distributions
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• New global analyses of GPDs
    

GUMP programme

The first global analysis of GPDs combining 
Lattice QCD calculations and experimental measurements 

Tremendous Progress

Generalized Parton Distributions
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• Recent exploratory work on integrating lattice QCD results with experimental data

Total angular momentum

Courtesy P. Sznajder

Tremendous Progress

Generalized Parton Distributions
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• Extraction of energy momentum tensor form factor  from DVCS data 

• Pressure distribution inside proton

• Mechanical radius of the proton

Tremendous Progress

Form Factors
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• Threshold production of quarkonium and gluon EMT form factors

Tremendous Progress

- Recent measurements of J/Psi production from JLab 

-  Reliable information about gluon EMT form factors from those 
     data (Sun, Tong, Yuan, 2111.07034 / Guo, Ji, Yuan, 2308.13006 / ...)

-  Lattice QCD does significantly contribute 
     (Hackett, Pefkou, Shanahan, 2310.08484 / ...) 

Guo, Ji, Yuan, 2308.13006 Hackett, Pefkou, Shanahan, 2310.08484

Form Factors

40



Tomography

Gluon 
saturation Spin

Scientific goals of Electron-Ion Collider
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The EIC will strive to answer profound questions related to the 3 pillars:



Anatomy of QCD at high energies

A multitude of small-x gluons in a high energy 
hadron/nucleus 

QCD at small-x
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QCD at small-x

Gluon saturation

The gluon number eventually saturates, 
forming the universal QCD matter at high energy 
called the Color Glass Condensate (CGC)

Partonic picture superseded 
by strong highly occupied fields

Courtesy: T. Ullrich

Emergence of an energy and nuclear species 
dependent momentum scale:

(Gribov, Levin, Ryskin (1980); Mueller, Qiu (1986); McLerran, 
Venugopalan (1993))

: saturation scale
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QCD at small-x

Gluon saturation

44

EIC is an ideal place to study saturation:
Enhanced nuclear saturation momentum: a distinct advantage over HERA



Experimental status

QCD at small-x

• Heavy-ion collisions, hadronic collisions, UPCs (RHIC, LHC) 
• Deep-inelastic scattering (HERA, EIC) 
• Inclusive, semi-inclusive, diffractive processes

Geometric scaling at RHIC Quarkonium production at RHIC and LHC 

Compelling but not
definitive evidence yet
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Tremendous Progress

QCD at small-x

Precision frontier for gluon saturation: Evolution equations at NLL accuracy
 

NLL

NLL with resummation

The evolution of the BK equation through the years: 

46



Tremendous Progress

QCD at small-x

Precision frontier for gluon saturation: Evolution equations at NLL accuracy
 

NLL

NLL with resummation

The evolution of the JIMWLK equation through the years: 
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Tremendous Progress

QCD at small-x

Precision frontier for gluon saturation: Impact factors at NLO accuracy
 

Structure functions

Light quarks

Massive quarks
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Tremendous Progress

QCD at small-x

Precision frontier for gluon saturation: Impact factors at NLO accuracy
 

Diffractive processes in DIS

Dijets and 
Light vector meson Dihadron 

See also Schindler’s talk
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Tremendous Progress

QCD at small-x

Precision frontier for gluon saturation: Impact factors at NLO accuracy
 

Semi-inclusive processes in DIS

Dijets 

Dihadron

50



Tremendous Progress

QCD at small-x

Precision frontier for gluon saturation: Impact factors at NLO accuracy
 

Semi-inclusive processes in pA

Single hadron 

Single jet
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Tremendous Progress

QCD at small-x

Global analysis with implementation of (KPS-CTT) small-x helicity evolution
 

• DGLAP-based fits of helicity PDFs are plagued with extrapolation errors at small x

• Derivation and implementation of improved (KPS-CTT) small-x evolution equations
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Outstanding challenges

QCD at small-x

• Identification of novel observables
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Outstanding challenges

QCD at small-x

• Identification of novel observables
 
• Spin physics and saturation 
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Outstanding challenges

QCD at small-x

• Identification of novel observables
 
• Spin physics and saturation 

• Unification of dilute and dense QCD (beyond CGC) 

• How to do small-x physics from Lattice QCD?

55



Outstanding challenges

QCD at small-x

• Identification of novel observables
 
• Spin physics and saturation 

• Unification of dilute and dense QCD (beyond CGC) 

• How to do small-x physics from Lattice QCD?
Recently funded 

DOE Topical Collaboration

Discovery and characterization of gluon saturation principal goals of the 
future Electron-Ion Collider
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Other novel directions

QCD at small-x

• Entanglement entropy and saturation

• CGC-blackhole correspondence

Kharzeev’s talk
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Tomography

Gluon 
saturation Spin

Scientific goals of Electron-Ion Collider
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The EIC will strive to answer profound questions related to the 3 pillars:



Nucleon spin

Gluon helicity

Best known How well do we know?

Quark helicity Gluon helicity Orbital Angular Momentum (OAM) of 
quarks & gluons 

Proton spin decomposition (Jaffe-Manohar spin sum rule)

59

Spin structure of nucleons in terms of quarks and gluons:



Nucleon spin

Gluon helicity

Best known How well do we know?

Quark helicity Gluon helicity Orbital Angular Momentum (OAM) of 
quarks & gluons 

Proton spin decomposition (Jaffe-Manohar spin sum rule)
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Currently, there are no experimental constraints on OAM

Spin structure of nucleons in terms of quarks and gluons:



Nucleon spin

Naïve quark model expectation

In quark model, 
a proton consists of 2 up-quarks and 1 down-quark:

A naïve expectation

Quark spin Gluon spin
Orbital Angular 
Momentum
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Nucleon spin

Spin puzzle

Longitudinal double spin asymmetry in polarized DIS:

First moment of       : 
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Nucleon spin

Spin puzzle

In 1987, EMC (European Muon Collaboration) announced a 
very small value of the quark helicity contribution 

Recent value:

Still significantly less than 1

“Spin crisis”: Where is the rest of the spin coming from?
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Nucleon spin

Spin puzzle

In 1987, EMC (European Muon Collaboration) announced a 
very small value of the quark helicity contribution 

Recent value:

Still significantly less than 1

“Spin crisis”: Where is the rest of the spin coming from?
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Nucleon spin

RHIC spin project

One of the main physics goals is to pin down the 
gluon spin contribution 

Quark spin Gluon spin
Orbital Angular 
Momentum

65



Nucleon spin

It’s a comparison of the number of “direct photons” 
emitted when RHIC collides protons with their spins 
pointing in opposite directions with the number of 
direct photons produced when the protons in the two 
beams are pointing in the same direction.

For reasons having to do with the way quarks and 
gluons can interact to emit photons (and knowing that 
net quark spins are positively aligned with proton spin), 
seeing a difference would indicate that gluon spins 
are also aligned, or polarized—and, importantly, in 
which direction.

RHIC spin project

A golden measurement:
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Nucleon spin

RHIC spin project
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Nucleon spin

Tremendous progress

Renewed interest in helicity-dependent small-x resummation 
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Nucleon spin

Tremendous progress
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Nucleon spin

Tremendous progress
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Nucleon spin

Tremendous progress
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Nucleon spin

Observables for gluon Orbital Angular Momentum

Jet 2

Jet 1
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Nucleon spin

Observables for gluon Orbital Angular Momentum

Example of an observable (double spin asymmetry) sensitive to OAM, helicity, spin-orbit correlation:

Jet 2

Jet 1

More works on spin asymmetry calculations in diffractive dijets:

(SB, Boussarie, Hatta, 2022, 2024)

Leading order, unpolarized (twist-2 GPDs): Braun, Ivanov (2005)
Single spin asymmetry:  Ji, Yuan, Zhao (2016); Hatta, Nakagawa, Yuan, Xiao, Zhao (2016) 
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Nucleon spin

Observables for gluon Orbital Angular Momentum

First quantitative 
prediction for an 
OAM observable 
at EIC kinematics
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Nucleon spin

Observables for gluon Orbital Angular Momentum

Single and double spin asymmetry measurements at 
the future EIC to provide the first-ever direct access to 
the gluon OAM distributions at small x, paving the way 
for new insights into the proton spin puzzle. 
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Nucleon spin

Observables for quark Orbital Angular Momentum
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Nucleon spin

Observables for quark Orbital Angular Momentum

Example of an observable (single spin asymmetry) sensitive to OAM:
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Nucleon spin

Observables for quark Orbital Angular Momentum

Predictions for Electron-Ion Colliders
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Precision ep physics

Scattering reactions with polarized or unpolarized electrons 
and protons are a core component of the physics program 
at the EIC.

79



Precision ep physics

The need for an adequate theoretical framework to match the quality of the EIC data: 
Provide precision computations of relevant partonic hard-scattering cross sections and 

splitting functions to the highest possible orders in perturbation theory. 

Scattering reactions with polarized or unpolarized electrons 
and protons are a core component of the physics program 
at the EIC.
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Precision ep physics

The DGLAP evolution kernels are now fully known through NNLO 
(or, to three loops), both for the spin-averaged and helicity dependent evolution

Tremendous Progress
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Precision ep physics

Tremendous Progress

Parts of the four-loop splitting functions and 
the lower moments of the five-loop 
functions have become available for 

unpolarized evolution
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Precision ep physics

Pertinent partonic cross sections of ep scattering at NNLO include 
inclusive DIS and jet production in DIS

Tremendous Progress
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Precision ep physics

Tremendous Progress

Recent three-loop results on evolution equations and 
NNLO computations of the DVCS coefficient functions for GPDs
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Precision ep physics

Tremendous Progress

Recent three-loop results on evolution equations and 
NNLO computations of the DVCS coefficient functions for GPDs
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Precision ep physics

In order to advance precision ep theory for the EIC, a dedicated workshop series 
“Precision QCD predictions for ep Physics at the EIC” was started at the 

Center for Frontiers in Nuclear Science (CFNS) in Stony Brook
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Precision ep physics

• Higher-order perturbative calculations of EIC observables

• QCD threshold resummation for EIC cross sections and their impact on phenomenology

• Techniques for (“joint” ) extraction of PDFs and FFs from future EIC data

Discussions:
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Precision ep physics

3 successful editions
of the “Precision QCD predictions for ep Physics at the EIC” at

88



Precision ep physics

Snippets from the workshop

• Computation of QCD higher-order corrections for EIC observables where not yet available:

Example: SIDIS, hadron-pair production, etc.

89

See Florian’s talk



Precision ep physics

Snippets from the workshop

• Computation of QCD higher-order corrections for EIC observables where not yet available:

Example: SIDIS, hadron-pair production, etc.

• QCD resummation studies for the EIC:

Example: threshold resummation studies for final states produced with large transverse momentum, 
High-precision resummation of hadronic event shapes in DIS (determinations of the       )

Ee’s talk

90

See Florian’s talk



Precision ep physics

Snippets from the workshop

• Computation of QCD higher-order corrections for EIC observables where not yet available:

Example: SIDIS, hadron-pair production, etc.

• QCD resummation studies for the EIC:

Example: threshold resummation studies for final states produced with large transverse momentum, 
High-precision resummation of hadronic event shapes in DIS (determinations of the       )

• Phenomenology of the impact of QED corrections on extractions of parton distributions

91

See Florian’s talk



EIC: Versatile machine to explore BSM physics

Fuyuto’s talk• Charged Lepton Flavor violation

• Complementarity of the EIC with the LHC in exploring SMEFT

• Nucleon electric dipole moments (EDM)

• PDF extractions and BSM implications

Boughezal’s talk

Hammou’s talk

Fundamental symmetries at EIC

92



Tomography

Gluon 
saturation Spin

93

Summary

Fundamental 
symmetries

Unveil the “cosmic” interior of nucleons/nuclei Precision ep physics

Significant progress has been made, but a decade of challenges, discoveries, and 
opportunities to contribute lies ahead to fully prepare for the EIC era!



Back-up slides
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Last words

Nice complementarity between EIC and EicC 

Courtesy: Qinghua Xu 
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Last words

Nice complementarity between EIC and EicC 

• Nucleon spin structure

EicC is optimized to systematically explore the gluon
and sea quarks in moderate-x regime
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• Nucleon spin structure

Interesting impact studies
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Last words

Nice complementarity between EIC and EicC 

• Nucleon spin structure

EicC is optimized to systematically explore the gluon
and sea quarks in moderate-x regime

• Proton mass:

Mass decomposition [Ji, 95] 

100



Last words

Nice complementarity between EIC and EicC 

• Nucleon spin structure

EicC is optimized to systematically explore the gluon
and sea quarks in moderate-x regime

• Proton mass:
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Last words

Nice complementarity between EIC and LHC 

EIC

• Ep and eA processes
• Polarization
• High luminosity (~HERA             )
• Many possible exclusive channels

LHC

• Large         lever arm (TMD evolution)
• W/Z production
• Mostly (semi)inclusive
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String-based parametrization of GPDs

103
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