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0 Color Dipole Picture (Master equation)

Color Glass Condensate

Mloan Fisk! Approsimation 0 CGC (Fokker—Planck equation: ‘JIMWLK")

g el Font “Classical": Large separation in rapidity/time scales

A new equation

— Effective theory in three (or two) spatial dimensions

Conclusions
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0 Color Dipole Picture (Master equation)

Color Glass Condensate

Mloan Fisk! Approsimation 0 CGC (Fokker—Planck equation: ‘JIMWLK")

Fluctuating pulled fronts

= Not exactly equivalent ...

A new equation

e 0 Color Dipole Picture : Unitarization without saturation
0 CGC (JIMWLK) : Saturation (but no ‘pomeron loops’)
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*ﬁ Outline (1)

= High—energy (“small—x") evolution in QCD is a classical

stochastic process

E— 0 Color Dipole Picture (Master equation)

Color Glass Condensate

Mloan Fisk! Approsimation 0 CGC (Fokker—Planck equation: ‘JIMWLK")

Fluctuating pulled fronts

= Not exactly equivalent ...

A new equation

e 0 Color Dipole Picture : Unitarization without saturation
0 CGC (JIMWLK) : Saturation (but no ‘pomeron loops’)

= ... but they both involve Mean Field aspects & Fluctuations

0 MFA should work better at/near saturation (unitarity):
k1L S Qs (strong color fields, large occupation numbers)

0 Fluctuations are more important in the dilute regime at
high momenta: k£, > Q.
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= High—energy (“small—x") evolution in QCD is a classical
stochastic process
S 1 Color Dipole Picture (Master equation)
Mloan Fisk! Approsimation 0 CGC (Fokker—Planck equation: ‘JIMWLK")

Fluctuating pulled fronts

Not exactly equivalent ...

A new equation

e 0 Color Dipole Picture : Unitarization without saturation
0 CGC (JIMWLK) : Saturation (but no ‘pomeron loops’)

... but they both involve Mean Field aspects & Fluctuations

BK equation: the simplest MFA, common to both formalisms
0 Closed, non-linear equation. User friendly !

0 Solutions to BK: unitarity, geometric scaling
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= One could expect MFA (BK equation) to correctly describe

the approach towards saturation ...

Color Dipole Picture

Color Glass Condensate

Mean Field Approximation

Fluctuating pulled fronts

A new equation

Conclusions
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| Outline (2)

= One could expect MFA (BK equation) to correctly describe

the approach towards saturation ...

Color Dipole Picture = ... but this is actually not true !

Color Glass Condensate

0 The growth of the saturation momentum is driven by
high—k, fluctuations

Mean Field Approximation

Fluctuating pulled fronts
Anbn it 0 BK evolution violates unitarity at intermediate steps
Conglusions (Mueller & Shoshi, 2004)
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= One could expect MFA (BK equation) to correctly describe
the approach towards saturation ...

Color Dipole Picture = ... but this is actually not true !

Color Glass Condensate

= Deep analogy with problems in statistical physics

Mean Field Approximation

T 0 ‘Fluctuating pulled fronts’

A new equation

0 The growth of the saturation momentum is slowed down

Conclusions

0 Geometric scaling is violated
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... but this is actually not true !

Color Glass Condensate

Deep analogy with problems in statistical physics

Mean Field Approximation

T 0 ‘Fluctuating pulled fronts’

A new equation

0 The growth of the saturation momentum is slowed down

Conclusions

0 Geometric scaling is violated

The effects of the fluctuations are huge but cannot be easily

estimated (except in asymptotic limits: oy — 0, Y — o0)
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Color Dipole Picture

... but this is actually not true !

Color Glass Condensate

= Deep analogy with problems in statistical physics

Mean Field Approximation

T 0 ‘Fluctuating pulled fronts’

A new equation

0 The growth of the saturation momentum is slowed down

Conclusions

0 Geometric scaling is violated

= The effects of the fluctuations are huge but cannot be easily

estimated (except in asymptotic limits: oy — 0, Y — o0)

= The fluctuations are not correctly described by the JIMWLK,
or Balitsky, equations !
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= One could expect MFA (BK equation) to correctly describe
the approach towards saturation ...

Eokeibipolclrichire = ... but this is actually not true !

Color Glass Condensate

ean Feld Approximation = Deep analogy with problems in statistical physics
eI PaE TN 0 ‘Fluctuating pulled fronts’

A new equation

0 The growth of the saturation momentum is slowed down

Conclusions

0 Geometric scaling is violated

= The effects of the fluctuations are huge but cannot be easily

estimated (except in asymptotic limits: oy — 0, Y — o0)

= The fluctuations are not correctly described by the JIMWLK,
or Balitsky, equations !

= A Langevin equation for saturation with pomeron loops
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.. Color Dipole Picture (Mueller, 94)

“Color Dipole" = A quark—antiquark pair in a color singlet state

outine = Dipole evolution <= Dipole splitting

Color Dipole Picture

> Leading—log Y =1In1/x (BFKL) + Large N.

e Single Scattering
e Multiple Scattering
e Limitations X

Color Glass Condensate _
/\’\/\/\’\N\ Z 4+ M - y

Mean Field Approximation

Fluctuati lled front: y y
A new equation o N (w o y)2 d2z
Conclusions d2 dY — > = dY X

p(®,y|z)d"z - (@ — 2)2(z —y)? 21

PN(Y) = PN(Z17Z27"°7ZN—1|w07y07 Y)

oP N N-1

N

oY B _[Z/p(z":—l’zi‘z)] Py + E p(zic1, zig1|zi) Pn—1
i=1"% i=1

> Master equation for a classical Markovian process
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. Dipole-Dipole Scattering

COM frame : Y, =Y, = Y/2, Y = Ins (rapidity)

Outine = Low energy: Single scattering (7" < 1)
Color Dipole Picture . .
« Dipale Evoluion Two gluon exchange between a pair of dipoles

e Multiple Scattering

e Limitations
Color Glass Condensate XO \‘ )
, S —>

Mean Field Approximation 0 C} %

Fluctuating pulled fronts < g

A new equation <J Q

Conclusions ,S > X
S ) —— Y
7/

Tone—scatt (1,70, Y) & aZn’(r,ro,Y/2) ~ aje™"
wp = (4In2)asN. /7 : BFKL intercept

= “One (BFKL) pomeron exchange"
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.. Dipole-Dipole Scattering

.
COM frame : Y, =Y, = Y/2, Y = Ins (rapidity)

utine = Low energy: Single scattering (7' < 1)

S rErTE Two gluon exchange between a pair of dipoles

;

Yo D D)

Color Glass Condensate

Mean Field Approximation

Fluctuating pulled fronts

A new equation

Conclusions

N N X
y

Tone—scatt (1,70, Y) & aZn’(r,ro,Y/2) ~ aje™"
wp = (4In2)asN. /7 : BFKL intercept

= “One (BFKL) pomeron exchange"
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*ﬁ Multiple Scattering: Unitarization ...

= High energy: Multiple scattering (I'=1—-5 ~ O(1))

s Simultaneous scattering between several pairs of dipoles

Color Dipole Picture
e Dipole Evolution

e Single Scattering
X N
e Limitations 0 <) S i
Color Glass Condensate 0 E) é 2 2
Mean Field Approximation < g § g
Fluctuating pulled fronts é ; é é
. D X
A new equation N D) _ y
/I /I
Conclusions

S(Y) Z / dl'x Py (Y/2) / dl' P (Y/2) exp{ ii% |j}

N,N’'=1 1=1 7=1

Unitarization configuration by configuration : Syxn’ <1

= “Pomeron loops"
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« . Multiple Scattering: Unitarization ...

= High energy: Multiple scattering (T'=1—- 5 ~ O(1))

s Simultaneous scattering between several pairs of dipoles

Color Dipole Picture

e Dipole Evolution
e Single Scattering Sm\é
e Limitations

Color Glass Condensate

Mean Field Approximation

Fluctuating pulled fronts

A new equation

Conclusions

)
S(Y) = i /dFNPN(Y/2> /dFN’PN’ (Y/2) eXP{— ii%(im}

N,N’'=1 i=1 j=1

Unitarization configuration by configuration : Sy«n <1

= “Pomeron loops”
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Outline

Color Dipole Picture
e Dipole Evolution
e Single Scattering

e Multiple Scattering

Color Glass Condensate

Mean Field Approximation

Fluctuating pulled fronts

A new equation

Conclusions

E. lancu — Hard Probes 2004, Ericeira

. without Saturation !

= Dipole picture neglects saturation effects

(non—linear effects inside the wavefunction)

i

NIV VA UVAVAVUAVA /A%
\~J—\f f\f\ﬁ\p\p\/

4\YA Vv \ %4
M N IN/

n?(Y/2) ~ 1 but o?2n(Y/2) ~ a?e?¥/?2 <« 1

> Restricted to the COM frame and to a finite energy range:

1 1
Y. SY «2Y., with Y.~ — In—

wp Q2
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The Color Glass Condensate (MV, BK, JIMWLK)

= A classical, stochastic, effective theory for gluon saturation

utine Small-z gluons «—— Classical color fields radiated
Color Dipole Picture by ‘sources’ (partons) with larger values of x

Color Glass Condensate

s Seatering of e CoC = High gluon density «—— Strong classical color fields

e JIMWLK evolution

—> Non-linear effects leading to saturation (A ~ 1/g)

Mean Field Approximation

Fluctuating pulled fronts

A new equation

Conclusions p

fast partons

small-x gluon Alp]
kT =xp*

= Non-linear evolution : Quantum gluons rescatter off the
classical background fields
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The Color Glass Condensate (MV, BK, JIMWLK)

= A classical, stochastic, effective theory for gluon saturation

utine Small-z gluons «—— Classical color fields radiated
Color Dipole Picture by ‘sources’ (partons) with larger values of x

Color Glass Condensate

s Seatering of e CoC = High gluon density «—— Strong classical color fields

e JIMWLK evolution

—> Non-linear effects leading to saturation (A ~ 1/g)

Mean Field Approximation

Fluctuating pulled fronts

A new equation

Conclusions p

fast partons

small—x gluon Alp]
kT =xp"

= No (‘pomeron’) loops : Sub-dominant so long as the
classical fields are relatively strong (A > 1)
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« | Dipole — CGC Scattering

= Dipole frame : the dipole is nearly at rest and unevolved

Outline >

\
|
|

Color Dipole Picture

A .
Color Glass Condensate Yy 0 “ Evolved
e CGC \‘
. dipole
o JIMWLK evolution Y‘
- (cGe)
Mean Field Approximation \
/
TS S ’
y

Fluctuating pulled fronts Bare di pO|e

A new equation

-

Conclusions

Sy = Nic<tr(vaj V)., = /D[Aﬂ Wy [AT] Nictr(vaj[ﬁ] vy[47])

VIIAT] = Pexp (igfda:_Az{(x_,af;)ta) (Wilson line)
= Wy [AT]: probability distribution for the classical field A*

= Unitarization via multiple scattering off the classical field
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. Non-linear evolutionin CGC

= JIMWLK equation (a functional Fokker—Planck eq.)

Outline aWY [A] o l / 5
Color Dipole Picture aY y 514%/ (w)

Color Glass Condensate
e CGC

« Scatering offhe CGC = Coupled equations for Wilson line correlators: Balitsky egs.

ean Fied Approsmation = Dipole-CGC scattering amplitude: T=1-5, S= 3-tr(V,[V;,)

Fluctuating pulled fronts

SWy
0A% (y)

X*(z, y)[A]

Ty = T =
< <w ) +T<ae 2) +T(z,y) + T(@. )T (=)
2-point ftions 3-point ftion
d X X C 7 3
avy 2 7 = S5 L S50 i,

B a1
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*ﬁ Balitsky—Kovchegov equation

= Mean field approximation —- A closed equation !

Outline <T($,Z)T(Z,y)>y ~ <T($,Z)>Y <T<Z7y)>y
Color Dipole Picture . .
0 Incoherent multiple scattering
Color Glass Condensate
Moan Fisk! Approsimtion 0 Justified if CGC = Large nucleus (A > 1)
: -
-Travemgwavel & not too high energies (Kovchegov, 99)
e Geometric Scaling
Fluctuating pulled fronts = Numerous studies (analytic & numerical)
AT = The same universality class as the F—KPP equation
Conglians (Munier, Peschanski, 03)

T(p,Y) = 0T(p,Y) + T(p,Y) — T*p,Y)
diffusion growth recombination

> A large variety of situations in physics, chemistry, biology

= Two fixed points: T' = 0 (unstable) and T = 1 (stable)

= “Traveling wave" : A front propagating into the unstable state
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Traveling Wave

T(r,Y) = T(p,Y) with p = In ﬁ (“small dipole" = “large p")
Outline. | T A
Color Dipole Picture 1 ps(Y) — )\OG_SY

Color Glass Condensate

A, =4.883...

Mean Field Approximation

e BK equation _
Yo =0.627...
e Geometric Scaling

U2 ; from BFKL

Fluctuating pulled fronts

A new equation

R(v,) >p
» T <« 1: Linearized (BFKL) eq. : T ~ 127 e¥Y ~ ¢~ (7p=wY)
= T ~ 1: The non-linear term saturates the growthat 7' =1
= T =1 for r=1/Qu(Y) or p=p,(Y) (=nQ(V)/Q3 )

QRA(Y) o eMY : Saturation momentum
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Traveling Wave

T(r,Y) = T(p,Y) with p = In # (“small dipole" = “large p")
0
Outline
Ty
Color Dipole Picture —_
1 R(Y) = A0

Color Glass Condensate

I A, = 4.883...
Mean Field Approximation
Y2>Yr Yo =0.627..
e Geometric Scaling

U2 --mmmmmmmme e N\ ‘ from BFKL

Fluctuating pulled fronts

A new equation

Conclusions

-

AR p
= T < 1: Linearized (BFKL) eq. : T ~ 7?7 e*Y ~ e=(7p=wY)

= T ~ 1: The non-linear term saturates the growth at 7' =1
= T'=1for r=1/Qs(Y) or p=ps(Y) (=nQI(Y)/Qf )

Q*(Y) o eM%Y : Saturation momentum
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~.. Geometric Scaling

= The shape of the front does not change in the course of the
propagation — “Geometric scaling"

Outline

Color Dipole Picture T(p, Y) ~ e_fyO(p_pS(Y)) — (TZQE(Y))’YO fOf r << 1/QS(Y)
Color Glass Condensate

Vean Field Approximation (E.l., Itakura, McLerran, 02 ; Mueller, Triantafyllopoulos, 02)

e BK equation

= A natural explanation for a new scaling law identified

Fluctuating pulled fronts In the HERA data for DIS at Sma”_x

A new equation (Stasto, Golec-Biernat, and Kwiecinski, 2000)

Conclusions

= Relevant for the high—p+ suppression observed in d-Au
collisions at RHIC

(Kharzeev, Levin, McLerran, 02 ; E.l., Itakura, Triantafyllopoulos, 04)

= The saturation exponent A\, = 4.88..
and the anomalous dimension vy = 0.63...
are correctly given by the linearized (BFKL) equation !

WHY ?!
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Pulled front & Fluctuations

= The propagation of the front is driven by the growth and
Outine spreading of the small perturbations about the unstable state

Color Dipole Picture

0 The front is pulled along by its ‘leading edge’ (T < 1)
0 Specific to F—KPP equation !

Color Glass Condensate

Mean Field Approximation

runaingpuledions @ The propagation is governed by the linearized equation.
e Saturation exponent . .

+ Front difusion = The front properties (), v) are strongly sensitive to

A new equation Sma” f|UCtuatIOnS '

Conclusions

0 Fluctuations ((1?) — (T')?) are important precisely in the
leading edge, where (T) < 1

= Mean field approximation is not reliable !

= Fluctuations due to the discreteness of the particle number
T(r,m0,Y) ~ an(r,ro,Y) : Discrete !

n(r,ro,Y ) = dipole occupation number =0, 1, 2, ...
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¢ Saturation exponent with fluctuations

= Unitarity (T' ~ 1) <= Saturation (n ~ 1/a?)

= BK eq. : Front propagation is driven by growth in the tail.

Outline
R = Discrete system : Diffusion of the dipoles in the foremost bin.
Color Glass Condensate
Mean Field Approximation T A n A
Fluctuating pulled fronts 1 1/(15 ____________ .
e Pulled fronts
b 4
e Front diffusion Y, : :
A new equation ! . .
3K 3K .
Conclusions ' . '
L 3K 3K 2K .
L 3K 3K 3K .
L 3K 3K 3K .
- 0 0 e -
P P

= There should be at least one dipole per bin for the growth to
begin: n > 1, or T 2 o?

OyT(p,Y) = DOT(p,Y) + O(T —af)(T —T?)

(Brunnet, Derrida, 97 — finite particle number version of F—KPP)
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®
¢ Saturation exponent with fluctuations

= Unitarity (T' ~ 1) <= Saturation (n ~ 1/a?)

= BK eq. : Front propagation is driven by growth in the tail.

Outline

S = Discrete system : Diffusion of the dipoles in the foremost bin.

Color Glass Condensate

T ny

2
Fluctuating pulled fronts 1 1/(‘1 s

Mean Field Approximation

e Pulled fronts

e Front diffusion
Yo,>Y,

A new equation

Conclusions

)

o,
p

06000800000
260000000
000008
®00

P
= The speed of the front (saturation exponent) for oy, — 0 :

dps(Y) D
As = — ~ Ay — : Ao~ 4.88, D =~ 150 (!
asdy 7" 1n%(1/a2) ’ 9

(consistent with Mueller & Shoshi, 2004)
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~ Front diffusion

= The position ps(Y') of the front shows a diffusive wandering
around its average value

Outline 1

Color Dipole Picture S Y — )\SO_CSY, 2 - S 2 — D ron @SY7 D ront ™
<p ( )> <ps> <p> front front 1n3(1/a§)

Color Glass Condensate

1 4
Mean Field Approximation
Fluctuating pulled fronts
e Pulled fronts
e Saturation exponent 0.8
e Front diffusion
A new equation
0.6
Conclusions
04 |
0.2 |
0

= Atlarge Y, geometric scaling is badly violated !
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— Front diffusion

= The position ps(Y') of the front shows a diffusive wandering
around its average value

Outline 1

Color Dipole Picture S Y — )\SO_CSY, 2 - S 2 — D ron @SY7 D ront ™
<p ( )> <ps> <p> front front 1n3(1/a§)

Color Glass Condensate

1 4
Mean Field Approximation
Fluctuating pulled fronts
e Pulled fronts
e Saturation exponent 0.8
e Front diffusion
A new equation
0.6
Conclusions
04 |
0.2 |
0

= Large Y ... but HOW large ??
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*ﬁ Fluctuations + Saturation = Pomeron loops

= A unified description of saturation with fluctuations:
CGC for strong fields + Dipole picture in the dilute regime

Outline

Color Dipole Picture

T(pY)=0T(pY)+T(pY) — T?(p,Y)+/a2Tn(p,Y)

Color Glass Condensate

Mean Field Approximation d Iffu S I on g rOWth recom b_ N Olse
(e, Y)) =0,  (n(p,Y)n(p",Y")) = d(p—p")o(Y =Y

Conclusions

= Noise term <= Dipole multiplication in the dilute regime

: — AR

\VAVAVAVA VA VAW

\VAVAVAVIIVI) VAW
\/\/\/1
W\f\,
ety

Oy (T (r1)T(r3)) ~ o (T(ry + 1)) : Dominantwhen T < o?
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e
e
. Fluctuations + Saturation = Pomeron loops

= A unified description of saturation with fluctuations:
CGC for strong fields + Dipole picture in the dilute regime

Outline

Color Dipole Picture

T(pY)=0T(pY)+T(pY) — T?(p,Y)+/a2Tn(p,Y)

Color Glass Condensate

Mean Field Approximation d Iffu S I on g rOWth recom b_ N Olse
(e, Y)) =0,  (n(p,Y)n(p",Y")) = d(p—p")o(Y =Y

Conclusions

= Splitting + Recombination = Pomeron loops

%%9&\*@
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Conclusions

= JIMWLK eq. itself is a kind of “mean field approximation"

Outine = The effects of the fluctuations are huge !
Color Dipole Peure 0 very slow convergence of A\ towards Ao when oy, — 0
0 lowest—order estimate: A\, < 0 unless o, < 0.05 !

Color Glass Condensate

Mean Field Approximation

Fluetuating pulled fronts 0 useless for practical applications
Anew equation = Urgent need for better estimates & numerics

0 The Langevin equation is well suited for that !

= Exact solutions ??
0 conformal symmetry
= Enriching correspondence with numerous problems in
statistical physics, chemistry, biology, ...

0 biological pattern formations, directed percolation,
chemical reactions, spreading of epidemics, solar
activity (dynamo waves in the sunspots), computer
science (digital search trees and data compression) ...
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