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Gluon saturation
The Color Glass Condensate (CGC) an effective theory for high-energy QCD
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Artwork: T. Ullrich

Emergence of an energy and nuclear specie dependent momentum scale (saturation scale) 

Multiple scattering (higher twist effects)

Non-linear evolution equations (BK/JIMWLK) For a review see Mining gluon saturation at 
colliders. FS, A. Morreale (Universe 2021)
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Xiaoxuan Chu and Elke Aschenauer

Dihadron azimuthal correlations at RHIC

What about dihadron production at the EIC?

Gluon saturation

STAR Collaboration

Suppression characteristic 
of saturation
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Dijet azimuthal correlations in DIS

Gluon saturation
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Effective interaction of quark with CGC:
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Unpolarized differential cross-section:
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 splitting to γ* qq̄ interaction with nucleusqq̄
Correlators of Wilson lines = multiple 

scattering + non-linear evolution
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Numerical evaluation is challenging, 
done for the first time in 2020



CGC and TMD correspondence 
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Δϕ
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 distribution sensitive to 
gluon saturation  via WW
Δϕ

Qs

Zheng, Aschenauer, Lee, Xiao (2014)
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Perturbatively 
calculable WW gluon TMD
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Dijets are produced back-to-back (in transverse place) 
CGC cross-section factorizes:

Typical momentum of WW < k⊥ > ∼ Qs

Q2
s ∝ A1/3Nuclear dependence

<latexit sha1_base64="dB0gOZSMElCSXgZ6QidWi8w69hY="></latexit>

k? = k1? + k2?
<latexit sha1_base64="Ifgb1heWazaZZrP3WzXBAIObxFE="></latexit>

P? = z2k1? � z1k2?

Small-x Weizsäcker-Williams distribution
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Φ

 distribution sensitive to 
linearly polarized WW gluon TMD

Φ

Φ
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Perturbatively 
calculable WW gluon TMD
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Dijets are produced back-to-back (in transverse place) 
CGC cross-section factorizes:
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Ratio linearly polarized to unpolarized WW

<latexit sha1_base64="dB0gOZSMElCSXgZ6QidWi8w69hY="></latexit>
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CGC and TMD correspondence 
Small-x Weizsäcker-Williams distribution



Can we derive these results more rigorously? Can we obtain finite NLO pieces?
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Perturbative 
Sudakov factor:

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

CGC and TMD correspondence 
Does correspondence hold at next-to-leading order?

<latexit sha1_base64="IGZ7A1tukm3QNjYBV/NW9QctGc0="></latexit>

d��⇤
�+A!qq̄+X

/ H(Q,P?)

Z
d2b?
(2⇡)2

e�iq?·b?↵s
eG0
Y (b?)e

�SSud(b?,P?)

Soft gluon emissions Change profile of 
azimuthal correlations



CGC and TMD correspondence 
Full CGC calculation at NLO
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Large log at smal—x impact factor
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Small-x evolution of 
dipole and quadrupole!
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CGC and TMD correspondence 
Full CGC calculation at NLO
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Only longitudinally polarized photon shown, lengthier expressions for 
transversely polarized photon

Large log at smal—x
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CGC and TMD correspondence 
Back-to-back limit of CGC calculation at NLO

Δϕ
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Joint resummation of small-x and
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+O(↵2
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Small-x evolution for WW follows well-known BK-JIMWLK equations amended 
with a kinematic constrain to separate small-x and soft gluons
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soft gluons at finite Nc and to 
single log accuracy
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Explicit results, yet apparently involve complicated convolution 
including operators beyond WW, but needed for precision!Pure



In collaboration with Paul Caucal, Björn Schenke, 
Tomasz Stebel, and Raju Venugopalan

fully analytic result

Work in progress (2203.XXXX)

• The first proof of TMD factorization at NLO in small-x kinematics 
(modulo the non-linear evolution of the WW)? 

• Fully analytic NLO impact factor (contains  and dilogarithms…) in 
back-to-back kinematics, suitable for numerical implementation

ln(Q/P⊥)
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CGC and TMD correspondence 
Back-to-back limit of CGC calculation at NLO
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O(↵2
s) contributions can be absorbed into NLO impact factorPure



• NLO* Include: 
Sudakov double and single logs at 
finite Nc + NLO impact factor


• NLO* does not include: 
Proper small-x evolution.
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Back-to-back inclusive dijets in DIS at NLO 
Numerical results teaser (only )γ*L + A → dijet + X

In collaboration with Paul Caucal, Björn Schenke, 
Tomasz Stebel, and Raju Venugopalan

Work in progress (2203.XXXX)

More coming soon!

Qs = 0.85 GeV
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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 impact (hard) 
factor

Motivation:

Results:

Outlook:

preliminary numerical 
results

back-to-back limit

Other observables: Dihadrons, UPCs

Include kinematically constrained small-x evolution in numerical result

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



We choose to do these things not because 
they are easy, but because they are hard 

we thought they would be easy
On a more serious note:

Extraordinary discoveries 
require extraordinary evidence 

[a lot of hard work and 
collective effort]
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