
BJÖRN SCHENKE, BROOKHAVEN NATIONAL LABORATORY

CFNS Summer School 
CFNS, Stony Brook University 
June 6, 2025

OVERVIEW



- At very small momentum fraction ( ), the gluon 
density inside a proton grows so large that gluons 
begin to overlap 

- Overlapping gluons recombine, balancing further 
splitting and “saturating” the density 

- The saturation scale ( ) marks the momentum 
threshold below which the proton behaves as a 
dense, self-interacting gluon field
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GLUON SATURATION gluons

decreasing x



In nuclei at high energy, gluon saturation is expected 
on basic theoretical grounds. There are several hints 
in the experimental data. Yet, there has been no clear 
demonstration of saturation effects in observables at 
RHIC or LHC. Also, predictions for the EIC need to be 
made now, to maximize its impact.

THE PROBLEM gluons

decreasing xImages courtesy of James LaPlante, Sputnik Animation in collaboration with the MIT  
Center for Art, Science & Technology and Jefferson Lab.



THE SOLUTION
A collaborative effort to identify the best 
observables, perform high precision 
calculations, and embed them in a 
comprehensive numerical  
framework that allows  
for direct comparison to  
experimental data and ultimately  
global analysis, to demonstrate  
the presence of gluon saturation effects
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GOING TO HIGH ENERGY
Two high energy limits:  (center of mass energy goes to infinity, ) 

- Bjorken limit: fixed ,  

- Regge-Gribov limit: fixed ,  

- In the Regge-Gribov limit gluons 
overlap, leading to a maximal 
occupation number of  

- This bound is saturated for gluons  
with transverse momenta  

-  is the “saturation scale”

s → ∞ s ∝ Q2/x
x Q2 → ∞

Q2 x → 0

1/αs

k⊥ ≤ Qs

Qs(x)
ln x

non-perturbative region

ln
Q
2

saturation

αs << 1

αs ~ 1

Bjorken limit

Regge-Gribov limit
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The Color Glass Condensate (CGC) is the description of the properties of 
saturated gluons in the Regge-Gribov limit ( , fixed , ) 
 
Effective degrees of freedom: color sources ρ at large  and gauge fields at small  

- A probe will see large  degrees of freedom (modes with larger longitudinal 
momentum than the probe) as static and localized 

- Small  degrees of freedom need to be treated dynamically 

s → ∞ Q2 x → 0

x x

x

x

COLOR GLASS CONDENSATE EFFECTIVE THEORY

x± = (x0 ± x3)/ 2 = (t ± z)/ 2

McLerran, Venugopalan (PRD 1994 milestone)
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Leading order is purely classical and can be expressed by solutions of Yang-Mills 
equations (like Maxwell equations in electrodynamics):

current generated by moving sources

Jμ,a(z) = δμ+ρa(z−, zT)

[Dμ, Fμν] = Jν,ata

These dynamical gluon fields are the small  degrees of freedomx < x0

 is the color index of the gluon 
the name “color” comes from this
afield strength tensor containing dynamical gluon fields
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Gluon fields’ occupation number is large  ⟨AA⟩ ∼ 1/αs name “condensate” comes from this scaling

COLOR GLASS CONDENSATE EFFECTIVE THEORY



1) Sources  are frozen over the duration of a collision

2) But they fluctuate from “event to event”

ρ

COLOR GLASS CONDENSATE EFFECTIVE THEORY

momentum scale

separation scale
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Weight functional 
= 

distribution of color sources

(typically modeled at : e.g. 

McLerran-Venugopalan model)
x0



Two steps to compute expectation value of an observable : 

1) Compute quantum expectation value  for sources drawn from a given 


2) Average over all possible configurations given by the weight functional 

𝒪
𝒪[ρ] = ⟨𝒪⟩ρ Wxo

[ρ]

Wxo
[ρ]

this situation is similar to spin glasses - the name “glass” comes from this

COLOR GLASS CONDENSATE EFFECTIVE THEORY

momentum scale

separation scale
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Weight functional 
= 

distribution of color sources

(typically modeled at : e.g. 

McLerran-Venugopalan model)
x0



momentum scale

separation scaleobservation scale

A functional renormalization group equation (JIMWLK)  
describes how the statistical distribution  evolves with decreasing W[ρ] x

COLOR GLASS CONDENSATE EFFECTIVE THEORY
Jalilian-Marian, McLerran, Weigert, Leonidov, Kovner (1997-2001)
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Weakly coupled fields integrated out at a given step in the evolution  
are interpreted as “induced color charges” that modify the  
statistical weight distribution Wx0

[ρ] → Wx1
[ρ]



Interaction of high energy color-charged particle with a classical field of a nucleus can be 
described in the eikonal approximation: 
The scattering rotates the color, but keeps longitudinal momentum, transverse position, 
and any other quantum numbers the same 

The effective vertex is expressed by a Wilson line :  
Represents resummed multiple interaction with the gluon fields of the target

V

COLOR GLASS CONDENSATE EFFECTIVE THEORY

MULTIPLE 
INTERACTIONS NEEDED 

TO BE RESUMMED, 
BECAUSE GLUON 

FIELDS ARE HIGHLY 
OCCUPIED  

A ∼ 1/g

=
effective vertex
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each gluon insertion comes with  
g × 1/g = 1



Interactions depend on operators consisting of the Wilson lines 
For example: e + A  e + A + vector meson (exclusive vector meson production)→

COMPUTING PHYSICAL PROCESSES

“dipole operator”   VV†

quark

anti-quark

vector meson

electron

nucleus

virtual photon

transverse momentum exchange
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Can compute many other processes, for example:
COMPUTING PHYSICAL PROCESSES

Hadron production in proton + nucleus collisions Inclusive e+A scattering 

Can even use the gluon fields of nuclei computed in the CGC  
as initial state for heavy-ion collisions 
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DIPOLE AMPLITUDE

q
q̄ q q̄

r = | ⃗x − ⃗y |

⇒
transverse plane view

Is this one event we measure? No! We measure in momentum space.  
Cross section in momentum space involves an average over all such 
configurations in coordinate space

V( ⃗x)

V†( ⃗y)
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DIPOLE AMPLITUDE
Dipole correlator       appears in many scattering processesS = ⟨Tr[V(x⃗)V†(y⃗)]⟩/Nc

One color charge configuration Averaged over 70 color charge configurations
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trace is over color (Wilson lines are color matrices)



DIPOLE AMPLITUDE
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THE SATURATION SCALE

dipole size r

⇒
Fourier 

transform
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EVOLUTION TOWARDS SMALL  x
JIMWLK evolution can be solved numerically. Langevin equation in color space:

x ≈ 0.01 x ≈ 0.001

dipole size  [fm]r

D

- Evolution leads to growth of typical  
transverse momentum scale  - The typical correlation length in transverse  
space decreases  - Proton grows, gluon number increases

Qs(x)

∼ 1/Qs

22



SATURATION EFFECTS ON OBSERVABLES

23

J. Bartels, K. Golec-Biernat, and L. Motyka, Phys. Rev. D81, 054017 (2010) 

The multiple re-scatterings and gluon mergers contribute at all orders in twists (terms in a  expansion).  
Their effect increases with increasing A and decreases with increasing x 

1/Q2

For nuclei at the EIC, saturation effects on structure functions should become prominent



24

C. Marquet, B. -W. Xiao and F. Yuan, Phys. Lett. B 682 (2009) 207 
L. Zheng, E.C. Aschenauer, J.H. Lee, Bo-Wen Xiao, Phys. Rev. D 89, 074037 (2014) 

Double inclusive DIS: 
Back-to-back peak suppressed more in  
larger nuclei as momentum imbalance 
∼ Qs

SATURATION EFFECTS ON OBSERVABLES



SATURATION EFFECTS ON OBSERVABLES

25

T. Toll, T. Ullrich, Phys.Rev.C 87 (2013) 2, 024913 
A. Accardi et al., EIC White Paper, Eur.Phys.J.A 52 (2016) 9, 268

• Diffractive VM production: Sartre event generator (bSat & bNonSat = linearized bSat) 

• Big difference for φ; less so for J/ψ (larger mass cuts off large dipoles)

https://arxiv.org/pdf/1712.02508.pdf

https://arxiv.org/pdf/1712.02508.pdf


- We study scattering in the limit  at fixed  and  

- A higher energy probe sees more partons in a nucleon/nucleus 

- Growth cannot continue indefinitely and will be tamed by gluons merging 

- When merging = splitting probability, gluons with  are saturated  

- Effective degrees of freedom are static and localized large  color sources and 
dynamical gluon fields at small  

- A variety of observables should be sensitive to gluon saturation  
at high enough energy and large enough A

s → ∞ Q2 x → 0

kT ≲ Qs

x
x

RECAP
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ln x

non-perturbative region

ln
Q
2

saturation

αs << 1

αs ~ 1



Initial State Evolution 
and parton 
level cross 

sections 
NLO 

calculations

Final State

SURGE STRUCTURE 
- Provide theory and tools to pin down gluon saturation from the data



Initial State Evolution 
and parton 
level cross 

sections 
NLO 

calculations

Final State

SURGE STRUCTURE 

Images courtesy of James LaPlante, Sputnik Animation in collaboration with the MIT  
Center for Art, Science & Technology and Jefferson Lab.
and Joshua Rubin, University of Illinois Urbana-Champaign
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Spin, helicity, polarized cross sections

SURGE STRUCTURE 
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RECENT RESEARCH HIGHLIGHTS



INITIAL STATE
 SURGE aims to improve the description of proton and nuclei at large x 
 to obtain more realistic initial conditions (IC) for the evolution towards smaller x 
 Previous approaches: 

• Ad-hoc parametrization of ICs; adjusted to optimize fit to data  
• Most ICs are modifications of McLerran-Venugopalan (MV) model 

Drawbacks: 
• No connection to underlying QCD dynamics, no explanation of the x0-dependence,  
 available ICs are most appropriate for large nuclei at high energy    

SURGE pursues two directions: 
• Improve models for initial conditions 
• Construct model-independent first principles ICs  



- Develop improved initial conditions for small-x evolution using lightcone perturbation theory  
 
A. Dumitru, H. Mäntysaari, R. Paatelainen, Phys. Rev. D107, 114024 (2023) 
High-energy dipole scattering amplitude from evolution of low-energy  
proton light-cone wave functions

INITIAL STATE - MILESTONES

Initial condition for proton: Start with nonperturbative three quark model wave function. Add  
corrections due to the emission of a gluon, and  virtual corrections due to the exchange of a 
gluon, computed in light-cone perturbation theory with exact kinematics. 
 
Provide dipole amplitude  - not easy to extend to nuclei (opposite approach to MV)

𝒪(g)
𝒪(g2)

N(x0, r)

- Non-Gaussian corrections for large nuclei 
 
MV model assumes Gaussian statistics; working to improve on that 



INITIAL STATE - TMDS - LATTICE QCD
Model-independent first-principle based determination of ICs 

<latexit sha1_base64="6fTgmtB8QASQIUJTCMOOwn1Ulcg=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEIFaQkItVjqRePFewHtCFstpN26WYTdjdiLf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpBwprTjfFu5tfWNza38dmFnd2+/aB8ctlScSgpNGvNYdgKigDMBTc00h04igUQBh3Ywupn57QeQisXiXo8T8CIyECxklGgj+XYxLD/69XMc+L0EZHLm2yWn4syBV4mbkRLK0PDtr14/pmkEQlNOlOq6TqK9CZGaUQ7TQi9VkBA6IgPoGipIBMqbzA+f4lOj9HEYS1NC47n6e2JCIqXGUWA6I6KHatmbif953VSH196EiSTVIOhiUZhyrGM8SwH3mQSq+dgQQiUzt2I6JJJQbbIqmBDc5ZdXSeui4lYr1bvLUq2exZFHx+gElZGLrlAN3aIGaiKKUvSMXtGb9WS9WO/Wx6I1Z2UzR+gPrM8fToySPA==</latexit>

f(xB , b?)
<latexit sha1_base64="cyT0vERa6EBsVy4RNqXaAiWwAVk=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5id9CZDZmeHmVkhhHyEFw+KePV7vPk3TpI9aLSgoajqprsrUoIb6/tfXmFtfWNzq7hd2tnd2z8oHx61TJpphk2WilR3ImpQcIlNy63AjtJIk0hgOxrfzv32I2rDU/lgJwrDhA4ljzmj1kntqN9TqFW/XPGr/gLkLwlyUoEcjX75szdIWZagtExQY7qBr2w4pdpyJnBW6mUGFWVjOsSuo5ImaMLp4twZOXPKgMSpdiUtWag/J6Y0MWaSRK4zoXZkVr25+J/XzWx8HU65VJlFyZaL4kwQm5L572TANTIrJo5Qprm7lbAR1ZRZl1DJhRCsvvyXtC6qQa1au7+s1G/yOIpwAqdwDgFcQR3uoAFNYDCGJ3iBV095z96b975sLXj5zDH8gvfxDWMfj58=</latexit>

b?

<latexit sha1_base64="oDVRf5Cgx/JflpCL+v6oigyMwS8=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY8ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6xVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi7JXKVfuLkvVWhZHHk7gFM7Bgyuowi3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AKQaNvA==</latexit>xB

<latexit sha1_base64="u1k25prIwjNK9lHaczZXWb/8R7s=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WPRi8cK9gOSWCbbTbt0Nwm7E6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTAXX6DjfVmltfWNzq7xd2dnd2z+oHh51dJIpyto0EYnqhaCZ4DFrI0fBeqliIEPBuuH4duZ3n5jSPIkfcJKyQMIw5hGngEby/CFICY8+aOxXa07dmcNeJW5BaqRAq1/98gcJzSSLkQrQ2nOdFIMcFHIq2LTiZ5qlQMcwZJ6hMUimg3x+8tQ+M8rAjhJlKkZ7rv6eyEFqPZGh6ZSAI73szcT/PC/D6DrIeZxmyGK6WBRlwsbEnv1vD7hiFMXEEKCKm1ttOgIFFE1KFROCu/zyKulc1N1GvXF/WWveFHGUyQk5JefEJVekSe5Ii7QJJQl5Jq/kzULrxXq3PhatJauYOSZ/YH3+AF4XkVQ=</latexit>

�⇤

at small-x interaction with a shock-
wave is via a scalar phase (Wilson line)

<latexit sha1_base64="cyT0vERa6EBsVy4RNqXaAiWwAVk=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5id9CZDZmeHmVkhhHyEFw+KePV7vPk3TpI9aLSgoajqprsrUoIb6/tfXmFtfWNzq7hd2tnd2z8oHx61TJpphk2WilR3ImpQcIlNy63AjtJIk0hgOxrfzv32I2rDU/lgJwrDhA4ljzmj1kntqN9TqFW/XPGr/gLkLwlyUoEcjX75szdIWZagtExQY7qBr2w4pdpyJnBW6mUGFWVjOsSuo5ImaMLp4twZOXPKgMSpdiUtWag/J6Y0MWaSRK4zoXZkVr25+J/XzWx8HU65VJlFyZaL4kwQm5L572TANTIrJo5Qprm7lbAR1ZRZl1DJhRCsvvyXtC6qQa1au7+s1G/yOIpwAqdwDgFcQR3uoAFNYDCGJ3iBV095z96b975sLXj5zDH8gvfxDWMfj58=</latexit>

b?

TMD distribution

The relation between transverse momentum dependent parton distribution functions 
(TMDPDFs) and small-x dipoles can be observed already at the level of the corresponding 
operator definitions

Established relation between the TMDPDFs and the small-x dipole amplitudes at NLO. 
Lays the ground work to employ TMDPDFs computed from lattice QCD as initial condition for 
the small x evolution S. Mukherjee, V. V. Skokov, A. Tarasov, S. Tiwari, Phys.Rev.D 109 (2024) 3, 034035 

Mukherjee, Skokov, Tarasov, Tiwari, arXiv:2502.15889



- Improve precision by performing NLO calculations and NLL evolution 
P. Caucal, F. Salazar, B. Schenke, T. Stebel, R. Venugopalan 
Phys.Rev.Lett. 132 (2024) 8, 081902 
Back-to-back inclusive dijets in DIS at small x: Complete NLO results and predictions 
 
P. Caucal, F. Salazar, B. Schenke, T. Stebel, R. Venugopalan, JHEP 08 (2023) 062 
Back-to-back inclusive dijets in DIS at small x: Gluon Weizsäcker-Williams distribution at NLO

NLO AND EVOLUTION - DIJETS AT NLO

Inclusive dijet production in e+A collisions: 
Produce 2 jets + X 
Work in the Color Glass Condensate (CGC) framework



- Improve precision by performing NLO calculations and NLL evolution 
P. Caucal, F. Salazar, B. Schenke, T. Stebel, R. Venugopalan 
Phys.Rev.Lett. 132 (2024) 8, 081902 
Back-to-back inclusive dijets in DIS at small x: Complete NLO results and predictions 
 
P. Caucal, F. Salazar, B. Schenke, T. Stebel, R. Venugopalan, JHEP 08 (2023) 062 
Back-to-back inclusive dijets in DIS at small x: Gluon Weizsäcker-Williams distribution at NLO

NLO

NLO AND EVOLUTION - DIJETS AT NLO



- Improve precision by performing NLO calculations and NLL evolution 
 

•Established factorization of the result at NLO 
•Dramatic effect going from LO to NLO  
•Quantified the effect of soft gluon radiation 
(Sudakov) compared to that of the 
renormalization group evolution of the gluon 
distribution 

•Demonstrated necessity to go to NLO precision 
when looking for saturation effects in the gluon 
distribution

P. Caucal, F. Salazar, B. Schenke, T. Stebel, 
R. Venugopalan 
Phys.Rev.Lett. 132 (2024) 8, 081902 

Increasing nuclear mass →
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NLO AND EVOLUTION - DIJETS AT NLO



- Calculated the NLO corrections to single inclusive hadron production 
in DIS at small x regime 

- UV and soft divergences cancel 

- Collinear divergences result in the scale evolution of quark-hadron 
fragmentation function 

- Rapidity divergence results in small-x evolution of dipole amplitude 
 

- Properties of TMD factorization in the small x region have been 
studied for the following processes: 

- Single inclusive particle production in the target fragmentation region 
in DIS: involving quark and gluon jet fracture functions 

- Two particle correlation: involving small-x sea quarks in the initial state

Altinoluk, Bergabo, Jalilian-Marian, Marquet, Shi, 2505.04557

NLO CALCULATIONS AND FACTORIZATION

Caucal, Salazar, 2502.02634 
Caucal, Guerrero, Iancu, Salazar, Yuan, 2503.16162 



•Developed        -based solver for the BK evolution equation. Simplified syntax, performance 
comparable to C++ implementations 

•Using this, considered the impact parameter dependence in the initial condition 
•Neglecting its dependence can result in overestimated saturation effects for protons, while it 
has little effect for heavy nuclei at the current experiments

EFFECT OF IMPACT PARAMETER DEPENDENCE

Mantysaari, Penttala, Salazar, Schenke, PRD 2025 



•Within the same framework, study exclusive J/psi and Upsilon photo-production  
for proton and Pb targets 

•Energy dependence using linear BFKL and nonlinear BK equations 
•No difference for proton target, preference for BK for Pb target in J/psi production

LINEAR VS. NON-LINEAR EVOLUTION

Penttala, Royon, PLB 2025



•Transverse energy-energy correlator (TEEC)  
•Transverse energy-energy correlator (TEEC) computation for dihadron production in e+A 
 Z. Kang, J. Penttala, F. Zhao, Y. Zhou, PRD 2024 

•TEECs for polarized and unpolarized targets at the EIC 
•Sivers asymmetry for the TEEC can probe the C-odd odderon in the polarized proton 
•The flexibility of the BK solver allows to compute the evolution of the polarized odderon easily 

•Novel approach to QCD evolution using the sequential Born-Oppenheimer approximation 
•This framework gradually incorporates higher and higher frequency modes as the evolution 
parameter increases, and provides a unified treatment of both high energy (small-x) evolution 
and evolution in transverse resolution scale  

•Derive evolution equations for both TMDs and PDFs, which include: 
•Linear term (e.g. CSS or DGLAP evolution)  
•Nonlinear contribution from stimulated gluon emission, reflecting the bosonic enhancement 
into already-occupied states

Q2

FURTHER RESULTS FROM NLO+EVOLUTION

Bhattacharya, Kang, Penttala, Padilla, 2504.10475

Duan, Kovner, and Lublinsky, 2412.05085, 2412.05097



+

- Goals: Create an event-genator to be used at the EIC that allows us to probe 
saturation/small-x physics 

- Progress I: Developing wrappers to connect eHIJING+SMASH, model agnostic 
Gaussian Processes used to describe hadron formation time 

- Progress II: Sampler for CGC based cross sections and interface to PYTHIA to 
perform the fragmentation - currently studying dijets in p+A collisions 

- New connections between the final state and gluon saturation 

- Progress: Di-hadron production at small-x in DIS calculated within the CGC effective 
field theory at NLO (near back-to-back hadrons in the transverse plane). Identified 
the emergence of DGLAP and Sudakov logarithms in the final state which are 
absorbed into transverse-momentum-dependent fragmentation functions

FINAL STATE

Jordi Salinas san Martin, Webin Zhao, Xin-Nian Wang, Jaki Noronha-Hostler

Wenbin Zhao, F. Salazar, B. Schenke

Caucal & Salazar JHEP 12 (2024) 130

https://inspirehep.net/authors/1749681


How can we understand the spin of the proton within QCD?

SPIN AT SMALL x

What we know: 

- Quarks (valence and sea): ~30% of spin in limited x-range 

- Gluons (latest RHIC data): ~40% of spin in limited x-range 

- Where is the rest? 

- SURGE focuses on the small x region

 ½ = ++ +

Spin of
Quarks

Spin of
Gluons

Angular Momentum
of Quarks

Angular Momentum
of Gluons

see Yoshitaka, Yuri and Martha’s lectures



SPIN - MILESTONES
Provide improved helicity phenomenology framework at small x  

• Include running coupling corrections into large-  and  helicity evolution phenomenology Nc Nf

D. Adamiak, N. Baldonado, YK, W. Melnitchouk, D. Pitonyak,  
N. Sato, M. Sievert, A. Tarasov, Y. Tawabutr, Phys. Rev. D 108, 114007 (2023) 
Global analysis of polarized DIS & SIDIS data with improved small-x helicity evolution 

• Bayesian Monte Carlo machinery (JAM Collaboration)  
•  Describe world polarized DIS and single inclusive DIS (SIDIS) data for .  
•  Improvement over the previous JAM-small-x analysis where only the DIS data was fitted 

• Ongoing work to include polarized p+p data  
•  Ongoing work on orbital angular momentum at small x 

x < 0.1



SPIN: PARTICLE PRODUCTION IN POLARIZED p+p 
Goal: use polarized p+p data from RHIC to constrain the initial conditions for helicity  
evolution in x. This should lead to more precise predictions for spin-dependent  
observables at the EIC. 

• Sum up all these diagrams 
• Include small-x evolution on the projectile and target sides 
(symmetrize expression with respect to target—projectile 
interchange, to allow for including evolution on the projectile 
side) 

• Results in cross section (at large ), where dipole 
amplitudes  and  evolve via evolution equations 
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Y. Kovchegov, M. Li, JHEP 05 (2024) 177



SPIN: PARTICLE PRODUCTION IN POLARIZED p+p 
Polarized p+p can constrain proton  structure function and estimates of spin at low xg1

D. Adamiak, N. Baldonado, Y. V. Kovchegov, M. Li, W. Melnitchouk, D. Pitonyak,  
N. Sato, M. D. Sievert, A. Tarasov, Y. Tawabutr, arXiv:2503.21006 [hep-ph]



SPIN: ORBITAL ANGULAR MOMENTUM AT SMALL x
Goal: Establish a way to extract OAM distributions at small x from future EIC data 
The OAM distributions have never been measured before at any x

Y. V. Kovchegov, B. Manley, Phys.Rev.D 111 (2025) 5, 054017 
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with impact parameter moments of dipole amplitudes, labeled and   

Evolution equations for the moment amplitudes in leading double-logarithmic approximation and at 
large   are derived in Y. Kovchegov, B. Manley, 2310.18404 (Y. Kovchegov, B. Manley, 2410.21260)  
They can be solved numerically (same ref) and analytically (B. Manley, 2401.05508) 

I3, I4, I5, Ĩ
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SPIN: ORBITAL ANGULAR MOMENTUM AT SMALL x
Elastic dijet production in e+p collisions 

• In the small-  limit (  
with )  
the elastic dijet double spin asymmetry 
measures moments of dipole amplitudes 

thus allowing (in principle) to 
measure OAM distributions!  
•Feasibility study in progress (G.Z. Becker, J. 
Borden, B. Manley, Y. Kovchegov) 

t pT, Q ≫ ΛQCD ≫ ΔT
t = − Δ2

T

I3, I4, I5,

Y. V. Kovchegov, B. Manley, Phys.Rev.D 111 (2025) 5, 054017 

Hatta et al, 2016; S. Bhattacharya,  
R. Boussarie and Y. Hatta, 2022 & 2024;  
S. Bhattacharya, D. Zheng and J. Zhou, 2023;
YK, B. Manley, 2410.21260 [hep-ph]
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GLOBAL ANALYSIS
- Develop a numerical framework with state of the art theory input - Compare the parton model (already in xFitter) and the dipole model (saturation model)

Parton model Dipole model
σ = fP→a(x, Q) ⊗ ̂σaγ→X(x, ̂s)
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z

GLOBAL ANALYSIS

photon wave function 
(analytic)

dipole cross section 
(grid)

r
Y

Convolution

σγ*A
tot (x, Q2)
. . . F2, FL χ2 =

(D − T)2

σ2

Develop a numerical framework implementing the dipole model



F2 STRUCTURE FUNCTION: COMPARE DIPOLE & PARTON MODEL
S
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Dipole Model 

NLO Parton Model 

LO Parton Model 
Compare x-dependence 
Dipole lies between LO and NLO 

For comparison of x-dependence, parton ’s are 
scaled to coincide at 10-2 

F2

CT18 PDFs  



FL STRUCTURE FUNCTION: COMPARE DIPOLE & PARTON MODEL
S
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Dipole Model 

NLO Parton Model 

CT18 PDFs  Compare x-dependence 
 is sensitive to gluon PDF 
 Sensitive to saturation 

FL
→

For comparison of x-dependence, parton 
’s are scaled to coincide at 10-2 FL



GLOBAL ANALYSIS
Comparison of Dipole Calculation to HERA Data 

Comparison to HERA data for two 
values of the C parameter 
The gray regions are unphysical 
(no data there) 
The quark masses are neglected 
for this sample calculation 



MACHINE LEARNING FOR SPEED
Need very fast small  evolution. Train ML model to predict evolved dipole amplitude 
•Data: Wide variety of dipole amplitudes  (input) and BK evolved amplitudes  

 over range of  (so far leading log BK, implementing NLL now) 
•Train Machine Learning Model (Random Forest)  module for many calculations, incl. with spin

x
N(x0, r)

N(x, r) x
→

x = 10−2 → 10−6



-Highly successful first 2 years 

-Many achievements that would not have happened  
without the collaborative efforts in the TC 

-Milestones achieved or on track to be achieved 

-Output of 120+ papers on arXiv 

-70+ refereed publications in high impact journals 

-Support for students and postdocs 

-Travel support for visits between institutions 

-Co-Sponsor of this CFNS-SURGE Summer School

SUMMARY



BACKUP



- Non-Gaussian initial conditions for large nuclei 

- Extend factorization that bridges large and small-x regimes to lattice quantities 

- Compare dihadron NLO calculations to TMD factorization calculations 

- Perform numerical calculations for dihadron production in e+A collisions  

- Go beyond eikonal approximation to understand power corrections of   

- Study exclusive diffractive dijet production to access orbital angular momentum 

- Include polarized p+p data into global analysis 

- Develop phenomenology for orbital angular momentum distributions 

- Incorporate the hadronic cascade SMASH into eHIJING  

- Incorporate exclusive vector meson production into the EPIC event generator 

- Continue development of modules for the global analysis framework - improve 
and develop more machine learning models

1/Q2

OUTLOOK - GOALS FOR THE COMING YEAR



FINAL STATE
Jordi Salinas san Martin, Webin Zhao, Xin-Nian Wang, Jaki Noronha-Hostler, to appear

"hard"

"soft"

W. Ke et al, 2304.10779 (2023) A. Accardi, nucl-th/
0609010 (2006)

Phys.Rev.C 94 (2016) 5, 054905

Introduce hadron formation time via scaling of hadron cross-
sections using Gaussian Processes

σ(t)
σf

=
1
𝒜 (1 −

σ0

σf ) (
t − tprod

tform − tprod ) dσ(t)
dt

+
σ0

σf

ϕ[σ(t)] = ln ( 𝒜
dσ(t)/dt

− 1)



Saturation physics at the Electron-Ion collider (EIC)

8 2.1. INTRODUCTION

Existing Measurements with A ≥ 56 (Fe):

EIC
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Figure 2.1: Left: The x-Q2 range covered by the EIC (yellow) in comparison with past and
existing polarized e/µ+p experiments at CERN, DESY, JLab and SLAC, and p+p experiments
at RHIC. Right: The x-Q2 range for e+A collisions for ions larger than iron (yellow) compared
to existing world data.

The EIC covers a center-of-mass energy range for e+p collisions of
p

s of 20 to
140 GeV. The kinematic reach in x and Q2 is shown in Figure 2.1. The quanti-
ties x, y, and Q2 are obtained from measurements of energies and angles of final
state objects, i.e. the scattered electron, the hadronic final-state or a combination of
both. The quantity x is a measure of the momentum fraction of the struck parton
inside the parent-proton. Q2 refers to the square of the momentum transfer be-
tween the electron and proton and is inversely proportional to the resolution. The
diagonal lines in each plot represent lines of constant inelasticity y, which is the
ratio of the virtual photon’s energy to the electron’s energy in the target rest frame.
The variables x, Q2, y and s are related through the equation Q2 ' sxy. The left
figure shows the kinematic coverage for polarized and unpolarized e+p collisions,
and the right figure shows the coverage for e+A collisions. The EIC will allow in
both collider modes an important overlap with present and past experiments. In
addition, the EIC will provide access to entirely new regions in both x and Q2 in a
polarized e+p collider and e+A collider mode, such as the low-x region, providing
critical information about the gluon-dominated regime.

Volume 2 of this Yellow Report provides a detailed overview of the EIC physics
program, including several recent developments not addressed in the EIC White
Paper. In what follows, we focus on the most critical aspects of the scientific ques-
tions outlined above and motivate the machine and detector parameters needed to
address these questions.

• One of the main goals of the future Electron-Ion Collider is the search of the 
signatures of saturation


• However, EIC will be predominantly a moderate-x machine, covering the 
kinematic region of relatively large Bjorken-x


• For this reason the saturation effects will be diminished by a considerable 
contribution of the large-x dynamics


• One expects this to be reflected in large uncertainties of predictions for the 
region of small Bjorken-x due to either poorly constrained initial conditions 
for the small-x evolution defined at large vales of Bjorken-x or the limited 
predictive power of the small-x formalism due the significant large-x 
contribution

4
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Figure 1.1: Schematic layout of the planned EIC accelerator based on the existing RHIC
complex at Brookhaven National Laboratory.

electrons and ions and use sophisticated, large detectors to identify specific reac-
tions whose precise measurement can yield previously unattainable insight into
the structure of the nucleon and nucleus. The EIC will open a new window into
the quantum world of the atomic nucleus and allow physicists access for the first
time to key, elusive aspects of nuclear structure in terms of the fundamental quark
and gluon constituents. Nuclear processes fuel the universe. Past research has
provided enormous benefit to society in terms of medicine, energy and other ap-

• To overcome both of these issues, one has to better 
understand the transition between different kinematic 
regimes and develop a formalism capable of describing 
physics in a wide kinematic range


• Aim is to develop such formalism based on the transverse 
momentum dependent (TMD) factorization, which can be 
matched to both collinear and high-energy rapidity 
factorization schemes designed to describe physics in the 
region of large and small Bjorken-x, correspondingly


• And eventually extract non-perturbative first-principle input 
for small-x initial conditions 
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at small-x interaction with a shock-wave is via 
a scalar phase (Wilson line)
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b?

• The relation between TMDPDFs and small-x dipoles can be observed 
already at the level of the corresponding operator definitions

• both small-x dipoles and TMDPDFs contain 
Wilson lines separated in the transverse space b⊥

TMD distribution

• Investigated this relation at the NLO order by analyzing at the 
corresponding emission diagrams for gluon and quark TMDPDFs 
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b→• Special attention was paid to how different dynamic modes are 
separated from each other in a TMD factorization scheme

• Established relation between the TMDPDFs and the small-x dipole 
amplitudes at the NLO order

• This TMDPDFs can be used for constructing initial conditions for the 
small-x evolution which has potential for significant improving of the 
predictive power of the small-x formalism for the EIC phenomenology

Mukherjee, Skokov, Tarasov, 
Tiwari, arXiv:2502.15889



BFKL dynamics in TMDPDFs

• This is due to the non-trivial structure of the virtual corrections that were 
originally found in the analysis


• The gluon TMDPDFs at large  contain logarithms of the BFKL type!


• To reveal this structure, one has to take into account the all-collinear 
twist content of the TMDPDFs in the region of large  using 
this approach


• This crucial observation allows the utilization of TMDPDFs for describing 
small-x dynamics. For example, to construct initial conditions for the 
small-x evolution at large x


• This can be done by using phenomenological extractions of the 
TMDPDFs performed within our approach or, potentially, from lattice 
calculations. Currently, the IC group continues the research in this 
direction

xB

b⊥ ≲ Λ−1
QCD
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logarithmic dependence on ; 
“virtual” part of the BFKL 
evolution kernel

ρ• In particular, infrared rapidity singularity in 
the gluon TMDPDFs was observed
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xBP
+

<latexit sha1_base64="qNO/TrR5G8HVqnx3y8X5AZoBync=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOepMhs7PDzKwQQj7CiwdFvPo93vwbJ8keNLGgoajqprsrUoIb6/vfXmFldW19o7hZ2tre2d0r7x88mjTTDBssFaluRdSg4BIblluBLaWRJpHAZjS8nfrNJ9SGp/LBjhSGCe1LHnNGrZOaqttRqFW3XPGr/gxkmQQ5qUCOerf81emlLEtQWiaoMe3AVzYcU205EzgpdTKDirIh7WPbUUkTNOF4du6EnDilR+JUu5KWzNTfE2OaGDNKIteZUDswi95U/M9rZza+DsdcqsyiZPNFcSaITcn0d9LjGpkVI0co09zdStiAasqsS6jkQggWX14mj2fV4LJ6cX9eqd3kcRThCI7hFAK4ghrcQR0awGAIz/AKb57yXrx372PeWvDymUP4A+/zB3hZj6w=</latexit>p? <latexit sha1_base64="Ty43vnDNZR8eKm0Fcu3r3NUStgs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSTi17HoxWMFawttKJvtpF2y2Sy7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvlJxp43nfTmlldW19o7xZ2dre2d2r7h886jRTFFs05anqhEQjZwJbhhmOHamQJCHHdhjfTv32EyrNUvFgxhKDhAwFixglxkrtuN+TqGS/WvPq3gzuMvELUoMCzX71qzdIaZagMJQTrbu+J02QE2UY5Tip9DKNktCYDLFrqSAJ6iCfnTtxT6wycKNU2RLGnam/J3KSaD1OQtuZEDPSi95U/M/rZia6DnImZGZQ0PmiKOOuSd3p7+6AKaSGjy0hVDF7q0tHRBFqbEIVG4K/+PIyeTyr+5f1i/vzWuOmiKMMR3AMp+DDFTTgDprQAgoxPMMrvDnSeXHenY95a8kpZg7hD5zPH3Cnj6c=</latexit>

k?
<latexit sha1_base64="PeCZG68bswfsTfg1ZEr3FW2efaA=">AAAB+nicbZDLSgMxFIbPeK31NtWlm2AR3FhmxNuy6MZlBXuBdhgyaaYNzWRCklFK7aO4caGIW5/EnW9j2s5CW38IfPznHM7JH0nOtPG8b2dpeWV1bb2wUdzc2t7ZdUt7DZ1mitA6SXmqWhHWlDNB64YZTltSUZxEnDajwc2k3nygSrNU3JuhpEGCe4LFjGBjrdAtDcKOpEqiEyRnFLplr+JNhRbBz6EMuWqh+9XppiRLqDCEY63bvidNMMLKMMLpuNjJNJWYDHCPti0KnFAdjKanj9GRdbooTpV9wqCp+3tihBOth0lkOxNs+nq+NjH/q7UzE18FIyZkZqggs0VxxpFJ0SQH1GWKEsOHFjBRzN6KSB8rTIxNq2hD8Oe/vAiN04p/UTm/OytXr/M4CnAAh3AMPlxCFW6hBnUg8AjP8ApvzpPz4rw7H7PWJSef2Yc/cj5/AIb6k4s=</latexit>

k? � p?

<latexit sha1_base64="UdLwgU6k/qOjEklxUrDE12Fd3iE=">AAAB8HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaUY8ELx4xkQ8DK+mWLjS03bXtmpANv8KLB43x6s/x5r+xwB4UfMkkL+/NZGZeEHOmjet+O7mV1bX1jfxmYWt7Z3evuH/Q1FGiCG2QiEeqHWBNOZO0YZjhtB0rikXAaSsYXU/91hNVmkXyzoxj6gs8kCxkBBsr3dce0q4S6HHSK5bcsjsDWiZeRkqQod4rfnX7EUkElYZwrHXHc2Pjp1gZRjidFLqJpjEmIzygHUslFlT76ezgCTqxSh+FkbIlDZqpvydSLLQei8B2CmyGetGbiv95ncSEV37KZJwYKsl8UZhwZCI0/R71maLE8LElmChmb0VkiBUmxmZUsCF4iy8vk+ZZ2bsoV27PS9VaFkcejuAYTsGDS6jCDdShAQQEPMMrvDnKeXHenY95a87JZg7hD5zPH4vrkEI=</latexit>

Bq

<latexit sha1_base64="6AwsLHNdlA/ffKlEAxVGSVHhjeo=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2OIF48RzAOTNcxOZpMhM7PLzKwQlvyFFw+KePVvvPk3ziZ70MSChqKqm+6uIOZMG9f9dgorq2vrG8XN0tb2zu5eef+gpaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvsn89hNVmkXy3kxi6gs8lCxkBBsrPdQf054SKBhO++WKW3VnQMvEy0kFcjT65a/eICKJoNIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupxIJqP51dPEUnVhmgMFK2pEEz9fdEioXWExHYToHNSC96mfif101MeO2nTMaJoZLMF4UJRyZC2ftowBQlhk8swUQxeysiI6wwMTakkg3BW3x5mbTOqt5l9eLuvFKr53EU4QiO4RQ8uIIa3EIDmkBAwjO8wpujnRfn3fmYtxacfOYQ/sD5/AE5fpCk</latexit>

Bbg

<latexit sha1_base64="6AwsLHNdlA/ffKlEAxVGSVHhjeo=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2OIF48RzAOTNcxOZpMhM7PLzKwQlvyFFw+KePVvvPk3ziZ70MSChqKqm+6uIOZMG9f9dgorq2vrG8XN0tb2zu5eef+gpaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvsn89hNVmkXy3kxi6gs8lCxkBBsrPdQf054SKBhO++WKW3VnQMvEy0kFcjT65a/eICKJoNIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupxIJqP51dPEUnVhmgMFK2pEEz9fdEioXWExHYToHNSC96mfif101MeO2nTMaJoZLMF4UJRyZC2ftowBQlhk8swUQxeysiI6wwMTakkg3BW3x5mbTOqt5l9eLuvFKr53EU4QiO4RQ8uIIa3EIDmkBAwjO8wpujnRfn3fmYtxacfOYQ/sD5/AE5fpCk</latexit>

Bbg

<latexit sha1_base64="KWzY2bLzO31lK/gWLvxnXW12sCk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVaa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwBxp2M7w==</latexit>a
<latexit sha1_base64="adOIQCTI0OqwoYiop2oX+Oy/oE0=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVg16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDyCGM8A==</latexit>

b <latexit sha1_base64="CpuGTudZT3v+ouFHRmGxxqyJ/Cc=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVWa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwByaWM8Q==</latexit>c

<latexit sha1_base64="pbrTBi+I5TdMb2KRSYVNYXSeyj4=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNnZ3mTM7OwyMyuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KUsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1A6pRcIkNw43AdqqQxoHAVjC8m/qtJ1SaJ/LBjFL0Y9qXPOKMGivVw16p7FbcGcgy8XJShhy1XumrGyYsi1EaJqjWHc9NjT+mynAmcFLsZhpTyoa0jx1LJY1R++PZoRNyapWQRImyJQ2Zqb8nxjTWehQHtjOmZqAXvan4n9fJTHTjj7lMM4OSzRdFmSAmIdOvScgVMiNGllCmuL2VsAFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHyymM8g==</latexit>

d
<latexit sha1_base64="a0LNiNj9XuoHPJay2BWGHqBh+mg=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVsVcquxV3BrJMvJyUIUetV/rq9mOWRigNE1Trjucmxs+oMpwJnBS7qcaEshEdYMdSSSPUfjY7dEJOrdInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCW/8jMskNSjZfFGYCmJiMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdoQvMWXl0nzvOJdVS7rF+XqbR5HAY7hBM7Ag2uowj3UoAEMEJ7hFd6cR+fFeXc+5q0rTj5zBH/gfP4AzK2M8w==</latexit>e

<latexit sha1_base64="XfwCK5zZDdPU0ydowFOpTzy/11w=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVw16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDzjGM9A==</latexit>
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SELECTION OF HIGHLIGHTS



DEEP INELASTIC SCATTERING

64

   center of mass energy squared 
 

 resolution power 

 momentum fraction of the  
nucleon’s momentum carried by the struck quark 

s = (p + q)2

Q2 = − q2

x = Q2/(2p ⋅ q)


