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Forward dihadrons in proton-nucleus collisions
Azimuthal correlations as a probe for gluon saturation 

D. Kharzeev, E. Levin, L. McLerran (2005) 

Dihadron momentum 
imbalance ∼ Qs
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CGC

Hybrid dilute-dense formalism
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Xiaoxuan Chu and Elke Aschenauer 
looking at the STAR detector

Forward dihadron at RHIC

Suppression characteristic 
of saturation
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STAR Collaboration. Phys. Rev. Lett. 129, 092501 (2022)

Signatures of saturation in azimuthal correlations



Status:

Lots of recent progress in understanding saturation physics in 
the precision era (NLO) by many of you in this very audience

The more differential the process (e.g. two-particle correlations) 
the harder the calculations (both analytically and numerically)

Our goal:

Promote two-particle observables in saturation to NLO

Inclusive Dijet production in DIS

Will be measured at EIC and theoretically cleaner

Why?

Observable:
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Outline

P. Caucal, FS, B. Schenke ,R. Venugopalan. 2208.13872 [JHEP 11 (2022) 169]

• Dijet production in DIS at small-x at NLO

• Complete small-x TMD factorization at NLO

• The back-to-back limit: Sudakov and the small-x gluon TMD

• Outlook

P. Caucal, FS, R. Venugopalan. 2108.06347  [JHEP 11 (2021) 222]
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Dijet production in DIS at LO
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Dijet differential cross-section:

dipoles quadrupole
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Implicitly contain saturation scale Qs

No need for hybrid factorization. Pin down photon 
kinematics from electron. Only one channel.

First numerical evaluation  
H. Mäntysaari, N. Mueller, FS, B. Schenke (PRL 2019) 

F. Gelis, J. Jalilian-Marian (2003)
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• Covariant perturbation theory Feynman rules in 
momentum space

• Impact factor 

Dimensional regularization + 
longitudinal momentum cut-off 
+ small-R cone algorithm

Finite piece (free of large rapidity logs)

• Large rapidity (high-energy) logs 

Resummed via JIMWLK renormalization

x0

x+
x−

x3

γ*nucleus 
(target)

virtual photon 
(projectile)

A+ large component

Dijet production in DIS at NLO
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•We showed cancellation of UV, soft and collinear divergences

•Absorbed large energy/rapidity logs into JIMWLK resummation

• Isolated genuine  contributions (aka NLO impact factor)𝒪(αs)
�⇤
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Gluon phase space (evolution vs impact factor)

Our calculation in a nutshell
P. Caucal, FS, and R. Venugopalan. JHEP 11 (2021) 222
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Dijet production in DIS at NLO
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Dijet production in DIS at NLO
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Back-to-back dijets at LO
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Can we derive these results from our NLO calculation? Can we obtain finite NLO pieces?

11

Perturbative 
Sudakov factor:

Conjecture: joint (soft) small-x + Sudakov resummation 

Does CGG-TMD correspondence hold at NLO?
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A.H. Mueller, B-W. Xiao, F. Yuan (2013) 
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See also Y. Hatta, B-W. Xiao, F. Yuan, J. Zhou (2021) 
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Small-x and Sudakov interplay: The need for kinematic constraint

Joint resummation of 
small-x

Small-x evolution for WW follows well-known BK-JIMWLK 
equations amended with a kinematic constrain to 

separate small-x and soft gluons

soft gluons at finite Nc and to 
single log accuracy

Back-to-back dijets at NLO
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P. Caucal, FS, B. Schenke, and R. Venugopalan JHEP 11 (2022) 169

The back-to-back limit of our NLO dijet led to Sudakov double log 
with opposite sign

Solution: impose a kinematic constraint which also enforces ordering in  (target momenta)k+
g

Proposed by P. Taels, T. Altinoluk, C. Marquet, 
G. Beuf (2022) for dijet photo-production
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What about finite piece?

https://link.springer.com/article/10.1007/JHEP11(2022)169
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Finite pieces: correlators beyond the WW 

Back-to-back dijets at NLO

Subset involves complicated convolutions including operators 
beyond WW, but needed for precision!Pure

<latexit sha1_base64="GFQcBoZnVJc4XpbM3NHRFUxOm34="></latexit>

+O(↵s)

<latexit sha1_base64="dbV2zLMGmT3V0Gw1lxR6Ac8bSoI="></latexit>

O(↵s)

<latexit sha1_base64="JrnjUuKkKInSGn1+3zInNLUml+s="></latexit>

d��⇤
�+A!qq̄+X = H

ij(Q,P?)

Z
d2b?
(2⇡)2

e�iq?·b?↵s
eGij
Y (b?)e

�SSud(b?,P?)

• Blue correlators collapse to the WW gluon TMD, red correlators result in other TMDs. e.g.
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Key observation: Perturbative factor constraint  :r̃⊥

Back-to-back dijets at NLO
Finite pieces: restoring TMD factorization
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ũ? ⌧ b̃?
<latexit sha1_base64="ztu3mEtykPPKxSZMOujG6QLxxks="></latexit>

ũ?
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<latexit sha1_base64="EQNHyJcuFVSLrFI/4Gq4/hkwjDE="></latexit>

˜
<latexit sha1_base64="EQNHyJcuFVSLrFI/4Gq4/hkwjDE="></latexit>

˜
<latexit sha1_base64="EQNHyJcuFVSLrFI/4Gq4/hkwjDE="></latexit>

˜

<latexit sha1_base64="EQNHyJcuFVSLrFI/4Gq4/hkwjDE="></latexit>

˜

Operators can be found in the Evolution of WW by  
F. Dominguez, A. Mueller, S. Munier, B-W. Xiao (2011)



fully analytic result

The first proof of TMD factorization at NLO at small-x 
(modulo the non-linear evolution of the WW)
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Complete small-x TMD factorization at NLO

Back-to-back dijets at NLO
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Similar expression 
for f2

Analogous expression 
for elliptic 

anisotropy dσ(2),λ=L
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Back-to-back inclusive dijets in DIS at NLO 
Preliminary numerical results (only )γ*L + A → dijet + X

• WW from MV model (Gaussian approximation) without rapidity evolution

• Sudakov form factor with running of the coupling at two-loops + non-perturbative contribution
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Summary

small-x and soft gluon 
resummation

full NLO calculation 
dijets in DIS

2-particle azimuthal 
correlations 

powerful observables to 
search for saturation

NLO finite pieces 

Motivation:

Results:

Outlook:

preliminary numerical 
results

back-to-back limit

Other observables: Dihadrons, UPCs, all two-particle observables

Include kinematically constrained small-x evolution in numerical result

Could SCET-like techniques help us promote results beyond NLO/
more complex observables?  


