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• Dijet production in the TMD formalism 
 

• Dijet production beyond TMDs: CGC formalism 
 

• Dijet production in the CGC at NLO 
 

• Summary and Outlook
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QCD Compton scattering

~ quark PDF

Photon-gluon fusion

~ gluon PDF

dominant channel at small-x

e

e

q

q̄

)
X

p

e

e

q

g

)
X

p

Image source: H1Zeus

Dijet and dihadron production: TMD formalism

3

Quark initiated vs gluon initiated channels
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Dominguez, Marquet, Xiao, Yuan (2011)

Validity of TMD approach: 
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(i.e. back-to-back 
configuration)

Perturbatively 
calculable WW gluon TMD

Linearly 
polarized

Unpolarized

The Weizsäcker-Williams gluon TMD

LO diagram for  
production

qq̄
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Dominguez, Qiu, Xiao, Yuan (2011)

Dijet and dihadron production: TMD formalism

2P?
<latexit sha1_base64="o5Wag/mkbMB+ZRJwCeqTx9mFFHY=">AAACQ3icbVDLSgMxFM34dnxVRTdugkVwVWaqoEvRjcsKVoW2lEzmVoOZJCR3pGXsz7jV3/Aj/AZ34lYwrV3Y6oWQwzn3eRIjhcMoegumpmdm5+YXFsOl5ZXVtdL6xpXTueVQ51pqe5MwB1IoqKNACTfGAssSCdfJ/dlAv34A64RWl9gz0MrYrRIdwRl6ql3artJmomXqepn/ilq7acCafrtUjirRMOhfEI9AmYyi1l4Ptpqp5nkGCrlkzjXiyGCrYBYFl9APm7kDw/g9u4WGh4pl4FrF8IA+3fNMSjva+qeQDtnfFQXL3GBDn5kxvHOT2oD8T2vk2DluFUKZHEHxn0GdXFLUdOAGTYUFjrLnAeNW+F0pv2OWcfSejU0Z9jbAxy4purkSXKcwwUrsomX9MAy9kfGkbX/BVbUSH1SqF4flk9ORpQtkh+ySfRKTI3JCzkmN1Aknj+SJPJOX4DV4Dz6Cz5/UqWBUs0nGIvj6Bnr8sQc=</latexit>

<latexit sha1_base64="lg3gXOzXKXqQqbcdstyJ1PA2o5g="></latexit>

k1?
<latexit sha1_base64="iZR+oFYal8mvIkW4ZqBM5n0cdjc="></latexit>

k2?

<latexit sha1_base64="Z26z+sciqaiL2WFf4ySIdZleO0k="></latexit>

k?

<latexit sha1_base64="h3OCFNCoFQv0hI9Fev7frbx7KKU="></latexit>

k? ⌧ P?

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

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

P? = z2k1? � z1k2?

<latexit sha1_base64="ujHyiTylC3w9yrb/UL5kg9PxQCE="></latexit>

xGij
WW(x,k?) =

1

2
�ijxG0

WW(x, k?)

<latexit sha1_base64="h6hp6/d9UsWumqSRsNlUxpN/hKk="></latexit>

+⇧ij(k?)xh
0
WW(x, k?)

<latexit sha1_base64="Ldy27Rv7I5hi1M2iYqydznC7Ijk="></latexit>

⇧ij(k?) =

 
2
ki
?k

j
?

k2
?

� �ij
!

For more on dijets and TMDs see Ignazio’s talk

<latexit sha1_base64="K0YrewlEUv1X6fwXtsQcrxZttRE="></latexit>

d��⇤A!qq̄X
⇠ H

ij
TMD(P?) ↵sxG

ij
WW(x,k?)



Forward dihadron azimuthal correlations and gluon saturation

Dihadron suppression 
back-to-back peak

Zheng, Aschenauer, Lee, Xiao (2014) 
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Typical momentum transfer from 
hadron/nucleus to 
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Dijet azimuthal asymmetries 
in momentum imbalance

Dumitru, Skokov, Ullrich (2018)
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Forward dijet azimuthal asymmetries and WW gluon TMD

Dijet and dihadron production: TMD formalism
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Dijet production 
beyond TMDs
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A comprehensive numerical study of the TMD/CGC 
correspondence

H. Mäntysaari, N. Mueller, FS, and B. Schenke. Phys.Rev.Lett. 124 (2020) 
 



Dijet cross-section in the CGC will 
contain dipoles and quadrupole:

Computation in the CGC: Wilson Lines
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perturbatively 
computable non-perturbative

Amplitude (modulo leptonic part):
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Dijet production beyond TMDs



CGC, improved TMD and TMD frameworks
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Dijet production beyond TMDs
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Dijet production beyond TMDs
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The TMD and improved TMD limit as an expansion

Weizsäcker-
Williams gluon TMDHard factor
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Altinoluk, Boussarie, Kotko (2019)

<latexit sha1_base64="PJEti8ZIz47oXdXoggjvUyErfVE="></latexit>

+O(k?/P?) +O(Qs/P?)

Dijet production beyond TMDs

TMD valid  k⊥, Qs ≪ Q⊥

back-to-back hadrons/jets 
and transverse momenta larger 

than sat scale

Improved TMD valid  Qs ≪ Q⊥

transverse momenta larger 
than sat scale

<latexit sha1_base64="3FiCiFdzvP3PEWa2er9pfrmP2To="></latexit>

d��⇤
�A!qq̄X

⇠ H
�,ij
ITMD(P?,k?) ↵sxG

ij
WW(x,k?)

<latexit sha1_base64="K0YrewlEUv1X6fwXtsQcrxZttRE="></latexit>

d��⇤A!qq̄X
⇠ H

ij
TMD(P?) ↵sxG

ij
WW(x,k?)



proton  ~ smaller Q2
s Gold nucleus  ~ larger Q2

s
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Differential yield: TMD, ITMD and CGC
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 and  dependence of genuine saturationQ2 P⊥

13

At exactly back-to-back  the ratio of CGC/TMD is sensitive to genuine twistsk⊥ ≈ 0
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Momentum imbalance elliptic anisotropies: 
TMD vs ITMD

R. Boussarie, H. Mäntysaari, 
FS, B. Schenke (2021)
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R. Boussarie, H. Mäntysaari, 
FS, B. Schenke (2021)

Dijet production beyond TMDs
Momentum imbalance elliptic anisotropies: 
TMD vs ITMD vs CGC
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Dijet production beyond TMDs
Momentum imbalance quadrangular anisotropies: 
TMD vs ITMD vs CGC
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Dijet production in the CGC 
at NLO
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Rapidity factorization and NLO impact factor

P. Caucal, FS, and R. Venugopalan. 2108.06347 




Real emission diagrams (loop opens in DA and closes in the CCA)

Virtual emission (loop open and closes in DA or CCA)

Self-energy contributions Vertex contributions

<latexit sha1_base64="ki0q8m0p/OSo55ZdGwOK/bSwvqg="></latexit>

q $ q̄

<latexit sha1_base64="ki0q8m0p/OSo55ZdGwOK/bSwvqg="></latexit>

q $ q̄

<latexit sha1_base64="ki0q8m0p/OSo55ZdGwOK/bSwvqg="></latexit>

q $ q̄ <latexit sha1_base64="ki0q8m0p/OSo55ZdGwOK/bSwvqg="></latexit>

q $ q̄

<latexit sha1_base64="ki0q8m0p/OSo55ZdGwOK/bSwvqg="></latexit>

q $ q̄

Real and virtual emissions

18

<latexit sha1_base64="ki0q8m0p/OSo55ZdGwOK/bSwvqg="></latexit>

q $ q̄

�⇤

R1

�⇤

R2

�⇤

SE1

�⇤

SE2

�⇤

SE3

�⇤

V1

�⇤

V2

�⇤

V3

Dijet production in the CGC at NLO
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Dijet production in the CGC at NLO
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Cancellation of divergences of UV divergences

•UV divergences cancel among self energies 
contributions (before SW and crossing SW)

•UV divergence cancel in vertex contribution 
before SW and self energy contribution after SW 

�⇤

V1

•UV finite diagrams
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•UV finite, no need for counter-terms at this order in PT.


•Overall IR divergence is left in sum of virtual diagrams, and soft divergence left in V3.  
Both cancel with real emissions.

Dijet production in the CGC at NLO

P. Caucal, FS, and R. Venugopalan (2021)



•  Slow gluon radiation                  can be large in resummed by redefining distribution of sources:
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JIMWLK LL Hamiltonian
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NLO

Inclusive dijet production at NLO

P. Caucal, FS, and R. Venugopalan (2021)



Collinear non-slow divergences

Soft divergence

•Remaining soft divergence cancel between vertex correction after SW, and cross term real 
gluon emission after SW
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Infrared and collinear safety 

• Implement a jet algorithm* (small cone) 
excluding slow gluon divergence
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Dijet production in the CGC at NLO
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Summary
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• Dijet and dihadron production in the TMD formalism 
 
 

• Dijet production beyond TMDs: CGC formalism 
 
 

• Dijet production in the CGC at NLO 
 
 

The Weizsäcker-Williams distribution: 
gluon saturation, and linearly polarized gluons

From Wilson Lines to TMDs and beyond: 
Kinematic and genuine saturation corrections at the EIC

IRC safe, JIMWLK rapidity factorization, and 
isolate finite impact factor.



Outlook
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• Couple our partonic cross-sections to event generators

• Investigate dijet production at NLO in the back-to-back limit

Recover TMD factorization

• Numerical implementation of dijet production at NLO

Isolate NLO impact factor

Promoting saturation physics to a precision science

How much of the kinematic power and genuine saturation corrections 
survives in the actual observable?

• Dijet production in DIS at two loops??

Is the ITMD framework valid at NLO?

Xiao, Yuan, Zhou (2017)


