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Clean Probes

Use the ‘known’ to probe the ‘unknown’ 

Use photons as probes for saturation 
in dilute-dense collisions

L O C A L  G O A L

W H Y  P H O T O N S ?

No strong interaction 

W H Y  D I L U T E - D E N S E ?
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Soft Partons

Macroscopic Field

Hard Partons

Static Color Sources

Jμ(x) = g δ(x−) δμ+ ρ( x⊥)

αs

Q2
S(x)

x fg(x, Q2
S)

πR2
∼ 1

A(x)

Aμ
p (x) = − g δμ+ δ(x−)
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⊥
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Soft Partons

Macroscopic Field

Hard Partons

Static Color Sources

⟨𝒪[ρ]⟩ = ∫ 𝒟ρ W[x; ρ]𝒪[ρ]

Jμ(x) = g δ(x−) δμ+ ρ( x⊥)A(x)

: gauge invariant probability distributionW[x; ρ]
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Soft Partons

Macroscopic Field

Hard Partons

Static Color Sources

Jμ(x) = g δ(x−) δμ+ ρ( x⊥)A(x)

⟨ρa(x⊥) ρb(y⊥)⟩ = g2 δab μ2δ(2)(x⊥ − y⊥)

McLerran-Venugopalan Model

S P E C I A L  C A S E



P R O P A G A T I O N :  G L U E

modified by the nuclear CGC?

Multiple Scatterings 

Is the gluon field (projectile)

Aμ(q) = Aμ(q) +
i g

q2 + iq+ϵ ∫k⊥
∫x⊥

ei(q⊥−k⊥)⋅x Cμ(q, k⊥)) U(x⊥)
ρp(k⊥)

k2
⊥

Nucl.Phys. A743 (2004) 13-56 
Nucl.Phys. A743 (2004) 57-91 



P R O P A G A T I O N :  Q U A R K S

through the CGC?

Multiple Scatterings 

Dressed propagator

How do quarks behave

𝒯(k, p) = 2π sgn(p+) γ+ ∫x⊥

eix⊥⋅k⊥ [Ũ(x⊥) − 1]
Nucl.Phys. A743 (2004) 13-56 
Nucl.Phys. A743 (2004) 57-91 
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POWER COUNTING

αs > αe



LO [     ]   𝒪(αe)

Phys. Rev. C 59 (1999) 1609
Phys. Rev. D 66 (2002) 014021
Nucl. Phys. A 741 (2004) 358

Phys.Rev. D97 (2018) 054023 

fq

AA

γ

fq,p(xp, Q2) θLO(q, kγ)

dσ
d2kγ⊥

dηγ
=

αα2
S q2

f

(2π)8CF ∫ηq
∫q⊥

∫xp

(2π) δ(l+ − q+ − k+
γ )

𝒩A(xA, q⊥ + kγ⊥)×

x ∼ 10−2

αs fg ≥ fq

N(x0, k) =
1

NC
⟨U(k) U†(0)⟩with 
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Phys. Rev. C 59 (1999) 1609
Phys. Rev. D 66 (2002) 014021
Nucl. Phys. A 741 (2004) 358

Phys.Rev. D97 (2018) 054023 
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Phys. Rev. C 59 (1999) 1609
Phys. Rev. D 66 (2002) 014021
Nucl. Phys. A 741 (2004) 358

Phys.Rev. D97 (2018) 054023 

fq

AA

γLO [     ]   𝒪(αe)

fq,p(xp, Q2) θLO(q, kγ)

dσ
d2kγ⊥

dηγ
=

αα2
S q2

f

(2π)8CF ∫ηq
∫q⊥

∫xp

(2π) δ(l+ − q+ − k+
γ )

𝒩A(xA, q⊥ + kγ⊥)×

SUPPRESSED 

(depending on X)



γg

AA

N LO  I [       ]  𝒪(αsαe)

x ∼ 10−2

αs fg ≥ fq
fq

*** For inclusive photon, it can be included as evolution  

of the quark distributions 



γ

AA

A

AA

Nucl.Phys. A958 (2017) 1-24

N LO  I I [       ]  𝒪(αsαe)

x ∼ 10−2

αs fg ≥ fq
Kinematically constrained

Dominated by

Enhanced by 

k2
⊥ = Q2

S,A



γ

AA

A

AA

Nucl.Phys. A958 (2017) 1-24

N LO  I I [       ]  𝒪(αsαe)

x ∼ 10−2

αs fg ≥ fq
Kinematically constrained

Dominated by

Enhanced by 

k2
⊥ = Q2

S,ASUPPRESSED



dσ
d2kγ⊥

dηγ
=

αα2
S q2

f

(2π)8CF ∫ηq,ηp
∫q⊥,p⊥,k⊥,k1⊥,k2⊥

δ(2)(P⊥ − k1⊥ − k2⊥) φp(k1⊥)
k2

1⊥

A

AA

AA

γ

q̄

q

JHEP 1701 (2017) 115 
arXiv:1807.03806 

N LO  I I I [       ]  𝒪(αsαe)

x ∼ 10−2

αs fg ≥ fq

Enhanced by 

×
{
τg,g(k1⊥)

φg,g
A (k2⊥)

k2⊥
+ 2τg,qq(k1⊥,k⊥)

φqq,g
A (k⊥,k2⊥)

k2⊥
+ 2τg,qq(k1⊥,k⊥,k⊥)

φqq,g
A (k⊥,k2⊥)

k2⊥

}

×
{
τg,g(k1⊥)

φg,g
A (k2⊥)

k2⊥
+ 2τg,qq(k1⊥,k⊥)

φqq,g
A (k⊥,k2⊥)

k2⊥
+ 2τg,qq(k1⊥,k⊥,k⊥)

φqq,g
A (k⊥,k2⊥)

k2⊥

}
×
{
τg,g(k1⊥)

φg,g
A (k2⊥)

k2⊥
+ 2τg,qq(k1⊥,k⊥)

φqq,g
A (k⊥,k2⊥)

k2⊥
+ 2τg,qq(k1⊥,k⊥,k⊥)

φqq,g
A (k⊥,k2⊥)

k2⊥

}

asd.+ τqq,qq(k1⊥,k⊥,k⊥)
φqq,qq
A (k⊥,k2⊥)

k2⊥
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f
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JHEP 1701 (2017) 115 
arXiv:1807.03806 

N LO  I I I [       ]  𝒪(αsαe)

x ∼ 10−2

αs fg ≥ fq

Enhanced by 

×θNLO(k1⊥,k⊥,k
′
⊥)N (x0,k2⊥)N (x0,k⊥ − k2⊥)

AT LARGE N C
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dηγ
=

αα2
S q2

f

(2π)8CF ∫ηq,ηp
∫q⊥,p⊥,k1⊥,k2⊥

δ(2)(P⊥ − k1⊥ − k2⊥)
φp(k1⊥)

k2
1⊥
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AA
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γ
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q

JHEP 1701 (2017) 115 
arXiv:1807.03806 

N LO  I I I [       ]  𝒪(αsαe)

x ∼ 10−2

αs fg ≥ fq

Enhanced by 

×θLT (k1⊥,k
′
⊥) Ñ (x0,k2⊥)

AT LT 
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S U M M A R Y

Complete analytical result at NLO,  that is 

Saturation modifies the emission process thanks to multi-
particle scatterings 

CGC formalism yields correct limits to the pQCD results

𝒪(αsαe)

CGC k -factorized yields good agreement with the 
experimental data

⊥

A

B

C

D



O U T L O O K

Photon hadron correlations are sensitive to 
saturation

Comparison to current and future p+A 
experimental data

More exciting studies

  

NNLO?
Higher particle correlations?
Saturation and Anomalies?

C

A

B
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