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Introduction

e Preliminaries
e Saturation line

e Geometric scaling - I ntrod u Ctl O n

e Black spots
e Diffusive scaling

High—energy evolution in QCD

L The physical picture of the hadron in DIS at high energy
(in perturbative QCD)
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| Preliminaries

s

= How does a hadron look like when probed in (inclusive or
diffractive) DIS at very high energy ?

Introduction

.
- Saturation ine = ‘Large nucleus at nearly central impact parameters’

e Geometric scaling

« Bl spots — Quasi-homogeneous (at low energy)

e Diffusive scaling

High—energy evolution in QCD

Pomeron loops

v -
/\/vvv< . T(r)<<1
2 Gray Spot

r ~ 1/Q U

= The dipole probes an area ¥ ~ 2 with a (nearly
b—independent) scattering amplitude 7'(r,Y")

A
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High—energy evolution in QCD
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o<l ook 5o
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r~ 1/Q U

= The dipole probes an area ¥ ~ 2 with a (nearly
b—independent) scattering amplitude 7'(r,Y")
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=~ Preliminaries

g

= How does a hadron look like when probed in (inclusive or
diffractive) DIS at very high energy ?

Introduction

.
- Saturation ine = ‘Large nucleus at nearly central impact parameters’

e Geometric scaling

« Bl spots — Quasi-homogeneous (at low energy)

e Diffusive scaling

High—energy evolution in QCD

Pomeron loops

v -
/\/vvv< T(r)=0
2 White Spot

r ~ 1/Q U

= For given r and b, all these situations can occur, depending
upon the value of the rapidity Y = In(1/x)

A
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= Saturation line

g

>

Y =1In 1/x

Introduction

e Preliminaries Saturation

e Geometric scaling
e Black spots
e Diffusive scaling

High—energy evolution in QCD
‘black disk’

InQi(Y)=AY

Pomeron loops

Low density
T<<1
Q ‘color transparency'’
In A2, In Q°

= Low energy: Color transparency (or leading—twist) : T' oc r?
= High energy: Saturation (or black disk limit) : T = 1

= The only non-trivial information: The ‘saturation line’ (\)
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Y =1In 1/x

Introduction

e Preliminaries

e Saturation line Saturation

e Black spots
e Diffusive scaling

InQ5(Y)=AY

Geometric
High—energy evolution in QCD 1

Pomeron loops

Low density
T<<1
In A2, In Q°

L.
>

= New physical regime at relatively large Q% > Q*(Y) :

T(r,Y) ~ (r*’Q2(Y))' < 1, v ~ 0.63
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= Geometric scaling

>

Y =1In 1/x

Introduction

e Preliminaries

e Saturation line Saturation

e Black spots
e Diffusive scaling

InQ5(Y)=AY

Geometric
High—energy evolution in QCD

Pomeron loops

Low density
T<<1
In A2, In Q°

L.
>

Geometric scaling window: In[Q?/Q?(Y)] x VY

The influence of saturation extends well outside the
saturation regime !
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¢ Black spots

Y =1In 1/x}

Introduction

e Preliminaries
e Saturation line
e Geometric scaling

e Black spots

e Diffusive scaling

High—energy evolution in QCD

Pomeron loops

Low density
<T> << 1

>

2
In A2, In Q*

= New physical regime opens at higher energy & larger >
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Black spots

Y = In 1/x4

Introduction

e Preliminaries
e Saturation line
e Geometric scaling

e Black spots

e Diffusive scaling

High—energy evolution in QCD

Pomeron loops

Low density
<T> << 1

>

2
In A2, In Q?

= Strong fluctuations (inhomogeneity) in the vicinity of the
(average) saturation line: “Black spots”
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R Black spots

Y =1In 1/x}

Introduction

e Preliminaries
e Saturation line
e Geometric scaling

e Black spots

e Diffusive scaling

High—energy evolution in QCD

Pomeron loops

Low density
<T> << 1

>

2
In A2, In Q*

= T ~ 1/2 within a large window o /Y around the (average)
saturation line
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'i""‘: Black spots

Y =1In 1/x}

Introduction

e Preliminaries
e Saturation line
e Geometric scaling

e Black spots

e Diffusive scaling

High—energy evolution in QCD

Pomeron loops

Low density
<T> << 1

>

2
In A2, In Q*

= Diffusive scaling within an even larger window o« Y
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~ Diffusive scaling

Y=In1/x$ it 4

Introduction

e Preliminaries

e Saturation line

e Geometric scaling
e Black spots

e Diffusive scaling

High—energy evolution in QCD

B

.’ diffusive o

DY >> 1

scaling

Pomeron loops

DY << 1

Low density

=
=
S
2
A
[
~~
N
N
]
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Introduction

e Preliminaries
e Saturation line

" Geometic scaing = Where is all that coming from ?!?

e Black spots

e Diffusive scaling

High—energy evolution in QCD

e Non-linear gluon evolution in QCD at high energy
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" " DIS in the high energy limit

Introduction [\

High lution in QCD 0™
igh—energy evolution in g

eos | Proton

e One-—step

Pomeron loops

Dipole r %

= At high energy, the dipole ‘sees’ a complex gluon
configuration generated via QCD evolution

0 BFKL ladders: rapid rise of gluon density (and T’
0 Recombination: gluon saturation/unitarization of T°
0 Splitting: gluon—number fluctuations/hot spots
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E One-step evolution in more detall

Introduction

High—energy evolution in QCD
e DIS

Pomeron loops

BFKL recombination splitting

=

= Evolution equations for n(Y, k. ):
Gluon occupation number or “unintegrated distribution”

= Ignore k, for a while.
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= One-step evolution in more detall

Introduction

High—energy evolution in QCD
e DIS

Pomeron loops

BFKL recombination splitting

=

= BFKL evolution (alone) :

on

gy = Qsh — n(Y) x e¥*¥

> Linear evolution, unstable
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x‘ﬁ One-step evolution in more detall

Introduction

High—energy evolution in QCD
e DIS

Pomeron loops

BFKL recombination splitting

= BFKL + Gluon recombination :

on 5 o
— ~ an —a‘n® =0 hen n ~ — 1
Y ° § v ozs>>

> Non-linear evolution, stable fixed point at high energy

> High gluon occupancy at saturation
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:"
mQ One-—step evolution in more detalil
_ =) 0 5 =

BFKL recombination splitting

However, the actual equations involve the average densities!
o(n)
oY
(nn) : gluon pair density > 2—body correlations

~ a,(n) — o2 (nn)

The first equation in an infinite hierarchy !

Mean field approximation: (nn) ~ (n)(n)

... appropriate only for sufficiently high density: (n) 2 1
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o
*{;‘; One-—step evolution in more detalil
_ =) 0 5 =

BFKL recombination splitting

= BFKL + Gluon recombination + Gluon splitting :
> The 2-body correlations are originally generated through
gluon splitting in the dilute regime (low energy)

= The second equation in the hierarchy :

d{nn)

5y = 2a5(nn) — a5 (nnn) + as(n) ...

= Fluctuations dominate the production of (nn) when (n) < «;
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o
*{;‘; One-—step evolution in more detalil
_ =) 0 5 =

BFKL recombination splitting

= BFKL + Gluon recombination + Gluon splitting :

2y = as(n) — o (nn)
d{nn) ~ 2 2
oy = 205 (nn) — ai (nnn) + as(n) ...

0 Early stages: Correlations are generated via fluctuations
0 Intermediate stages: ... then amplified by BFKL evolution
0 High density: ... and eventually lead to saturation !
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o
*{;‘; One-—step evolution in more detalil
_ =) 0 5 =

BFKL recombination splitting

= How to actually solve such an infinite hierarchy ?

= Replace it by an equivalent Langevin equation !
(cf. the yesterday talk by G. Soyez)

on 5 o 1

— >~ asn — a;n’ + agy/anv, (v(Y1)r(Ys)) = —0(Y; — Ys)

oY Qs

= n = event-by—event occupation number; v = noise

= The high energy evolution is QCD is non-linear & stochastic!
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a\ﬁ The Pomeron loop equations

(E.l. and D. Triantafyllopoulos, 04)

T = Replace n by T ~ asn (dipole scattering amplitude).

High—energy evolution in QCD

= Restore k|, —dependence (here, the dipole size r)
Pomeron loops

o Langevin equation | :

T(r,Y) = T(p,Y) with p=1In(1/r2) ~ InQ?

e Geometric scaling

e Fluctuations

e Front diffusion

g = ‘Stochastic FKPP equation’ (simplified version of QCD)

e Diffusive scaling

T(p,Y) =T +T — T(p,Y) + a2 /T(1-T)v(p,Y)

‘BEKL’ unitarization fluctuation

= Unitarization (‘black disk limit’ 7" = 1) for sufficiently
high energy, or sufficiently large dipole sizes

= Noise term — Fluctuations in the unitarization scale (Q;)
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o
= A cartoon of DIS with Pomeron loops

=

> Effective theory for BFKL Pomerons: splitting, merging, loops

Introduction

High—energy evolution in QCD

y*
Pomeron loops

e Langevin equation

e Geometric scaling

e Fluctuations

e Front diffusion

e Black spots

e Diffusive scaling
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<
.« The event—by—event picture

= Two fixed points: 7" = 0 (unstable) and 7" = 1 (stable)

Introduction

High—energy evolution in QCD Y =1In1/x}

Pomeron loops

e Langevin equation
e Ploops in DIS Y2 -——
e Fluctuations

o Front diffusion Y1 I
e Black spots

e Diffusive scaling

Dilute system
Y 1/2

In A2 In Q2 %(Yl) %(Yz)

= A front propagating towards larger values of p

= The position of the front = Saturation momentum

po(Y) = mQX(Y) = AY
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Geometric scaling

= The shape of the front is not altered by the evolution

Introduction

1
High—energy evolution in QCD J I I [ I
Pomeron loops 0.8} |
e Langevin equation
e Ploops in DIS
0.6 - -
e Fluctuations &
e Front diffusion 0.4k ]
e Black spots ’
e Diffusive scaling

0.2 .
0 L I l
-5 0 5) 10 15 20 25

log(r2/r?)

T(p,Y) = T(p—ps(Y)) = T(r*Q3(Y))

= ‘Traveling wave’ or ‘Geometric scaling’
E.l., Itakura, McLerran, 02 ; Mueller, Triantafyllopoulos, 02

Munier, Peschanski, 03 : relation to statistical physics (F-KPP)
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=
| E Effects of fluctuations

= The saturation momentum p,(Y) = In Q?(Y") is random :

(ps(Y)) =AY, o2(Y) = (%) — {ps)? = DY

High—energy evolution in QCD

Pomeron loops _ 7
e Langevin equation Y =In1/x 7 // 4/
e Ploops in DIS // 7,7
_ _ VY7 s
e Geometric scaling . 7 Q2 4 /s’
- Saturation ./’ 27 1
e Fluctuations awu / 7/ 7
e Front diffusion 4 ’ \Q/ ’ 7 7
/ Ve
° BI:rck spots I yi // 7/ 7
Diffusive scalin /
] g / // 7 7
/ 7 D 7
/ 7 P s
/ Ve P
/ /7 ’
. Ve s
Diffuse boundary
/ 7 P '
/ 4 7
A 7
/ y 7
/ o, -,
/// P
/ - H
ke Low density
2 2>
In ASep InQ

= A diffuse saturation boundary, with a width increasing with Y’
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&
*ﬁ;‘; Front diffusion through fluctuations

= A stochastic evolution generates un ensemble of fronts.

introduction = One front = One event = Geometric scaling

High—energy evolution in QCD

Pomeron loops 1
e Langevin equation
e Ploops in DIS 0.8 I
e Geometric scaling
e Fluctuations
0.6 |-
e Black spots ~
e Diffusive scaling
04
0.2
0
)

= The average amplitude (T'(p,Y)) gets flatter and flatter with
Increasing energy

— geometric scaling is eventually washed out !

= Violations remain small, though, so long as DY « 1
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Black spots

= High energy DY > 1: (T'(p,Y)) is dominated by ‘black
roducton spots’ up to very high values of p (= large Q?)

High—energy evolution in QCD

Pomeron loops o < > —

e Langevin equation p pS ln < 2 (Y>> << DY
e Ploops in DIS

e Geometric scaling
e Fluctuations

e Front diffusion

e Black spots

e Diffusive scaling

Black Spot

r ~ 1/Q U

= ‘Black spots’ : rare fluctuations having Q2 2 Q% > (Q*(Y))
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- ®
x‘ﬁ Diffusive scaling

(Y. Hatta, E.l., C. Marquet, G. Soyez, D. Triantafyllopoulos, hep-ph/0601150)

= A Gaussian average over the fronts (the values of p;) :

Introduction

:;gn::::t::mftioninQCD <T(p Y)> — /dp 1 exp | — (/08 - </08>)2 @(,0 — )
e Langevin equation 9 S ﬁo‘ 0_2 S

e Ploops in DIS

e Geometric scaling bl aCk SpOtS

e Fluctuations

o Front diffusion probablllty

e Black spots

e Diffusive scaling

1, for 7 < —1

(I'(r,Y))=<1/2, for -1 7«1

\exp (=27) /Z, for Z>1
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L

. Black spots

A
Y =1In 1/x
Introduction
7
High—energy evolution in QCD <T> = 1 /7 g

Pomeron loops 4

" / 7
e Langevin equation Saturatlon / <T> < 1 /2/ 7

e Ploops in DIS Y,
e Geometric scaling @
/
7
/ s
/ 7
/ - L
/
/
/ ~
/

Fluctuations
Front diffusion

Black spots <T> o
e Diffusive scaling

Low density
<T> << 1

>

2 2
In /\QCD In Q
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Introduction

High—energy evolution in QCD

= See the following talk (by C. Marquet)

Pomeron loops

e Langevin equation
e for applications to diffraction !
e Geometric scaling

e Fluctuations

e Front diffusion

e Black spots

e Diffusive scaling
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Introduction

High—energy evolution in QCD

Pomeron loops :
e Langevin equation 0.8 : ' 0y E R : .‘ B
e Ploops in DIS : : ‘ : :

e Geometric scaling
e Fluctuations

e Front diffusion

e Black spots

e Diffusive scaling 0.6 , : SR ' : A . : —

0.4 F LR -
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