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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 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 = Qs(x)




A hadron at high energies

/ "Wee" Parton Cloud
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Each wee parton carries only a small fraction
r=k"/P" of the momentum P~ of the hadron

What is the behavior of wee partons in a high
energy hadron?



McLerran, RV; Kovchegov;
CLASSICAL EFFECTIVE THEORY Jalilian-Marian,

Kovner ,McLerran Weigert

Consider large nucleus in the IMF frame: P™ — oc

boost to high energy —

-
Z

- N 7

LA2 << 1 fm™2

One large component of the current-others suppressed

by Wee partons see a large density of valence color charges at
Pt small transverse resolutions.



Born-Oppenheimer: sejoamtion @C [arge x and small x modes
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Tvalence = !“f‘z > = Twee for r << 1
1

Valence partons are static over wee parton life times



Limiting fragmentation
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Suggestive that valence partons are
recoil-less sources-unaffected by Bremsstrahlung
of wee partons
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/\wee ™~ o+ = P+ > > )"walence = p+

P
at large x
small x gluon
—1/3 /
— = 7 << A / X e
R~ AAML/3

<p*>=0; < p*xL)p’(yr) >= ph6" 6P (a1 —y1)

Classical Gaussian random sources

> ‘Most fiﬁe[y rejoresentation -> “Cl-[igﬁe'r dimensional” classical regoresenmtion.
Jeon & RV

> Sum over distribution of re}oresenmtions => Classical }oatﬁ im‘egm[



THE EFFECTIVE ACTION Scale sejaamting

sources ancffie[cfs
Generating functional:

.ﬂl I 5'5,[1!}]_['1 p
' r dAl6(AT
Z[J] — /[{fﬁ] H'fﬂl [_ﬁ] [ [inu ] [: : ) —
' [ [dA] 6(AT) etSIAL]

Gauge invariant Weigﬁt functiona[ afescm’ﬁing distribution of the sources

S[A. p] = — / d*z F2, - - / d?x 1 dz=8(z7)Tr (p(21) U— om0 [A7])
where U [A 7] = Pexp (r’y / rf.;-ﬂ*r-“}'“)

To lowest order, = —J " A~ with J© = gp(z,)d(x)

( Note: Tr (p(21) In(U-no o)) gives identical results )

Jalilian-Marian,Jeon,RV






Saddle point of effective action-> Yang-Mills equations

D, F" =" 5(x )p® (1) 2
::: a_j (pure gauge)

Solutions are non-Abelian

Weizsacker-Williams fields _—
AT =A"=0: %\; %é
FEJ:D::} Aiza(m—)&i= boost ( y=3)
. —1 .
where o' = —UVU! "
1q Al
andV - a = gp

/

Careful solution requires smearing in
b 1A




Random Electric & Magnetic fields in the plane of
the fast moving nucleus




Average over p" to compute gluon distribution < AA >,

<AA> )= / [dplAcr.(p)Act. () W+ p]

¢ A

—T (Bremsstrahlung) Gaussian in MV

o S
1
(Ih -

(27)3 dN
2(N2 — 1) mR?d?k 1 dy
) A3 A~ AV for A>> 1

¢ = gluon phase space density =

()
Q? = ag N, iy ln(;’k



THE COLOR GLASS CONDENSATE

dN
Kty anak g

Qs k_t-
v T yjoica[ momentum of g[uons is Q g
, , 1
v’ Bosons with [arge occupation # ~——- form a condensate
(Vg

v’ Gluons are colored

v ﬁancfom sources QVO[\/iTLg on time SCCL[QS mucﬁ [d?"g@?’

than natural time scafes-very similar to syin g[asses

Hadron/nucleus at high energies is a Color Glass Condensate



Wilson RG at small y
®. © @ ®: .

I — ®. B
x'=hx < x ,-' ,-' :l;{}q.l"i?i

Color cﬁarge grows due to inclusion @C fiefcfs into hard

source with decreasing x: p' = p 4+ 6p => Wy [p] — W [p']
@ & O Because of strong fields A ~ 1/g

All insertions are 0(1)

—

7 ! ™ 775
£ L - = Fa ) et Fa Pl e P
w A T Y T A A W )

W.lpl oﬁeys a non-linear Wilson renormalization group

equation-tﬁe JIMWLK equation

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



At each step in the evolution, compute 1-point and 2-point
functions in the background field

o (x)[p] =< dpy-(z) >, 1 X (x,y)[p] =< 6p§ (2)6pY (y) >,

" . , ) __"E."-?' - rlb ‘
L = ?'_- m—. " Uf‘:- : O = - \éd 2 ’ ’ {JJI'O l[ }

}

The JIMWLK (functional RG) equation:

OW [ p] 1 / 8 ! 3 ;
I b H‘r
Om(l/z) 2/, .. fsp:;{;r:ljlx (r1,y1)lp] 0ph (Y1) v

=> An infinite hierarchy of ordinary differential equations for
the correlators « A, A, --- A, >,



Correlation Functions

change of variables: p* — a®: Via = p

< Ola] >y= / [da]O[a] Wy [al @Ig;érlcherran;

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

“diffusion coefficient”

) 1 ) / )
G / yats ¢ O

=> — < Ola] >y=< = : Xy =
vy 005 (2) 7Y 6ad (y)

) Y\ 2

“time”

] >y

Consider the &-point function: < a(z Ja(yL) >y

Can solve JIMWLK in the weak field limit: g << 1

Recover the BFKL equation in this low density limit



Can also solve JIMWLK in the strong field limit: g v ~ 1 Iancu,McLerran
> A

x5 A
I F—
NoeD Qg (x ) Qg (x,) Kk,
2
Gluon phase space density k> o, ¥ (MV, DGLAP) : ¢~ -4
20\ /2
Ink* ~ oY butk* >> Q2(Y) (BFKL) : ¢ = (JL_?) gwas)

K<< QuY): ¢~ L hl( E{YJ)
How does one compute Qs(Y)?



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®

1
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Very close to )%

HERA result!



A-DEPENDENCE OF SATURATION SCALE

Mueller

In Q*
11 &
/x universal [ixed point?

nuclei

In A'/?
VY

Such interesting systematics may be tested at LHC & eRHIC



_ Iancu,Itakura, MclLerran;

Mueller,Triantafyllopolous
Can write the solution of BFKL as:

2
NV(TJ_} =~ exp (wﬁ-HY _e__° ) with p = In

2 20a.Y

1
52
r#Q

Ps  soln. where argument vanishes

=> Q% = Qe with ¢ = 4.84

For 71 < 1/ Qs (but close!), can write
1 :

2qQr T PsTO

Plugging into N_Y, can show simply

34

Ny =~ (r1 Q2(Y)) " for Q2 << Q* << =2
U

p=ps(Y)+1In

~v ~ (.64 islarge than BFKL anomalous dimension ~0.5



NOVEL REGIME OF QCD EVOLUTION AT HIGH ENERGIES

Parton Gas

BFKL

DGLAP

>~ 2
mA>  In kf InQ

The Color Glass Condensate



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.



Hadronic collisions i the GGC tramework

=<

%Q!Hlﬂ.ﬂ.ﬂ.ﬂ.ﬂ.ﬂ.r

Q0000 TOCEEOTGET0e0 1.“ ._(}pj ‘HP";]

Solve Yang-Mills equations for two light cone sources: pp1 & pp2

For observables (_}(AH(;JPL ﬁpz)) average over W.1|pp1] & Wippo]



Systematic power counting for scattering in the CGC

** Gluon & quark production to lowest order in sources
(the dilute/pp case). (p,i/k%, pp2/ki << 1)

*» Gluon & quark production to lowest order in one source
& all orders in the other (the semi-dense/pA case).

(pp/kT << 1, pa/ki ~ 1)

*» Gluon & quark production to all orders in both sources
(the dense/AA case) (pa1/ki, pas/k: ~ 1)

* Dynamical evolution of soft & hard modes at late times
in AA collisions



Glwom & quark produetion in the dilute,/ i region

(pp1 /KL, pp2/kT) << 1

Collinear Factorization:

Incoming partons have k_t=o. Applicable for | ~ /s >> Aqcp

Gluon & cluarﬁ distributions evaluated at the scale QE Are universal

K t factorization:

Collins & Ellis; Catani, Ciafaloni & Hautmann

Incoming partons have k_t-applicable when |Aqcp << () << Vs

Described By unintegmtec[ parton dists. o A (K1)

s this k_t scale the saturation scale k_t ~ Q_s ? Levin, Ryskin, Shabelski, Shuvaev

Several yﬁenomenofogica[ studies By LRSS and Cl-[ag[er et al

stuafying spectra and correlations in Joy-cofﬁsions
(Related approach by Raufeisen, Kopeliovich, Tarasov)
CGC is powerful formalism to study these issues at high
energies. Collinear and k_t factorization arise as specific
limits of the formalism



= Inclusive gluon production in hadronic collisions to lowest order

in p1 & p2and «s expressed in k_t factorized form.
CKovner,‘Mcfermn,Weigert

)
% 1 Cl(ovcﬁegov, Rischke
% gyu(assy, McLerran
X A*[p1, pa]

—
% P2

This diagram in A™ = () gauge is equivalent to sum of all
Bremsstrahlung diagrams in covariant gauge.

—> Inclusive pair production in CGC framework
Al Al Gelis, RV

A . ! -
AII’“‘“C i-’ljlg[m.pg] x O(p1p2)

A

, Non-Abelian vertex here is the
Abelian

pratov vertex



do . | A2k, d2k2, [L B |
dypdyd?p d2q.  (27)8 (N2 —1)2 | (2m)2 (2 } 1Lt kel —PL - 4L
I (|m;b+(k1.~kz§ . p)I%)

2 2
li_kEJ_

X @ (k1L )oa(kay)

|*.rnﬂ,} (k1,ka;q,p)|* is identical to Collins & ‘Ellis’ k_t fa/ctorization result

dopy(k1.71) ’*TE? 2 ik | T L
P = k‘g dr e " L{pﬂ{ij_+?]pa(1j_—?)}ﬂ

is the un-integmteaf g[uon distribution in the Gaussian ‘MV-model

Tr (jm, (k1. k2 q.p)|?)
2 1.2 is well définec[ in the collinear limit
ki ks,

@C By ]y |kar| — 0

|M|? aﬁer integration over azimuthal cmgfes

g9 —4qq

Recover lowest order collinear factorization result



Gluwom 8 quak production ity the semi-tense/nA region

(I'{“"'PXRE < < l"”*’l/ﬁ"’i " l)

Blaizot, Gelis, RV

Solve classical Yang—Mills egns.

D, F"] = J"; [D,,J"] =0

L]
’

with two light cone sources

It ="V (x )pi (i) + 7 (=T )pS(xy)

Profarn SOurce nuclear source

f‘}“;’l'” — () => equations can be written as

{EH"'H_ — vﬁ_)ﬁ’l“ — Jv 'i_f_?[fl;“ v g f{jﬁ,ﬂy]

1
“3691 ‘f]‘;l:x; =order ()(ﬂp) in proton & order
()(ﬂiil}; It — >0 1n nucleus

{!’}_ + 'E:_L‘_]U’l.[}:,c . T)I]ji_jc =

(2070~ — V3 +igA,, -To A = J

(20707 — V7 +2igA, - TO")A] =ig(A, : TV Af_ —ig(d' A,

(oo

(e i Iats]

(A + 0 A])

i [t 1
Ale = 77

a+

- 1 + A+ A A-
Ay = _é(ﬂ'r+}v_2pf‘i(ml) Jltm: 7 "11:::;; _}fli:ﬁ; 7 "11:::;;
1

’ T}AT:-::



* The gluon field produced in pA collisions
has the compact form:

- 1k k
qu‘ifl{x{qj — F/ ff a pl{ _}

o {yf[kg} | (?{_ile‘{*l{kg]}Em‘i{ﬁs 2L
. g

2
'I'*J_
F.T.P, exp l".-‘s" / d= _;1..1{_: + ”_} _ 1-] FTUP exp o dz” _J.l_lg'%.: - _r;_} T

L & = .

Ll

* The well known Lipatov vertex 1s simply

1
it H H

For on-shell gluons,

412 J.2
_J:RIJ_'I'*EJ_

2
GJ_

Cl'=0:Cp-Cy = (”:-f = () and (”f = (-‘E.- =

Thus only bi-linears of Wilson line U
survive 1in the squared amplitude



< Final result for g[uon mu[t@’pficity in Joﬁ

¥

_ ]”2_1"-.', ' r.g".‘;sl.' d= k| - r,!"g,wl.,-:m,fﬁ- L1 ) doalgr — ki, x
N, 5 d-x | —— ' =
: (9.

T2(N2 —1)q? m)S2E, (2m)* d=x | d<x |

Result is k_t factom’zeo( into /procfuct @C proton * nuclear

un-integmtec[ distributions. Zimgegw’?fueﬁ@
ovchegov, Tuchin,

D A [ .If.‘_ N jl X < f' 3 ﬂ(ﬁarzeev,ﬂ(ovcﬁegov,T uchin

E*’II'IIM' :::I.I'*'_l
-Is non-linear, contains g[uon ofensity to all orders-

Jorqportiona( to un-integmtecf g(uon cfe'nsity at farge k_t

Ry fxactfy ecluimfem“ to result of Dumitru+McLerran
in A" = () gauge

Ay Cronin e/ﬁfeCt ? Dumitru,Gelis Jalilian-Marian
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Charged Hadron R

RCP
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= =

(=T =T = I = = A =]

T LT - T B = LY < I
T T T T T T T =

=

[ B ] [ B ]

Compute R pA

MYV model with fixec[ Q_s

4] 5 1 15 i(.: f2igczl} 35 40 45 _';:D
" | MV-with naive quantum evolution
| a la Golec-Biernat-Wusthoff
0% = AL/3 (J‘{J)”"
ol f (S - T

. | | - “Super saturated” quantum

. evolution a la Jancu,Ttakura, McLerran

0.6 f . | lﬁ - {,2 2y
-5 | - 2 2 5
| = — |1+

Qe ¥ Agep



Numerical solutions cf ‘B-K equation with MV initial conditions

MAldbacete, A rmesto, Kovner,Salgado, Wiedemann

sec also, Kharzeev. Kovchegov. Tuchin

Very Important to understand running coupling BFKL

effects! Rummukainen & Weigert
Mueller & Triantafyllopolous

See very recent work by Iancu, Itakura, Triantafyllopolous , Albacete et al



Quark production to all orders in pA

Blaizot,

g,
Gelis, RV
Ao :p A Ayeq is the gluon field to
A
LN

o Olppp'y); n— o

of x| The “V”-Wilson lines disappear-
An need contribution from pair
N T scattering in nucleus
T
A,

S Result for neither ]oair-f)roofuction nor sing[é quaré
Jarocfuction is k_t factorizaﬁ[é.



Result can however still be factorized

b, X | Ad B, + )+ Chymns
dy,dyad®p1q, X ¢p X [APg,g + (Bdgigq + c.c) + Cdggiqq]

< Ua(z WU (y1) >
i y

< Uplz )7 ULy )VUp(y' )7 Up(2') =

< Up(z )7 ULy )™ U (y)) >

Can be comjoutecf in the Gaussian approximation



Gluon & Quark pr the dense/AA region

E2 . pas/k? ~ 1
(par/kL, paz/ki ~1)

//// Breaks k_t factorization?
%f /' Contribution is same order

in coupling
O X

S
S
\\pﬂ

» Wave-fn evolution effects (beyond MV) difficult to include-work of
Rummukainen & Weigert is promising.

/
)

» Classical evolution shows re-scattering-hence energy loss at eta=0 must be
especially strong in AA!



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



Transverse momentum distributions of gluons

0.07¢
¥ -SuU2
T 0.03f .
0.02- % (a)
0.010 e
L. N __%%%qgmﬁﬂﬂw
% 02 04 06 08 1
Ki/Ag
o SU2: A R=50
,-..10 E s SUS:;‘;SH:‘I 67.4
xl—.m-* L fit
g _
10 ¢
oy . (b)
;E - _Hug-t-t;x:;_!:' N
0 2 4 6 8 10 12
RTJ"J"LS

a1 = 0.137 ; a>

n(k,) = fn/(NZ — 1)

The SU{3) gluon distrnbution

1s fitted by the form
1 dN _ fn
T R2dnd2k g2

where

22X (

Lar 3

1
"I,-"I’sz_ T -
Tetr

Fan =

for

and

fv = az AZIn(amk, [A) ET?
ki /MNs > 1.5

for

Te.fl-' 5 D+4Tﬁ3

0.009; m = 0.04 AN,

& he transverse momentum dist. iy infrared finite...



@ 7The CGC describes only the initial state—produced

gluons may re—scatrer and thermalize...

.o-""_f----- .
* «® P~ Ns
L
A E
.
e e
J__..--""'Fa-- n = O
.a"" - " - II
T | 1/ A << T << R
T - |
[ Il Pl ~ px ~ T
|
|
|
L




A H. MMueller
Bijoraker , R.%

‘ Small angle scartering drives the svstemn

orlv slowly rowards eqguilibrivm...

. 2 ——>= 3 processes may be more efficient...

Baicr, Mucller, Schiff, Son
Role of collective instabilities in
thermalization? Aarnold,Lenaghan,Moore



Space-time history of a heavy ion collision

102 -

_Melting Colored Glass

(GeV/Fm )

10

Bjorken

Energy Density
€ ~2-3 GeV/Fm

Energy Density at Formation
£ ~20-30 Gev/Fm °

Quark Gluon Matter

Quark Gluon Plasma

———
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