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Factorization Theorems in QCD and Parton Model

Direct (prompt) photon is a photon with high pT .

Quantum Field Theory, QED+QCD
Perturbative QCD allowed by Factorization theorems:

high energies

large momentum tranfer
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LO Diagrams

q

g γ

q q

g

γ

q

q

q̄ γ

g q

q̄

γ

g

Alexander Ochirov Direct Photon Production



Master 2 → 2 Formula

Eγ
d3σ

d3pγ
(AB → γd) =

∑

a,b

1
∫

xamin

dxaDa/A(xa)Db/B

(

xaxT e−η

2xa − xT eη

)

· 2
π

1

2xa − xT eη

dσ

dt̂
(ab → γd),

(1)

xamin =
xT eη

2 − xT e−η
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LO Channels and Comparison with CalcHEP
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Parton Distribution Functions
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2 → 3 NLO QED-like Gluon-Gluon Diagrams
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2 → 3 NLO Gluon-Gluon Diagrams with 3-Gluon Vertex
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8 amplitude diagrams

36 unique cross section diagrams

528 terms produced by CalcHEP (uses ghosts in initial and
final states as a calculational trick)
1500 terms in a specific axial gauge (n = p4, η = 0)
25000 terms in the general axial gauge (unspecified n and η)
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Gauge Invariance Check

Axial gauge:

∆ab
µν(k) =

iδab

k2 + iǫ

[

−gµν +
kµnν + nµkν

kn
− (n2 + ηk2)kµkν

(kn)2

]

(2)

∑

polarizations

ǫµ(k)ǫ∗ν(k) = − gµν +
kµnν + nµkν

kn
− n2kµkν

(kn)2 (3)

symbolic calculations in FORM show that the cross section is
independent of the axial gauge parameters n and η
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Master 2 → 3 Formula

Eγ
d3σ

d3pγ
(AB → γde) =

∑

a,b

∫

xddxdd cos θddϕd

(2π)523

·
∫ 1

xamin

dxa

xaxb

Da/A(xa)Db/B(xb)

· θ (xa + xb − xT chη − xd)

2xa − xT eη − xd(1 + cos θd)

· 1

2ŝ

∑

|M(ab → γde)|2 ,

(4)

xb =
xa (xT e−η − xd(1 + cos θd)) − xdxT (chη − shη cos θd − cos ϕd sin θd

2xa − xT eη − xd(1 + cos θd)

xamin =
xT eη + xd(1 + cos θd) − xdxT (chη − shη cos θd − cos ϕd sin θd)

2 − xT e−η − xd(1 − cos θd)
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Photon Isolation Criteria

R =
√

∆η2 + ∆ϕ2

η ≈ y ≈ 0 ⇒ δ ≈ R
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Comparison of different PDFs
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LO and NLO tree-level with theoretical errors (cteq6m)
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Tree-level LO+NLO (cteq6m)
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Tree-level LO+NLO with theoretical errors (cteq6m)
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Tree-level LO+NLO (cteq6m)
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Tree-level LO+NLO with theoretical errors (cteq6m)
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Loop corrections for Compton subprocess
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Loop corrections for Compton subprocess
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Loop corrections for annihilation subprocess
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Loop corrections for annihilation subprocess
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Conclusion

tree-level LO+NLO calculations presented

proven that the tree-level cross section calculated in the
generalized axial gauge is independent of the axial gauge
parameters n and η

loop NLO work in progress
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Auxiliary Formulae

d2σ

dpTdη
= 2πpT · E d3σ

d3p

d2σ

dxTdη
=

2πs

4
xT · E d3σ

d3p

pT =
xT

√
s

2

Ea =
xa

√
s

2

Eb =
xb

√
s

2

Ed =
xd

√
s

2

Ee =
xe

√
s

2
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2 → 2 Formulae

dσ(AB → γd) =
1

2ŝ

∑

a,b

dxa

xa

dxb

xb

Da/A(xa)Db/B(xb)

·(2π)4δ(4)(pa + pb − pγ − pd)
d3pγ

(2π)32Eγ

d3pd

(2π)32Ed

·
∑

|M(ab → γd)|2

Eγ
d3σ

d3pγ
(AB → γd) =

∑

a,b

∫

dxa

xa

dxb

xb

Da/A(xa)Db/B(xb)

· ŝ
π

dσ

dt̂
(ab → γd)δ+

(

ŝ + t̂ + û
)
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2 → 3 Formulae

dσ(AB → γde) =
1

2ŝ

∑

a,b

dxa

xa

dxb

xb

Da/A(xa)Db/B(xb)

·(2π)4δ(4)(pa + pb − pγ − pd − pe)

· d3pγ

(2π)32Eγ

d3pd

(2π)32Ed

d3pe

(2π)32Ee

·
∑

|M(ab → γde)|2

Eγ
d3σ

d3pγ
(AB → γde) =

1

2ŝ

∑

a,b

∫

dxa

xa

dxb

xb

Da/A(xa)Db/B(xb)

· 1

(2π)522

d3pd

Ed

δ+

(

(pa + pb − pγ − pd)2
)

·
∑

|M(ab → γde)|2
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Master 2 → 3 Formula

Eγ
d3σ

d3pγ
(AB → γde) =

∑

a,b

∫

dxa

xa

dxb

xb

1

2ŝ
Da/A(xa)Db/B(xb)

· x2
d

2xaxb − xaxT e−η − xbxT eη

·d cos θddϕd

(2π)523
θ(xd)θ(xe)

·
∑

|M(ab → γde)|2 ,

(5)

xd =
2xaxb − xaxT e−η − xbxT eη

xa + xb − (xa − xb) cos θd − xT (chη − shη cos θd − cos ϕd sin θd)

xe = xa + xb − xT cosh η − xd
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