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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.
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ePIC/Early EIC Science workshop (24-25 April, 2025)

Preliminary words
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Preliminary words

4 theory talks:
Farid Salazar,
Wim Cosyn,

Yuri Kovchegov (discussions),
and me
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I apologize for the non-exhaustive, superficial, biased overview and 
for any misrepresentation 

Preliminary words



Scientific goals of Electron-Ion Collider

Tomography

Gluon 
saturation Spin

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

6



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:

My talk



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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Spin structure of nucleons in terms of quarks and gluons:



Nucleon spin

Gluon helicity

Best known How well do we know?

Proton spin decomposition (Jaffe-Manohar spin sum rule)
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Spin structure of nucleons in terms of quarks and gluons:

Best known How well do we know? ???????

Currently, there are no experimental constraints on OAM



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

RHIC spin project

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

Quark spin Gluon spin
Orbital Angular 
Momentum
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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:

15



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

20



Nucleon spin

Observables for gluon Orbital Angular Momentum
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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 such 

an observable 
at EIC kinematics
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Nucleon spin

Observables for gluon Orbital Angular Momentum

Might be difficult 
to reconstruct 

dijet momentum
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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 gluon Orbital Angular Momentum
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Yuri’s discussion talk

Sudakov radiations: 
Jet angle might be affected 
by QCD radiations



Nucleon spin

Observables for gluon Orbital Angular Momentum
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Going past dijets



Nucleon spin

Observables for gluon Orbital Angular Momentum
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• Tag hadron species (inclusively) out of diffractively produced system

• Measure invariant mass of diffractively produced system instead of 
     reconstructing jets

Hatta, Xiao, Yuan (2022)

Going past dijets: Semi Inclusive Diffractive Deep Inelastic Scattering 



Nucleon spin

Observables for gluon Orbital Angular Momentum
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Going past dijets: Semi Inclusive Diffractive Deep Inelastic Scattering 

Numerical results (SB, Boussarie, Hatta, 2404.04209):

Challenging, yet there is no requirement to 
reconstruct jets & we still maintain 
sensitivity to gluon OAM;
Might be an early EIC measurement  



Nucleon spin

Observables for quark Orbital Angular Momentum
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Nucleon spin

Observables for quark Orbital Angular Momentum

32



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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Might be an early 
EIC measurement  



Proton mass
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EIC may shed light on the origin of the proton mass 
(Not covered in the early science workshop)

Yuri’s discussion talk



Proton mass

EIC may shed light on the origin of the proton mass 
(Not covered in the early science workshop)
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Yuri’s discussion talk

Cross-sections low at threshold;
Check with S. Joosten (ANL) for simulations; 
but for first few years its likely challenging



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:



PDFs
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Parton Distribution Functions

Parton

Nucleon motion
Maps of internal dynamics of partons in 

multiple dimensions

Nonperturbative functions in QCD



PDFs
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FFs

Form Factors

Parton

Nucleon motion
Maps of internal dynamics of partons in 

multiple dimensions

Nonperturbative functions in QCD



PDFs

40

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



PDFs
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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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TMDs GPDs

GTMDs

Maps of internal dynamics of partons in 
multiple dimensions

Nonperturbative functions in QCD
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TMDs GPDs

GTMDs

Maps of internal dynamics of partons in 
multiple dimensions

Nonperturbative functions in QCD

Yuri’s discussion talk



PDFs
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FFs

TMDs GPDs

GTMDs

Maps of internal dynamics of partons in 
multiple dimensions

Nonperturbative functions in QCD

Yuri’s discussion talk
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Generalized Parton Distributions (GPDs)

Yuri’s discussion talk Processes sensitive to GPDs

Both DVCS and 
DVMP (J Psi) can be an 
early EIC measurement



PDFs
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FFs

TMDs GPDs

GTMDs

Maps of internal dynamics of partons in 
multiple dimensions

Nonperturbative functions in QCD

Yuri’s discussion talk
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Yuri’s discussion talk Spin-dependent odderon search

Transverse-momentum dependent Distributions (TMDs)
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Yuri’s discussion talk Spin-dependent odderon search

Transverse-momentum dependent Distributions (TMDs)
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Yuri’s discussion talk Spin-dependent odderon search

Transverse-momentum dependent Distributions (TMDs)

Likely an 
early EIC measurement
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Yuri’s discussion talk Pinning down transversity TMD

Transverse-momentum dependent Distributions (TMDs)

Likely an 
early EIC measurement

JAM collaboration



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

52



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
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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: 
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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 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 
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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
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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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Prospects in inclusive processes

QCD at small-x
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Farid’s talk

Geometric scaling with 
nuclei species at EIC: 
Smoking gun for 
saturation

Early EIC measurement



QCD at small-x
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Farid’s talk Early EIC measurementProspects in inclusive processes



QCD at small-x
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Yuri, Farid’s talks

Early EIC measurement

Prospects in semi-inclusive processes



QCD at small-x
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Yuri, Farid’s talks

Early EIC measurement

Prospects in exclusive processes



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?
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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?
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
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All about eA physics

72

Wim’s talk



All about eA physics
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Wim’s talk



Prospects

All about eA physics
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Wim’s talk

Early EIC measurement



Prospects

All about eA physics
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Wim’s talk

Likely an
early EIC measurement



Prospects

All about eA physics
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Wim’s talk

More theory calculations 
needed
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Summary

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

Tomography

Gluon 
saturation Spin

Unveil the “cosmic” interior of nucleons/nuclei



Back-up slides
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QCD at small-x
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Farid’s talk

Precision physics (NLO)

Early EIC measurement

Prospects in inclusive processes



Prospects

All about eA physics
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Wim’s talk

Early EIC measurement



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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Last words

Nice complementarity between EIC and EicC 

• 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] 
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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:
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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

88
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