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Outline

• The physics of dilute and dense regimes of QCD

• Direct photon production as a probe of QCD matter

• Matching CGC and high twist formalism 

• Outlook



Anatomy of QCD matter

Color Glass Condensate (CGC) 
saturation formalism

Collinear 
factorization

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

Parton distribution functions, linear 
evolution (DGLAP)

Multiparton correlations, non closed 
evolution 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



CGC/saturation 
suppression in forward production due to 

coherence and non-linear evolution

Ducloué, Lappi, Mäntysaari (2015)

High-twist formalism 
enhancement in backward production due to 

nuclear enhancement of incoherent scattering

Kang, Vitev, E. Wang, Xing, Zhang (2014)

Kharzeev, Kovchegov, Tuchin (2003)Luo, Qiu, Sterman (1993)

Nuclear modification ratio
Enhancement (backward region) vs suppression (forward region)
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Can we unify both formalisms and provide a simultaneous 
description of both regimes?



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

+ many more!



Probing QCD matter with photons
Direct photon production in collinear factorization
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• Consider quark-gluon initiated channel
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• What is the intrinsic momentum  of the nucleus ?⟨k2
⊥⟩
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CGC: Saturation scale 
grows with energy and 

nuclear number

• Higher twist become important at moderate  p2
γ⊥

leading twist 
(twist-2)

{

Higher twist 
(twist-4 and twist-6)
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Probing QCD matter with photons
Direct photon production beyond twist-2
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Probing QCD matter with photons
Direct photon production at twist-4
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• Consider initial state scattering central cut*
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Probing QCD matter with photons
Direct photon production at twist-4 & collinear expansion

derivatives of twist-4 
distribution!

• Collinear expansion =     expansion
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Initial state scattering central cut

•      dependence on the hard factor and also on the distribution through  ’s  xi
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Final state, interference, and asymmetric 
cuts involve other twist-4 distribution
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• Corresponding twist-4 gluon distribution
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Probing QCD matter with photons
CGC/saturation framework in a nutshell
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• Color Glass Condensate is an effective theory of sources and fields

Large-x partons = localized and static current  (drawn from gauge invariant distribution)J+

Small-x partons = background field  sourced by current (large-x)A+
cl

• Partons propagate in the small-x background field via Wilson lines

• Wilson lines (correlators) obey non-linear 
evolution equations (BK/JIMWLK)

• Observables (e.g. cross-section) are convolutions of Wilson lines with perturbative factors

e.g. for quark propagation:
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Ayala, Jalilian-Marian, 
McLerran, Venugopalan 

(1995)



Probing QCD matter with photons
Direct photon production with the CGC/saturation framework
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• Amplitudes
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• Differential cross-section CGC

• Dipole correlator
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Matching CGC and high twist formalism
Collinear expansion in the CGC
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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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Matching CGC and high twist formalism
Collinear expansion in the CGC
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Collinear expansion in the CGC

• Twist-4
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between soft and hard gluons!
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Putting back “sub-eikonal "the phase

Landau-Pomeranchuk-Migdal effect at play – coherence vs incoherence

Matching CGC and high twist formalism

Contour integration puts on-shell intermediate propagators
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In the CGC all gluons are in the covariant gauge
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Matching CGC and high twist formalism

After expansion on hard gluon momentum

Before collinear expansion all gluons carry different momenta
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Summary
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• Using direct photon production as an example we establish the 
consistency between CGC and high-twist formalism in the collinear limit

• Identify twist-4 gluon distributions in terms of fourth moment of the 
dipole of Wilson lines

• Highlight the importance of “sub-eikonal” phases in the collinear limit
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CGC-high twist formalism 
consistency up to twist-4
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Outlook

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

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

• Phenomenology: describe low-x and large-x data with a single 
framework

• Matching between CGC and twist-4 TMDs
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Happy birthday Xin-Nian!

Hope for many collaborations with you!
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Salud for 60 more years of physics


