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Outline of talk:

B R B e ]
" A classical effective theory for high energy QCD
= Quantum evolution a la JIMWLK and BK

* Hadronic scattering and k_t factorization in the Color
Glass Condensate

" What the CGC tells us about the matter produced In
AA and dA collisions at RHIC.

= [hermalization and other open issues



Parton saturation at small x
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Gluon recombination-higher twist effects

2| '
Q g8 r Gribov, Levin, Ryskin
Mueller, Qiu
Blaizot, Mueller

Recombination effects compete with
DGLAP Bremsstrahlung effects when

aszG(x, Q%) ~ R*Q?
Saturation of the gluon density for |@ = Q.(x)
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tive Theory

McLerran, RV; Kovchegov;
Jalilian-Marian,Kovner,McLerran, Weigert

Born-Oppenheimer: sejoamtion @C [arge x and small x modes
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In [arge nuclei, sources are Gaussian random sources v, Kovenegor,

dJeon, RV



THE EFFECTIVE ACTION

SCCL[&Z sqaamting sources anaffieﬂs
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Gauge invariant Weigﬁt functiona[ afescriﬁing distribution of the sources
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Dynamical wee fields Coupling of wee fields to classical sources
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as(py) << 1 i S

non-perturﬁative SyS tem



Average over p" to compute classical gluon distribution

< AA>,= [1dp)Aa(p)Ac (o)W [
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- (Bremsstrahlung) Gaussian in MV

(see talk by Triantafyllopolous)
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QUANTUM EVOLUTION VIA WILSONIAN RG

Evolution to small x => W, +[p] # exp (_ /{FT £ )
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source Q W, 'j,.]

W lp']

field

p.* = P+ 5(" => W, [JO] — Wy [ﬁ ;]

W.lpl oﬁeys a non-linear Wilson renormalization group

equation in x-the JIMWLK equation

(Jalilian-Marian, Iancu, McLerran, Weigert, Leonidov, Kovner)



Correlation Functions

JIMWLK => An infinite hierarchy of ordinary differential equations for
gluon correlators < A;As--- A, >,

/ change of variables:
' “ 5 at: Vi

<0 [”'] Sy = | / [Uff}']o [r:.}:‘] Wy [r:_};'] ! P

‘Brownian motion in functiona[ space: Fokker-Planck equation!

Weigert;
Iancu,Mclerran

0 1 ) )
=> o5 < Ola] >y=< 5 / X2b — : Ola] >

L | dard f/ Y 5ad (y)
“time”

“diffusion coefficient”

For the gluon density < a(z.)a(yr) >y for ga <<1

Recover the BFKL equation in low density limit



JIMWLK Eqgns. are master equations-a la
BBGKY hierarchy in Stat. Mech. -difficult to solve

» Numerical studies Rummukainen, Weigert

» Mean field approximation of hierarchy-the BK
equation closes the hierarchy .  Balitsky; Kovchegov

< (V. VTRV, V) >—< Te(V, V) > < To(V.V)) >

N, — oo acd Wa's

» Mean field solutions to JIMWLK deep in saturation
re gime. Iancu, McLerran



THE BALITSKY-KOVCHEGOV EQUATION

I. Balitsky;
Y. Kovchegov

DIS ——

Fast hadron

fast partons (p)

small-x gluons (A[p])

Dipole <

JT*F(.’E,Q / dz/dg (2,7 0?) | Tdipole (2, 7)

where oqipole(,7) —2/ 1*b(1 — S(z,7,b))

1 .
with S(x,r,b) = N < TrVi(x)V(y) >y=1— Ny(r,b)
v Ve v
S-matrix amplitude
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In hadron rest fmme-ﬂ\/lue[[ér cfi]oo[é jaicture




BK: Evolution egn. for the dipole cross-section
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Ny BFKL Non-1linear

= From saturation condition,
N =1/2whenr ~ 1/Q,(Y) ==
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Q%(Y) = Q5 e with A ~ 4.8a,

bl

L/Q.(Ya) 1/Q.(Y7) r

= For large dipole, (r >> 1/Qs(Y))

] |
Ny(r)=1-—kexp (—_1— lu‘%r‘%}i(i’}}) Levin, Tuchin

IS
e~ 4.8

C [056 cma[ogy to tﬁeory (2][ tmve[[ing waves -> Cl}?’]m’OX. asym]ototic

gofum’on Munier-Peschanski



How does Q_s behave as function of Y?

‘Fixecfcoujo(ing LO BFKL: Q% = Qﬁfﬂﬂ&ﬁ r

LO BFKL+ running coujofing: Q% — A%GDg\/%ﬂﬂ(YJF'—’/ﬂ]
Re-summed NLO BFKL + CGC:

The Logarithmic Derivative of Qs®
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Synopsis of CGC numerics

Numerical simulations of BK-egn display

Geometrical Scaling
(Armesto,Braun; Golec-Biernat,Stasto,Motyka;
Albacete,Armesto,Salgado,Kovner,Wiedemann)

Infrared diffusion pathology of BFKL 1s
cured.

State of the art: numerical simulations
of JIMWLK n-point correlators

(Rummukainen & Weigert)

Running coupling effects




(Golec-Biernat,Kwiecinski,Stasto)

: 4
Y UM /A
Non-linear «=—— /——~ Linear
Parton Gas
2
E BFKL
0
e
=
Q
2 DGLAP
> 2
mA>  In kf InQ

10?

Gl P [HD]

[ =D I;i
. |

10

ZEUS BPT 97
ZEUS BPC 95
H1 low Q7 95 &
1 ZEUS+H1 high QF 94-95 =]
E665 hd
®

a=0.01 ML -]
all @°

10
10° 10 10 1 10

10° 210’ 5
T=Q%/Q5

NOVEL REGIME OF QCD EVOLUTION
AT HIGH ENERGIES

J Impact parameter and fluctuations-the “Derrida deconstruction”

Mueller, Shoshi
Iancu, Mueller, Munier

(see Iancu talk)



Hadron & Nuclear Scattering
at high energies




I: Universality: collinear versus k_t factorization

Collinear factorization: M ~ /s >> Aqcp

k t factorization:

Are these oﬁjects universal? \/ery imjoormnt for extraction

of “g[uon” distributions.
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Solve Yang-Mills equations for two light cone sources: pp1 & ppo

For observables O ( Au(ppt, ﬁpg)) average over W.1|pp1] & Wippo]

Systematic power counting for scattering in the CGC



= Inclusive gluon production k_t factorization in p/D-A collisions
to lowest order in ’G_g but all orders in ﬁ_; Kovchegov-Mueller
Pp k1 k1
= —»  Breaks down at next order
Krasnitz,RV; Balitsky

X A¥|p1, p2]
&
PA

= Inclusive pair production NO k_t factorization even at lowest

order in p/ D-A Blaizot, Gelis, RV
*"‘““‘"C: W‘F Results cfejoena[ on 2-point (c[ijoofe)
3-Jaoint & 4-]90int Wilson [ine
correlators
é ia,

Aven = O ‘”P P) i n — 0o (Talks by Gelis, Tuchin, Fujii)



THeE DEMISE OF THE PARTON DISTRIBUTION ?

< Dipoles (and multipole) operators ma Yy be wmore

relevant observables at high energles
Jalilian-Marian, Gelis;
Kovner, Wiedemann
Blaizot, Gelis, RV

o Ave uwiversaL—prooess Lwalepewolewt.

¢ RG running of these operators - detailed tests of
high energy RCD.

(See talks by Salgado & Jalilian-Marian)
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Charged Hadron R

RCP
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Compute R pA

PA Dumitru,Jalilian-Marian
Rtuy CGC at y=0 dJalilian-Marian, Gelis
1.75} Accardi
l " 5 [
1.25} Tnversion of centmfity
1 CDejaencfence due to soﬁening
0.75¢ Of the spectrum at small x
ﬁ " 5 [
0.25}
1 2 3 1 5
Very high energy k/Qs
Kharzeev,Kovehegov,Tuchin ngoadlening Of’ azimutﬁa[
Baier,Kovner,Wiedemann;
Albacete,Armesto,Salgado,Kovner,Wiedemann corre [ation S C[ue to C gC
Blaizot,Gelis,RV .
Jancu,Itakura, Triantafyllopolous Kharzeev,Levin,McLerran

» Other tests-photons and di-leptons in forward region (Taiks by Baier &
Gay-Ducati)



COLLIDING SHEETS OF COLORED GLASS AT HIGH ENERGIES

Krasnitz,Nara,RV;

Lappi

|
\ Classical Fields with occupation # f= {

Initial energy and multiplicity of produced gluons
dependson Q_s
1 dE;  0.25 1 dN 0.3

= 0> — 70?2
7R? dn g? 2. 7R2 dn g2 2

Classical approach breaks down at late times when f <<1

T>>— but t << R

Qs



» Successful KLN phenomenology Kharzeev,Levin,Nardi

“TAN /dn W =130 GeV
' |

0-6%

15-25%

» CGC+Hydro ?  Hirano, Nara

» Requires rapid thermalization-is it possible in weak
coupling approaches?
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Melting color glass
E“:-'g Quark-gluon plasma MCLGPP&D
== (unthermalized) ’
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= Quark—-gluon plasma
plus hadron gas
1 | 1
0.1 1 10
TIME {fim/c)
In bottom up scenario, 7 ~ 1375 ~ &-3 fm at RHIC
L] i Q
Mg s Baier, Mueller,Schiff,Son

fxciting }oossiﬁifity - non-Abelian “Weibel” instabilities may speecf

up thermalization - sim]ofe estimates: Qsotrcyaization time ~ L 0.8 fm

Mrowczynski Qs
Arnold,Lenaghan,Moore, Yaffe
Romatschke, Strikland



Open o estions

» Are there contributions in high energy QCD beyond JIMWLK?
» What is the domain of validity of BK?

» Are “dipoles” the correct degrees of freedom at high energies?
» Do we have a consistent phenomenological picture?

» (Can we understand thermalization from first principles?



