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Motivation
• large gluon occupations @ LHC

• p + p → γ + X @ 2.76, 7 & 13 TeV

• ATLAS, CMS: kγ⊥ & 20 GeV

→ small-x physics

• LO: qq̄ → gγ, gq → qγ

• NLO: qq̄ → ggγ, gq → gqγ, gg → qq̄γ,...

→ gluon induced channels
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QCD phase space diagram
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LO q → qγ

• valence quark bremsstrahung O(αe)

q
γ

ρρp A

Kopeliovich, Tarasov, Schaefer, Phys. Rev. C 59 (1999) 1609
Gelis, Jalilian-Marian, Phys. Rev. D 66 (2002) 014021
Baier, Mueller, Schiff, Nucl. Phys. A 741 (2004) 358
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NLO g → qq̄γ
• sea quark bremsstrahlung O(αeαS)

ρAρp

q
γ

q-

SB, Fukushima, Nucl. Phys. A 958 (2017) 1
SB, Fukushima, Garcia-Montero, Venugopalan, JHEP 1701 (2017) 115
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NLO q → qgγ
• O(αeαS)

ρAρp

qγ g

• suppressed as fq � fg
Altinoluk, Armesto, Kovner, Lublinsky, Petreska, 1802.01398
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LO - cross section

dσq→qγ
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Gelis, Jalilian-Marian, Phys. Rev. D 66 (2002) 014021
Baier, Mueller, Schiff, Nucl. Phys. A 741 (2004) 358
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NLO - diagrams
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Garcia-Montero, Master thesis (2016)
SB, Fukushima, Garcia-Montero, Venugopalan, JHEP 1701 (2017) 115
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NLO - cross section

dσg→qq̄γ
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Garcia-Montero, Master thesis (2016)
SB, Fukushima, Garcia-Montero, Venugopalan, JHEP 1701 (2017) 115
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NLO - multi-gluon correlators
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Blaizot, Gelis, Venugopalan, Nucl. Phys. A 743 (2004) 57
SB, Fukushima, Garcia-Montero, Venugopalan, JHEP 1701 (2017) 115
Garcia-Montero, Master thesis (2016)
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NLO - consistency checks

• photon Ward identity

• NLO soft photon factorization

Mµ(p,q, kγ) = −qf e
(

pµ

p · kγ
− qµ

q · kγ

)
M(p,q)

• NLO calculation in A+ = 0 and ∂µA
µ = 0

gauges

• k⊥-factorization and pQCD results

recovered in appropriate limits
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CGC → k⊥-fact. → pQCD

CGC k⟂-fact. pQCD
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SB, Fukushima, Garcia-Montero, Venugopalan, in preparation
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Multi-gluon correlators at large Nc

• large Nc : gluon correlators → dipoles
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Evolution and initial condition

• running coupling BK

• initial condition at x = 0.01

NYp=0(x⊥) = exp

{
− [x2

⊥(Qp
S0)2]γ

2
log

(
1

x⊥ΛIR
+ e

)}
• MV IC:

ΛIR = 0.241 GeV γ = 1.0 (Qp
S0)2 = 0.2 GeV2

(good description of J/Ψ production)

Ma, Venugopalan, Phys. Rev. Lett. 113 (2014) no.19, 192301
Ma, Venugopalan, Watanabe, Zhang, Phys. Rev. C 97 (2018) no.1, 014909
Ma, Tribedy, Venugopalan, Watanabe, 1803.11093
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Isolated photons

√
(φ− φγ)2 + (η − ηγ)2 > R

• hadronic activity inside the cone below

some threshold

• suppresses fragmentation photons

• we use R = 0.4
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LO vs NLO: collision energy
• xp ∼ kγ⊥√
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LO vs NLO: rapidity
• xp ∼ kγ⊥√
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p+p
√
s = 2.76 TeV

• K factor: K = 0.4
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CMS, Phys. Lett. B 710, 256 (2012)
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p+p
√
s = 7 TeV

• K factor: K = 0.4
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√
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• K factor: K = 0.4
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Conclusions

• NLO analytic formula

• NLO dominates over LO @ LHC

• fair description of CMS and ATLAS data

at 2.76 and 7 TeV

• ALICE

• systematic uncertainties

• pA→ γ + X , γ-jet correlations,..
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