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QCD evolution equations at high energy

Kovchegov equation (fan diagrams):
∂

∂Y 〈T 〉Y ∝ αs [〈T 〉Y − 〈T 〉Y 〈T 〉Y ]

non-linear evolution, satisfies unitarity;

“mean field” equation;

Pomeron loop equations (enhanced diagrams):

Langevin-type version:

∂
∂Y TY ∝ αs

�
TY − TY TY +

√
αs T ν

�
Hierarchy:

∂

∂Y
〈T 〉Y ∝ αs [〈T 〉Y − 〈T T 〉Y ]

∂

∂Y
〈T T 〉Y ∝ αs

h
〈T T 〉Y − 〈T T T 〉Y + α2

s 〈T 〉Y

i
BFKL Pomeron Calculus, Effective Hamiltonian approach, ...

describe Gluon Number Fluctuations/Pomeron Loops!
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Effects of Pomeron Loops/Gluon Nnumber Fluctuations

Single events Geometric scaling
T(r,Y)

ρs = ln Q2

s(Y )

1

ρ = ln 1/r2

T (r , Y ) = T (r 2 Q2
s (Y ))

Average over events Diffusive scaling
T(r,Y)

1

ρ = ln 1/r2

〈T (r , Y )〉 = T
�

ln(Q̄2
s (Y ) r2)√

αsY/ ln3(1/α2
s )

�
Statistical physics ⇐⇒ hdQCD: 〈T (ρ − ρs)〉 =

R
dρs P(ρs) T (ρ − ρs)

[ Iancu,Mueller,Munier (2004) ]

where P(ρs) = 1√
2πσ2 exp[ (ρs−〈ρs〉)2

2σ2 ], σ2 = 〈ρ2
s〉 − 〈ρs〉2 = DdcαsY

=⇒ shape of 〈T 〉 becomes flatter with increasing Y
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“Phases” of an evolved hadron

YDS ∼ 1
Ddcαs

(σ2 ≃ 1)

diffusive
scaling

geometric
scaling

saturation

low density

〈ρ
s
(p

, Y
)〉

ρ = ln(k2

⊥
/k2

0)ln(Λ2

QCD/k2
0)

Y = ln 1/x

YDS

YF
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RpA at high energy

Studied:

RpA =
hA(k⊥, Y )

A
1
3 hp(k⊥, Y )

, RpA =
ϕA(k⊥, Y )

A
1
3 ϕp(k⊥, Y )

“Modified” unintegrated gluon distribution:
[ Braun (2000) ]

hA (k⊥, Y ) =
Nc

(2π)3 αs

Z
d2x⊥ eik⊥·x⊥ ∇2

x⊥ TA (x⊥, Y )

“W-W” unintegrated gluon distribution:
[ Kovchegov, Mueller (1998) ]

ϕA (k⊥, Y ) =
Nc

(2π)3 αs

Z
d2x⊥
x2
⊥

eik⊥·x⊥ TA (x⊥, Y )

⇒ lead to the same results

Initial conditions: Nucleus: MV-Model
Proton: Dipole/MV-Model , Q2

s (A) = A1/3Q2
s (p)
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Unintegrated gluon distribution of an evolved hadron

diffusive
scaling

geometric
scaling

saturation

low density

〈ρ
s
(p

, Y
)〉

ρ = ln(k2

⊥
/k2

0)ln(Λ2

QCD/k2
0)

Y = ln 1/x

YDS

YF

Geometric scaling regime (fixed αs), Y ≪ 1/Ddcαs:

hA(ρ − ρs(A, Y )) = hmax
A γc e−γc (ρ−ρs(A,Y ))

�
ρ − ρs(A, Y ) +

1
γc

�
Diffusive scaling regime (fixed αs), Y ≫ 1/Ddcαs:

〈hA(ρ − ρs(A, Y ))〉 ≃ hmax
A√
2πσ2

�
1 + γc

γc

�
exp

�
− (ρ − 〈ρs(A, Y )〉)2

2σ2

�
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RpA in geometric and diffusive scaling regimes

Geometric scaling regime (fixed αs):
[ Mueller (2003) ] , [ Iancu,Itakura,Triantafyllopoulos (2004) ]

RpA(k⊥, Y , A) ≃ 1

A
1
3 (1−γc )

partial gluon shadowing;

basically k⊥ and Y independent;

ϕ(k⊥, Y )

k⊥

1

αs

Ap Ap

Diffusive scaling regime (fixed αs):
[ Kozlov, Shoshi, Xiao (2006) ]

RpA =
1

A
1
3

�
1− ∆ρs

2σ2

� "
k2
⊥

Q̄2
s (A, Y )

#∆ρs
σ2

increasing gluon shadowing with Y
total shadowing, RpA = 1

A1/3 ,
for Y → ∞
decreasing k⊥ dependence with Y

ϕ(k⊥, Y )

k⊥

1

αs

ApAp
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General features of RpA in diffusive scaling region

Y1 ≤ Y2 ≤ Y3 ≤ Y4

Qs(Y1) Qs(Y4)

RpA

k⊥

1

A
1

3

1

Y1

Y2

Y3

Y4

slope of RpA becomes smaller with increasing Y

RpA goes towards 1/A1/3 with increasing Y
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Summary

LHC energy probably large enough to observe Pomeron Loops/Gluons
Number Fluctuations effects

RpA is a good quantity for studying Pomeron Loops/Fluctuations effects
at high energies

With increasing rapidity, shapes of gluon distributions of nucleus and of
proton become identical

For the technical details (e.g. precise form of RpA for different unintegrated gluon distributions and different initial conditions):

Kozlov, Shoshi, Xiao arXiv:hep-ph/0612053
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