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Another perspective on shattering glass...




Outstanding Phenomenological Questions

@ Is high energy density bulk quark gluon matter
formed at RHIC ?

@ Does this matter thermalize to form a

Quark Gluon Plasma? What can we learn

about the properties of the QGP ?

@® Can we learn about "universal” properties

of hadronic wavefunctions at high energies?

( Color Glass Condensate)



Heavy—Ion Collisions—violent dynamical system...

Is Thermalization achieved ?

e Require ratio of rates:
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e Thermalization very sensitive to initial conditions!



A Hadron at High Energies

"Wee" Parton Cloud
—/N\ /
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Partons
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Each Wee Parton carries only a small fraction x= Kkt /P + <<1

of momentum P71 of the hadron/nucleus

@ What is the behavior of Wee Partons in a

High Energy Hadron ?



What does a Hadron look like at High Energies ?
The DIS Paradigm

Kinematic Invariants:
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Initial Conditions: Parton distributions in the nuclear wavefunction

Wee partons (x <<1) responsible for
Q2 =20 GeV2 multiparticle—production at high energies

Q2 =200 GeV>

2 .
X6QD | , At small x, the gluon distribution saturates
=5GeV
- forming a Color Glass Condensate
+ Gluon density per unit area
> 1 dN
QS - aSNC 2
I I I TR dy
0™t 10 10? 07t x

Qs >> Njcp for small x

and large nuclei
Low Energy
. as(Q7) << 1

Density Can compute 1nitial conditions in
Grows . 1

Classical (f ~ ag > 1)
Effective Theory

High Ener . . .
¢ 8 Gribov, Levin, Ryskin

Mueller, Qiu
McLerran, Venugopalan

Jalilian—Marian,Kovner,Leonidov,
Weigert ; Kovchegov



Iancu, Itakura, McLerran
Mueller, Triantafyllopolous

Phase Diagram of Hadron Wavefunction
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® Usual pQCD evolution equations work very well at large x

— problems at small x

e At small x, properties of partons described as a Color Glass Condensate

— may be universal

® (Geometrical scaling observed at HERA

— similar scaling in nuclei ?

Freund,Rummukainen,Schafer, Weigert



@ QCD Evolution Equations at small x

a) The DGLAP ( Dokshitzer—Gribov—Lipatov—Altarelli—Parisi )
Equation

For x_Bj <<1, Gluon Bremsstrahlung is Largest Contribution
in QCD Evolution: P_gg > P_qg > P_qq

Q"2

Large Logs from
Bremsstrahlung

fd—dk—’“ — In™(1/z) In"™(Q2)

k_t"2

@ Re—sums asIn(Q?/Ajcp) —Linear in Gluon Density

# of Gluons Grows Very Rapidly...



@ QCD Evolution Equations at small x
b) The BFKL (Bulil’ﬁ"/\'.\'—Fudm—K///‘(((’\’—Lipulm' ) Equati()n

Q"2

@® Evolution in x, not Q2

@ Re-sums asIn(1l/z) —Linear in Gluon Density

# of Gluons Grows Even More Rapidly...




Gluon Recombination — Higher Twist Effects.

TN s

@® Reccombination Effects compete with
DGLAP Bremsstrahlung effects when

(87

@ Saturation of the Gluon Density



Golec—Biernat & Wustoff’s Model

a%g — /dzrl/dz|¢T,L(TJ_,z,Q2)|20q§p(m_,x)

Y

o4qp(T1,x) = 0g [1 — exp <—ri@§(aj)>]
with the saturation scale Q_s defined as

Qs(z)? = Q3 (zo/x)"

@ [itto HERA data for x <0.01 ; all Q"2

Qo=1GeV; A=03; zg=3-10"%,;00 =23
mb

@ Also, good fit to HERA diffractive data

Kowalski, Teaney



Geometrical Scaling at HERA

w

10

=
=
£
=~
k!
O

ZEUS BPT 97 o 8 |
i ZEUS BPC 95 % % ]
H1 low Q95 A %
1 - ZEUS+H1 high Q* 94-95 o & -
r E665 v % i
i x<0.01 P (ﬁ i
i all Q* i
-1
10 | \\\HH‘ | \\\HH‘ | | \\HH‘ | | \\HH‘ | \\\HH‘ | Ll
107 1072 107" 1 10 10> 10°
A2 /42
T — Q / Qs
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Effective Field Theory For Small x

@ Consider, Large Nucleus in the Infinite Momentum

Frame McLerran & R.V

boost to high energy

P
Z

\\_/

-\ /

\

Xt \//

LM << 1 fm”™2

@ One large component of current—others suppressed
by nuclear momentum: 1/P"+

T = 61 p*(z4) 6(27)

@ Wee Partons see a large density of valence
color charges at small transverse resolutions



@ Born—Oppenheimer: separation of large x &
small x modes

B F’DFs_: H1 VS. ZEUS -

HERA: PDF determination ZEUS

tew LA
= [ m0 2002 Pow e (pret,) ™ b . " "
[ ML} = (LTIRS (in e W= T ——  ZELS NLOQCD &1 Q=1 GeV
0.7 chindan etz DEW (04AMN) | BBTRVIN w7 @ naE — s
P Zevs MO0 oo
1R (MLp — (VIR (s Dot. errer W
e dars ser: ALK LS (PATY + HOINWS, NVIC, B6SS, CORFR '3 /’r‘
F P CTEQ 6M /
' F oS {
| A8(x WAS)
FRs \ (=] agl = 008)

"3k

n2E

NLO QCD fits by H1 and ZEUS ZEUS fit compared to global fits
=> good overall agreement!

Moriond QCD 2003 9 ' Nicole Werner
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@ Random Sources:

<< AT13; < pt>=0; < p%p >= p3 6%



Effective action:
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For a large nucleus, | Glp(z )] =

Classical field of a nucleus:
Solve Yang—Mills equations of motion Dy FHM»® = p%(z | ) §(z™) oVt
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The Color Glass Condensate

dN
Kgy drok_t

B 7ypical momentum of gluons is Q_s

B Large occupation # ~ 1/as — form a condensate

B Gluons are colored

B Separation in time scales between hard & soft
partons—similar to a glass

Hadron/Nucleus at High Energies is a Color Glass Condensate !



Quantum corrections to the Color Glass Condensate

@ Color charge grows due to inclusion of fields into
hard source

_ - - -

Jalilian—Marian,lancu,McLerran,Weigert,LLeonidov,Kovner

® The saturation momentum grows

dN/dydA2k _t

e
Qsoyn Q_su2 kK t

® Evolution described by a non—linear RG equation

—simplest version is the Balitsky—Kovchegov Eqn.



@ The statistical weight Z = exp (—Glp]) satisfies
the JIMWLK RG—equation,

dz 1 0 0

In(1/2) 2y, By otV 5 5 7

where, Xwv is a 2=point functional of P

—the induced charge—charge correlator.

@ 7his Egn. reduces to the Balitsky—Kovchegov Egn. at

Ne — o0 and ongl/3 — 00

. The JIMWLK Eqn. has been solved recently by Rummukainen & Weigert



Real Time Gluodynamics of Nuclear Collisions

Kovner,McLerran,Weigert
Krasnitz,Nara,Venugopalan
Lappi

N

Classical Fields with occupation # f

e Non—perturbative formulae for initial glue distributions

1 dEJY®  0.25

3
wR2 dn g2 @
wR2 dn g2 °°

e C(lassical approach breaks down at late time when f << 1...

T bU.t T



The classical field of two nuclei

A¢ = A% y0(—2T) + AP (—z 7)o )
+ 0(z7)0(zT)Af

solves DyuF""® = p$(x 1) §(z7)6" T + pS(x1) 6(a)6""

® 7o compute distributions, average over all color

charge configurations of the two (identical) nuclei

Jldp1] [dp2] exp [— [z, (ﬁ{ﬁ;\l—gp‘ﬁp‘é) ]



® Tolowest orderin p

=

~

. To all orders in P

\

B
/N

/

Kovner, McLerran, Weigert
Kovchegov, Rischke

Gyulassy, McLerran

At present can only

be computed numerically

Krasnitz,Nara,Venugopalan

Lappi



Lattice Formulation

O Hamiltonian formalism better suited for numerical

work. In the continuum,

T 1 1
H = — /dn dQTJ_ [pnpn + —QPTPT + _QFUTF’ITI" + nyF:cy]
2 T T
+ / _
n = |n(x—_) T= 233+33
I

@ For "perfect pancake" nuclei, only consider

boost invariant configurations.

AT(Ta xJ_ﬂ?) = AT‘(T7 .’.UJ_) : A’i?(7_7 xJ_"?) = CD(T, LBL)

@ Per unit rapidity,

T 1 1
H = 5 dQTJ_ p77 p77 + T_QE’I"E’I" + ﬁ(DTCD) (Dr®) + Fa:yFwy



‘ Discretize on a 2—D lattice

1 1
HL = —ZElEl —+ ’I'Z (1 — —RTFUm)

r 1 2
+ ggpjpj + E%“ (@) = Ujn®jqnU] )

0 Solve numerically Hamilton’s egn. of motion

for T >0

@ [nitial conditions determined by matching eqns.
of motion along the light cone

@ Average over the different configurations of
static color charges

O Impose periodic boundary conditions



Refining Initial Conditions

Color Neutrality:

Begin with

< p*(P)pb(r7) >= N2 5P 5(F7 — 1)

. Remove total color charge and color dipole moment by subtracting

uniform distributions

2
N = 2N

' Nucleons uniformly distributed within a spherical nucleus



Relation to continuum physics:

Dimensional quantities in the classical lattice theory

- [\
- R
- |

(the color neutrality scale)

= a (the lattice cutoff)

® Ideal hierarchy of scales: 1/a >> As >> 1/1 >> 1/R

In units of a, in the continuum limit, As — 0, R — oo
but AsR 1S constant

® For any well-defined observable P of dimension d,
P = (A)*fp(AsR)

where f_P contains all the non—trivial physical info.

® RHIC -A,=1.4GeV LHC-As=22 GeV



Color Charge Correlations in the Nucleus
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® Local color neutrality suppresses color charge

correlations at low momenta.



Gluon Distribution for Large Nucleus
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Local color neutrality suppresses the spread of gluon field outside
the nucleus
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Transverse momentum distributions of gluons
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n(k,) = fy/(N2 — 1)

where
7 i
N pr—
\/ k2 +m?
exp ( r:’Lﬂefr > —1

for k) /Ns <1.5

and

v = ag At In(dmk /As) kT

for k| /Ns> 1.5

a1 = 0.137; ap = 0.009; m = 0.04As

@® [he transverse momentum dist. is infrared finite...



f(k,/Ag)

-1
10

10

10

Occupation # f =

(27)3 dN

2(N2 — 1) d3xd3p

o



@ 7he CGC describes only the initial state—produced

gluons may re—scatter and thermalize...

T N 1//\3

pL ~pz~T




A. H. Mueller
Bjoraker , R.V

. Small angle scattering drives the system

only slowly towards equilibrium...

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

Baier, Mueller, Schiff, Son



From Classical fields towards Thermalized QGP...

_Melting Colored Glass
Energy Density at Formation

€ ~20-30 Gev/Fm 3

Quark Gluon Matter

10
Quark Gluon Plasma
€
(GeV/Fm 3) Bjorken
Energy Density
€ ~2-3GeV/Fm 3
10° T
| | |
0! 10° 10!
10 t (Fm/c)
° Monte—Carlo simulations problematic due to
Quantum Mechanical Coherence...
° “Bottom—Up’’ Thermalization—can follow evolution from

classical stage up to thermalization-requires s << 1
Baier,Mueller,Schiff,Son

e 1Two Strategies for Phenomenology:

a) CGC + Hadronization —*‘ignore" final state interactions

b) Ideal Hydro+ Mini—Jets—*‘ignore" initial state interactions



Tight Constrains on Final State Models from Classical Field results

and RHIC data
E%Iue > E%adrons

Nglue < Nhadrons

—=> 1.3GeV<Q_s<2GeV at RHIC energies

Tglue
1.14 GeV < N < 1.76 GeV

GeV GeV
71— < 9ve g0
fm3 =€ = fm3

® E_t~500GeV ; N~ 1000 atcentral rapidities in Au—Au at RHIC

e Golec—Biernat—Wusthoff Parametrization of HERA data

extrapolated to RHIC gives Q_s ~ 1.4 GeV



RHIC Phenomenology: Current Status

e The CGC Scenario:

Kharzeev,Levin,Nardi

A) CGC + Parton—Hadron Duality :

l Explains Global Features—Energy, Rapidity, Centrality Dependence

(‘also, see BMSS)

. Right p_T dependence at moderate p_T (~2-9 GeV)

( via Geometrical Scaling) Kharzeev,McLerran,Levin

l Problems: v_2 !
Krasnitz,Nara,Venugopalan

—— Possible way out—‘‘Non—Flow Correlations"

Kovchegov, Tuchin

B) CGC + Hydro:
Baier,Mueller,Schiff,Son

——Combines nice features of both approaches—phenomenology needs

further study



Kharzeev,Levin,Nardi

Rapidity distribution of charged hadrons

dN_ /dn = W =130 GeV
0-6%
I 15-25%
1':-::—1.
[ 35-45 % '
.

Figure ¢ Psoudo—mapidily depondomes of chargod badron prodoctioem al diffeorond. suia on
canlralily in Aw — Aw collisions al /% = 130 GeV; Lhe dads are o [205)].



Krasnitz, Nara, R.V
Centrality dependence of n = 0 charged hadron data

A A,(0)=1.18 scaled by 7/8
O A,(0)=1.95 scaled by 1/4

PHENIX (130)

o I|III|III|III|III|III|III|III|III
o

A S R S E S R B
100 150 200 250 300 350N 400

part

@ Previously for dN/dn by Kharzeev and Nardi
Centrality dependence for different n

5

Kharzeev, Levin

ZCAN_ 7dn /N
W = 130 GeV
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Iancu, Itakura, McLerran
Mueller, Triantafyllopolous

Phase Diagram of Hadron Wavefunction

T Q i(T) Q :(fc) /A

Non-linear Linear

Rapidity
Parton Gas
T (k) F-
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= BFKL
S
O
T
=
1S
z DGLAP
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In Q

° ““Color Glass Condensate" =>Low p_t physics at RHIC

2
s

2
° ‘“Extended Scaling" => Moderate p_t : Q@ <<pr << Non

(Kharzeev, Levin, McLerran)

° ““ Parton Gas" => Usual pert. QCD physics



Geometrical Scaling in Nuclear Collisions?
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« 3 7% 0-10% central: |
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Elliptic flow

Target Spectator ijecule Spectator

Pﬂﬂ]tlp’int‘i
. m.
v,={cos(2¢
(o J) . +p

Coordinate space Momentum space

[dea : Interaction => convert space anisotropy to momentum anisotropy



The azimuthally anisotropic flow of Colored Glass

v, (%)

N W & O1T OO N o
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T

corrected values

CG v.s.Cooling

PR T SN T T AN N I N
0.1 02 0.3 0.4 05 0.6 0.7 0.8 0.9

nch/n max

Non—flow Correlations?

v, (%)
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Azimuthal Correlations

—_ 0.3~ STAR 200 GeV | AN |<1.4
A - ® 60-80% Au+Au
3 flow: v2 = 24.4%
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S 0.1
o w
o
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v 0 |
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A ¢ (radians)

STAR200GeV | An |<1.4
e Central 0-5% Au+Au

flow: v2 = 7.4%

—— pp data + flow
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0 Peripheral vs Central Correlations
—expected in both CGC and jet quenching models



The Ideal Hydro + Energy Loss scenario
(A OGP scenario)

Braun—Munzinger,Stachel,Redlich,Xu,...
I Does very well with low p_t spectra/particle ratios

Teaney,Shuryak,Kolb<Houvinen,...
B Excellent description of v_2 for charged hadrons/flavor

(requires very early thermalization times of 0.6 fm...)

I HB-T (Hanbury—Brown, Twiss) poses a puzzle—
short—lived, opaque source?
Gyulassy,Vitev,Wang,Levai,...
I Energy loss explains suppression of spectra
p_t qualitatively —needs to be understood

quantitatively.

Fries et al., Molnar—Voloshin, Lin—Ko

I Independent fragmentation fails for baryons—recent

work on fragmentation models...



Ratios

Particle Ratios
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@ Also works for pp and e+ e collisions...



Anisotropy Parameter v,

Collective behavior of v_2

o
W

o
N

o
-t

0 x h'+h’
A Kg O A+A 0 5

Hydro calculations

Transverse Momentum p; (GeV/c)



Final State Effects—Jet Quenching
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. Energy loss of Partons in hot matter responsible
for suppression of particle spectrum?

10

SPS

v PHENIX 1t° (200 AGeV)
%* STAR h* (200 AGeV)

o I:{AA(pT)

1
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Open Conceptual Issues

In All Approaches!



D—Au Collisions

Kharzeev,Levin,McLerran

@ OQuenching persists in KLN version of CGC

—25-30% for most central collisions.

(caveat: see work of Dumitru,Gelis,Jalilian—Marian)

Gyulassy, Vitev,Wang,...
@ Cronin enhancement of lower energies persists

in QGP+Energy Loss models.



Recent Deuteron—Gold results from RHIC
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. Very interesting recent results from BRAHMS

at forward rapidities!! —stay tuned...
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. Non—linear Balitsky—Kovchegov evolution
leads to rapid depletion of Cronin excess at

forward rapidites...

. Very preliminary data from BRAHMS

suggests that this depletion is seen...




Recent D—Au results from RHIC suggest the
following possible interpretation...

@ Small x quantum evolution is not significant at

y=0 (x ~ 1072 ). Classical simulations a la KNV
phenomenological hydro models & high p_t
suppression suggest strong partonic re—scattering

essential to understand Au—Au results.

® CGC Quantum evolution may already be significant
at y=3 (x ~ 1073) in Au nuclei. Azimuthal

correlations in D—Au at y=3 may be decisive.

@ LHC results may be qualitatively different from
RHIC ( LHC y~0 => x ~ 107>



Outlook:

@ Data from RHIC and theoretical developments are

evolving towards a rich and unexpected picture

picture of heavy 1on collisions...

® Look forward to exciting new results at this

conference...



