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Anatomy of QCD matter

Color Glass Condensate 
(CGC)

Leading twist 
Collinear factorization

High-twist 
formalism
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Strong fields, Wilson lines, non-
linear evolution (BK/JIMWLK)

PDFs, DGLAP evolution

Multiparton correlations, 
DGLAP type equations

The Physics of dilute and dense regimes of QCD

Review: 
Gelis, Iancu, Venugopalan (2003)

Qiu, Sterman (1991)
Guo, Wang (2000)

Collins, Soper (1981)

Qiu, Vitev (2003)

Kang, Wang, Wang, Xing (2013)
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Nuclear modification ratio
Enhancement (backward region) vs suppression (forward region)

LHCb (2022) 
Charged particle production pPb

PHENIX (2004) 
hadron production in dAu

LHCb (2022) 
prompt D meson in pPb

Nuclear modification ratio
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Theoretical framework for multiple scattering
(Generalized) High-Twist
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Enhancement in RpA!

Kang, Vitev, Xing (2014)

p+A -> h + X



• Multiple (eikonal) scatterings are resummed and are encoded in the unintegrated 
gluon distribution ℱ(xg, k⊥)

Theoretical framework for multiple scattering
Color Glass Condensate
• Hybrid (dilute-dense factorization)

Dumitru, Jalilian-Marian (2002)
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xpPp =

Suppression in RpA!

Chirilli, Xiao, Yuan (2012) 
Stasto, Xiao, Zaslavsky (2014) 
Iancu, Mueller, Triantafyllopoulos (2016) 
Liu, Kang, Li (2020) 
Shi, Wang, Wei, Xiao (2022)
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p+A -> h + X



A unified picture of dilute and dense limits
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Several efforts in this direction:

+ many more!



CGC: Saturation scale 
grows with energy and 

nuclear number

leading twist 
(twist-2)

{
Higher twist 

(twist-4 and twist-6)
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Consistency between CGC and High-Twist formalism

Twist expansion:

Scanning different regions of hadronic matter
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Direct photon production in pA collisions
Single scattering contribution

• Consider quark-gluon initiated channel
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• Leading twist collinear factorization
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Direct photon production in pA collisions
Incoherent multiple scattering from high-twist

• Initial state: double scattering and single-triple scattering

• Final state double scattering and initial-final state interference

Soft gluon scattering insertion

+ other 18 diagrams
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Direct photon production in pA collisions
Incoherent multiple scattering from high-twist
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• Contribution responsible for nuclear enhancement at large-x

• Twist-4 contribution to the differential cross-section



Direct photon production in pA collisions
Coherent multiple scattering from CGC

• Amplitudes
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• Differential cross-section CGC

• Dipole correlator
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From CGC to leading twist collinear factorization
Correspondence between CGC and single scattering

Twist-2 Twist-4
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• Twist-2

Twist-2 gluon PDF = second moment dipole correlator

Dipole correlator in 
momentum space
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Phase  dropped out (“sub-eikonal”)eixP+y−
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From CGC to twist-4 collinear factorization
Correspondence between CGC and double scattering

• Twist-4

At small-x all twist-4 distributions collapse into a single distribution – no distinction 
between soft and hard gluons!
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Initial state final state Interference
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Contains all orderings (central cut)

Missing terms with derivatives of  
twist-4 distribution
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From CGC to twist-4 collinear factorization
Bringing back the longitudinal “sub-eikonal” phases
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• Expand the Wilson line and include sub-eikonal phase

• Collinear expansion (in powers )1/p2
γ,⊥

Matches exactly to leading-twist result beyond small-x limit



From CGC to twist-4 collinear factorization
LPM effect: incoherent vs coherent regimes
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+

• (Inverse) formation time for photon 
production:

• Landau Pomeranchuk Migdal (LPM) effect  
 (coherent) -> contribution vanishes 
 (incoherent) -> contribution survives

τγ,form ≫ y− − y′ −

τγ,form ≪ y− − y′ −



From CGC to twist-4 collinear factorization
Consistency between CGC and High-Twist formalism
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Matches exactly to twist-4 result and the gauge link in the twist-2

Only showing initial state central cut 
contribution, analogous expansion for the others



Summary

Color Glass Condensate 
(CGC)

Leading twist 
Collinear factorization

High-twist formalism

Strong fields, Wilson lines, non-
linear evolution (BK/JIMWLK)

PDFs, DGLAP evolution

Multiparton correlations, 
DGLAP type equations

Taking direct photon production in pA collisions as an example we show the consistency 
between CGC and High-Twist formalism in their common domain of validity
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Outlook

• Does the consistency between CGC and generalized high-twist 
formalism persist at NLO?

• Establish a framework that allows to resum all twists 
(modify Wilson lines to keep track of phases?)

• Can this correspondence help us implement small-x physics into current 
event generators such eHIJING?

• Matching between CGC and twist-4 TMDs
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