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Abstract: Soon after Quantum Chromodynamics (QCD) was shown to exhibit asymptotic freedom at short distances, it was realized that it might be
possible to create a new form of matter at high temperatures (T A, d 150 MeV) in which hadrons dissolve and quarks and gluons become locally
deconfined. Experiments have been carried out for the last two decades attempting to create this new form of matter, called AjA8quark-gluon
plasmaAjA” (QGP), via high-energy collisions of large nuclei. In 2000, the Relativistic Heavy lon Collider (RHIC) started operation at Brookhaven
National Laboratory in the US and results obtained from the first five years of RHIC operation provide the first convincing evidence for creation of
the quark-gluon plasmain the laboratory. Measurements at RHIC show that the QGP is opague to the passage of high-energy quarks and gluons and
that interactions between the quarks and gluons in the QGP appears to be much stronger than initially expected. The estimated viscosity to entropy
ratio of the QGP has been interpreted as showing that the QGP produced at RHIC is the most perfect fluid ever observed in the laboratory.
Measurements from RHIC also suggest that the strong, coherent gluon fields in the incident nuclei play a significant role in the initial particle
production and early evolution of the quark gluon plasma. Within the next few years, the large hadron collider will provide Pb+Pb collisions at a
nucleon-nucleon center of mass energy of 5.5 TeV, thus opening a new frontier in the study of the QGP. | will provide a summary of the key
experimental observables at RHIC, a discussion of their canonical interpretation and then discuss how measurements at the LHC can be used to test
these interpretations.
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The “Big Picture”

Heavy lon
(Au+Au)
collision as
seen by the
STAR time-
projection
chamber.

Why??27?
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Fundamental Interactions
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The Big Picture
*\We have a fundamental theory of strong

Interactions
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QCD Thermodynamics (on Lattice)

Energy Density / T* Pressure / T4
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* Rapid cross-over from “hadronic matter” to “Quark-
Gluon Plasma™ at T ~ 170 MeV

=Energy density, € ~ 1 GeV/fm?.

- Only fundamental “phase transition” that can be
studied in the laboratory.
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—|s the QGP weakly interacting??




__Relativistc Heavy lon Collider

»Run1 (2000) Au-Au VS, = 130 GeV
>Run 2 (2001): Au-Au, p-p VS,,, =200 GeV
»>Run 3 (2003): d-Au, p-p  VS,,, =200 GeV
3Run 4 (2004): Au-Au VS, = 200, 64 GeV, p-p VS,,, = 200 GeV A
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QCD Thermodynamics (on Lattice)

Energy Density / T# Pressure / T?
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* Rapid cross-over from “hadronic matter” to “Quark-
Gluon Plasma™ at T ~ 170 MeV

=Energy density, £ ~ 1 GeV/fm3.

* Only fundamental “phase transition” that can be
studied in the laboratory.
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_Relativistc Heavy lon Collider
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) 3 e e Y ERARMS Q)
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>Run 2 (2001): Au-Au, p-p VS,,, =200 GeV
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QCD Thermodynamics (on Lattice)

Energy Density / T# Pressure / T#
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* Rapid cross-over from “hadronic matter” to “Quark-
Gluon Plasma™ at T ~ 170 MeV

=Energy density, € ~ 1 GeV/fm3.

- Only fundamental “phase transition” that can be
studied in the laboratory.
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—|s the QGP weakly interacting??




__Relativistc Heavy lon Collider
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QCD Thermodynamics (on Lattice)

Energy Density / T# Pressure / T#
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* Rapid cross-over from “hadronic matter” to “Quark-
Gluon Plasma™ at T ~ 170 MeV

=Energy density, £ ~ 1 GeV/fm3.

- Only fundamental “phase transition” that can be
studied in the laboratory.
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—|s the QGP weakly interacting??




__Relativistc Heavy lon Collider
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Heavy lon Collision Time History

RHIC collision space-time history in “parton cascade™ model
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__Relativistc Heavy lon Collider

»Run 1 (2000): Au-Au \(SNN =130 GeV
>Run 2 (2001): Au-Au, p-p VS, =200 GeV
»>Run 3 (2003): d-Au, p-p VS, = 200 GeV
s=oo3Run 4 (2004): Au-Au VS, = 200, 64 GeV, p-p VS,,, =200 GeV  ruewsu
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Heavy lon Collision Time History

RHIC collision space-time history in “parton cascade™ model
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Heavy lon Collision Time History

RHIC collision space-time history in “parton cascade™ model

Hadronization (interesting but I won’t cover)

“Hvdrodynamic” evolution

Rapid thermalization

Initial particle production from strong fields
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RHIC Initial Conditions

- Au+Au @ 200 GeV per nucleon, v = E/m ~ 100.
—Au diameter, d ~ 14 fm, contracted d/y ~ 0.2 fm
— Crossing time < 0.2 fm/c.

« Add quantum mechanics: AE > Rc / At
—Fluctuations with AE > 1 GeV are “on shell”

—RHIC is a3 aluon collider! (10 GeV/fm?3)

=T hese are primarily gluons (~ 200/collision)



“Saturation” @ low x

* @ High energy nuclei are
highly Lorentz contracted

— Except for soft gluons

—Which overlap longitudinally

—And recombine producing
broadened k; distribution

—Generates a new scale: Qg
=Typical k; of gluons
«If Q. >> A-p, perturbative
calculations possible.

—Large occupation #s for
k<Q. = classcial fields
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“Saturation” @ low x

* @ High energy nuclei are
highly Lorentz contracted

— Except for soft gluons

—Which overlap longitudinally

—And recombine producing
broadened k; distribution

—Generates a new scale: Qg
=Typical k; of gluons
« If Q. >> \4cp, perturbative
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“Saturation” @ low x

* @ High energy nuclei are ﬂ
highly Lorentz contracted

— Except for soft gluons

—Which overlap longitudinally

—And recombine producing
broadened k; distribution

—Generates a new scale: Qg h
=Typical k; of gluons

«If Q. >> A-p, perturbative
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“Saturation” @ low x

* @ High energy nuclei are
highly Lorentz contracted

— Except for soft gluons
—Which overlap longitudinally

—And recombine producing
broadened k; distribution

—Generates a new scale: Q
=Typical k; of gluons
* If Q. >> A\ycp, perturbative
calculations possible.

—Large occupation #s for
k<Q. = classcial fields
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“Saturation” @ low x

* @ High energy nuclei are
highly Lorentz contracted o @ o @

— Except for soft gluons

—\Which overlap longitudinally clsscal 3

—And recombine producing
broadened k; distribution

—Generates a new scale: Qg
=Typical k; of gluons
« If Q. >> Aqp, perturbative
calculations possible.

—Large occupation #s for
k:<Q. = classcial fields
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“Saturation” @ low x

* @ High energy nuclei are
highly Lorentz contracted o ® o ©

— Except for soft gluons

—Which overlap longitudinally sl i

—And recombine producing
broadened k; distribution

—Generates a new scale: Q
=Typical k; of gluons

: I
*If Q. >> Aop, perturbative e R
- - G, di Fo\
calculations possible. o N\
I N\
=l arge occupation #s for 7 N \
k;<Q, = classcial fields 1 ok .
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QCD: Evolution

» Quarks radiate copiously
= Evolution of proton (e.g.) parton '“ ., -
distribution functions '
= Growth of gluon distribution @ low x
2 B * @ high gluon density
= ) Q*=10 GeV* recombination starts

N  ZEUS-S PDF

to limit growth.

* Q. - resolution scale
where recombination
starts to dominate

 Limiting density o«
Q. %o,
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QCD: Evolution

» Quarks radiate copiously
— Evolution of proton (e.g.) parton ‘“
distribution functions |
= Growth of gluon distribution @ low x 2

= Number of gluons per unit area:

* @ high gluon density

A/ G S recombination starts
: s =l
to limit growth.
® Recombination cross-section: - QS - resolution scale
s 2 where recombination

starts to dominate

. >1lie 02<02 wit: *Limiting density o
2
@ (¢ O3 QS /{15
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® Recombination happens if ps,,




Saturation @ HERA?

Golec-Biernat and Wusthoff (GBW) v Iz o ¥
Saturation Model (empirical)

* Measurements of DIS - = = —»
cross-section vs x. Q2 N |
forx <001 g 1

Oz m::- -:[1

*Plotted vs r=—+ :

O; (x) :

- All x dependence in the a

saturation scale. :
'_ IE[:‘:-BPTQt o

—“Geometric scaling” Mlon Q9 : |

1 b ZEUS+H] high Q' 94.95 o . -

. E = S ¥

» Precursor to saturation E ¥

~xifp PDF evolution

= - . 2 3
19 10 19 1 13 10 18



QCD: Evolution

» Quarks radiate copiously

= Evolution of proton (e.g.) parton
distribution functions

= Growth of gluon distribution @ low x

= Number of gluons per unit area:

® Recombination cross-section:

Fon .o et ———
g9—98

= Recombination happens if po,,_, 2 1, 1.€. Q- < Q7, with:

G, (z.Q?
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* @ high gluon density
recombination starts
to limit growth.

* Q. - resolution scale
where recombination
starts to dominate

 Limiting density «
Q. % ag

—~ Classical fredel-




Saturation @ HERA?

Golec-Biernat and Wusthoff (GBW) = Lz o

4 1

Saturation Model (empirical) :

» Measurements of DIS _ P »
cross-section vs x, Q2 . | ;
for x < 0.01. T 1,

O’

*Plotted vs 1=— :

O;(x) 1

« All x dependence in the | ]

saturation scale.

'_ IE[:?EPTEI: O j

—“Geometric scaling” e (P95 : |
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QCD: Evolution

» Quarks radiate copiously

= Evolution of proton (e.g.) parton
distribution functions

= Growth of gluon distribution @ low x

* @ high gluon density
Q*=10 GeV? recombination starts
to limit growth.

H1 PDF 2004

: ! ZEUS-S PDF

* Q. - resolution scale
where recombination
starts to dominate

 Limiting density «
Q. ag
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QCD: Evolution

» Quarks radiate copiously

= Evolution of proton (e.g.) parton '“ o
distribution functions '
= Growth of gluon distribution @ low x 3 '

= Number of gluons per unit area:

* @ high gluon density

e a0 ) recombination starts
TR s
to limit growth.
= Recombination cross-section: . QS - resolution scale

s where recombination
starts to dominate

>1lie Q?<Q2 with:- *Limiting density o
Q. a,
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Saturation @ HERA?

Golec-Biernat and Wusthoff (GBW) v lz o .

Saturation Model (empirical) :

« Measurements of DIS s P p
cross-section vs x, Q? s P :
for x < 0.01. g |

O’ wE ]

*Plotted vs 7=— ;
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- All x dependence in the L ]

saturation scale. 5.
| EE[:E-BPTQt O

—“Geometric scaling” Hlew Q9 : |

1 b ZEUS+HI high ( 9495 °c =

: : e ' % 1

* Precursor to saturation E V]

~xifp PDF evolution el

= - . 2 3
19 10 L ] 1 13 19 Is



RHIC Particle Multiplicities

irsa: 07020000
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AL e . Ta o] o ® pp [2]
Petcpmeregon  Viad - —— EKRT [9]

- 2-_ - Kharzeev/Nardi [8]
| Spectators : — HIJING [7]
: 0 100 200 300 400
v Npan

Multiplicity per colliding nucleon pair

« Multiplicity @ RHIC on low end of predicted range
- Slow growth with impact parameter (N __ )
—Inconsistent with factorized mini-jet production
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But, Have We Created “Matter” ?

dN/d¢

*“Pressure” converts spatial
anisotropy to momentum
anisotropy.

* Requires early thermalization.
» L Inique to heavy 1on collisions

irsa: 07020000

PR | S P e X



“Elliptic Flow”

,_i H‘_JEFG:'-":!'_‘N:E‘. I .:HEF'-}!XDaIai STAF_E&?&E_ ":J-N ........ [T T T T T T T T YT Y
o4 — @ X & K;‘ '-_ LI : : : nits =
> 03 K 8 KooK ez | §| > /=" :
o =P Op*p : I 3
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- E
g 0.2 - " *i {" ]
@ | | " P E
> : ;¥ 3
Q F L] =
o 0.1 g 0.1 E  * 3 E_A=115 GeV, E577 =
2 - E 7 e m—
= 0.05F e H
{ =130 GeVf STAR 3
U : ? T _.._E—"- e STAD Pegim :
I . i ; ! . 0....:....|....| ...................
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Transverse Momentum p ; (GeVic) (‘” S) dN ch / dY

- Parameterize ¢ variation by “v,” parameter

_ 4:;; o« 1+2v, cos(2¢) <_1'3 __1;3>

I ' SRR G |
Compare to “eccentricity <J._ +_1__>

~vPata consistent w/ hydrodynamic calculations =~




Estimating the (Shear) Viscosity

» Relevant parameter for ;‘ 01gf. D =63 fm (16-24% Central)
determining collective motion > o1cf ® STARData
of quark-gluon plasma 0'14
—viscosity to entropy ratio: 0.12
n/s. 0.1
- - . 0.08
* Finite viscosity leads to -
dependence of flow strength D'M
s 0.02 _
Correction = (1)/S) p; % 02040608 1 12 14 15 18
» From data shown to right. p,(GeV)
obtain estimate: I, is “sound attenuation
—nls ~ 0.1 length”™ «« mean free path
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Comparison to “Typical” Vicosities

:~:3[:F I I 1 [ 1 [] 1 i ]
i I i
4Tn i i
s | —— Eeluom (0. 1MPa : : =
—— Niurogen 10MPa | '. I
----- Water 100MPa ;
150 | I N
1 f
| | ¥
ll r
" /
a = 2
100 — / - N
|I. 1 : f
\ .
/ 1 f-
i 1 ! - —
: !
3 !
/
L y o
/
= = f. : 4
| Viscosity bound e e |
/s ~ 0.1
" v _
10
T E

* Thus the statement:
e —QGP Is most perfect fluid every created




Lattice QCD Estimate of n/s

0000000000




Lattice QCD Estimate of n/s

Shear viscosity in guenched QCD n== lim__,q pg(w)/w |
|
2.5 __ |
2_0: n/S pQCD |
| |
1.5 I
f . |
Ty, :
0.5- !
| |
0.0 .
AdS/CFT
-0.5 ; .
5 10 15 20 e 30
TR,
Nakamura & Sakai. hep-lat/0510100
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“Casual” Viscous Hydrodynamics
P. Romatschke nucl-th/0701032

R T T T T T
g ideal. T=0.15 GeV

100 e e e W5=0.08. T=0.17 GeV viscous hydro
" — — 1/5=0.16. T =02 GeV results to
L Jr N T meson spectra

from PHENIX

142 mp,) d” N/dp,dy) [1/GeV]

0.1E==
0.01
0.001 S T
0.0001 , , , , A
0 05 1 13 > 35 3

- Causal fix introduces a new scale, t; relaxation
time. Uncertainty in 7, weakens n/s constraint

irsa: 07020000

—Concludes n/s < 0.5, but elliptic flow?
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Thermalization via Plasma Instabilities?

* pr Vs p, anisotropy

—Generates strong local
chromo-magnetic fields

— Lorentz forces produce
rapid isotropization.

* Pressure from macro-scopic
color fields?!
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¥
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Penetrating Probes of Created Matter

» Use self-generated quarks/gluons/photons as probes

irsa: 07020000 Page 45/101
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How to directly probe medium ?
« Use quarks & gluons from high-Q< scattering
— “Created” at very early times (~ 0.1 fm).
— Propagate through earliest, highest ¢ matter.

« (QCD) Energy loss of (color) charged particle
— ~ Entirely due to radiation
— Virtual gluon(s) of quark multiply scatter.

« e.g. GLV (Gyulassy, Leval, Vitev) formalism
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How to directly probe medium ?
« Use quarks & gluons from high-Q< scattering
— “Created” at very early times (~ 0.1 fm).
— Propagate through earliest, highest ¢ matter.

« (QCD) Energy loss of (color) charged particle

— ~ Entirely due to radiation
— Virtual gluon(s) of quark multiply scatter.

« e.g. GLV (Gyulassy, Leval, Vitev) formalism

Ms; 10

P [ a

e
g

n:‘]mm INTITT
=||
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Perturbative quantum chromo-dynamics

B { ‘l»'b',rE

From Collins, Soper, Sterman
Phys. Lett. B438:184-192, 1998

. » ¥ ; {_}: {_r} \ 1 1
TaB = Y‘ / .«:J",_fl'..i'b Oa/Al T, ., _h'*' V Op/B\ I j.’" | -'l'_“l,( - =, gl i I) ( 1 — tj (T) )
(

ab * \ TaXThS MU

p-p dijet Event

» Factorization: separation of ¢ into
— Short-distance physics: & calculable using perturbation theory™

— | ong-distance physics: ¢'s — universal. measured separately. age 481101
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pQCD - Single Hadron Production

Add fragmentation to hadrons

a)

:_ PHENIX Data

— KKP NLO

E*d o/dp® (mb GeV * ¢*

15

\aol/o (%)

do

- 5 :Zjdra‘ixb 0,:(%,.0" . 10)8,,(x,.0". 1) = 40
P ahe

I'I'ITIII'I'I III'ITTIII m

c)

: A dat QCD
D, (5.0°. 1) do T KKP

! Kret
» D(z) — fractional momentum M

= oagstribution of particles in “jet” : —Fage soion

o 3 10

I ITIITII[

| dt

T

(Data-QCD)/QCD
g N & O N B

TII'I

e Fi™s  WBFr._%



PHENIX Au-Au n° Spectra

* B * 200 GeV Au-Au, Cen *Observe 20% of expected
A @000
10 ; )

1A Xpecte = Deduce energy density €
g \ | ~15 Gev/fm?3
- 3 '
Z w0 @ = Compare ¢_; ~ 1 GeV/fm*
o
:1.’_ == | = 100 x normal nucleus energy
o : density!

* =
\ : e | Calculations with
- no energy loss

pT {(IGV/L }

Calculations
with enerev loss

R,, = Observed/Expected
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PHENIX: Au-Au High-p; 7° Suppression

N___,_..__ 102‘ x’ p, specira '
— = . . @ min. bias x2
% - ':. PHENIX PrEIImlnarY 3 D‘TWGK1D-.
B Au+Au\/s,,=200GeV 10-20% x 10
= 1020 “®oe 20-30% x 10°
> B L ® 3040%x10™
2| T — '.". B 40-50%x 10°
Tl 210°— » e % A 50-60% x 10°
T | e ° %, * 60-70% x 107
2.510.5*_ '.- '..:-... > 70-80% x 10°®
- —
n | -
= 10-8._—
N —
10—1:1__
10‘”i
10
10"5::
18__ _ ..'!.T__ I |
0 . 4 6 8 10 12 14 16 18 20

p{(GeV/c)
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PHENIX: Au-Au High-p, 7° Suppression
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PHENIX: Au-Au High-p; 7° Suppression
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PHENIX: Au-Au High-p; =° Suppression
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PHENIX: Au-Au High-p; n° Suppression
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PHENIX: Au-Au High-p; n° Suppression
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PHENIX: Au-Au High-p; 7° Suppression
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PHENIX: Au-Au High-p, 7° Suppression
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1.6
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14 PHENIX preliminary
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PHENIX: Au-Au High-p; 7° Suppression
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PHENIX: Au-Au High-p; 7° Suppression
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PHENIX: Au-Au High-p; =° Suppression
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PHENIX: Au-Au High-p; 7° Suppression
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""E PHENIX preliminary
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n° Suppression: dE/dx Comparisons

— AMY o = 0.
— T g SYst. err
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* Quark & gluon dE/dx analysis: Turbide et al (McGilll)
—Essentially an ab initio calculation
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—Combpared to norecicion (relativelv) data




Prompt Photon Production

* Prompt photons provide an independent control
measurement for jet quenching.

—Produced in hard scattering processes




Prompt Photon Production

* Prompt photons provide an independent control
measurement for jet quenching.

—Produced in hard scattering processes




Au-Au Prompt Photon Production

« Photon control measurement shows no quenching

666666




Au-Au Prompt Photon Production
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» Photon control measurement shows no quenching
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High-p; Single Particle Summary

PHENIX Au+Au (central collisions):

E = E Direct » u
[ 4 A °Preliminary
10 E— W L n
- GLV parton energy loss (dN'idy = 1100)
. -
| L |
| | i 2 i
] e e e i e
: .. ¥ ' -
S L B
[ Ol 5@ - _
v By ; ] A S SR 4 A
: Stk s SPAAIAEY
10" 5
0 2 4 6 8 10 12 14 16 18 20
p; (GeVic)

To explain data:

Unscreened color
charge dn/dy~1000

Energy density
~15 GeV/fm?3

> x10 “critical”
energy density

x5 violation of factorization up to 20 GeV/c
—In hadron production (jets), but not prompty

irsa: 07020000

—Hard scatterings occur at expected rates

— QiIiinnraccinn from final cfatae anarrv lace
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Analysis of Single Hadron Data: BDMS-Z-SW

* “Thick medium™ energy loss calculation
Transport coefficient:

Central 200 GeV Au+Au

* STAR h™ h 0-5%
= PHENIX h™ h 0-10%
O PHENIX = 0-10%

| e |

k=5 x 10°fm

A

Y

]
=

= <pf%igrh

for radiated gluon

T ) ;- 14 GeV*/fm

= <> =14.1 GeV m

|JIi|I.II]III.|IJI

-

: A 3 4
- Baier [Nucl. Phys. A715, 209 (2003)]: (¢ = C&
— C = 2 expected for ideal QGP
—14 GeV/fm2 = ¢ = 8-10!!
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—Strong coupling [Eskola et al, Nucl. Phys. A747, 511 (2005)]




STAR Experiment: “Jet” Observations

proton-proton jet event Analyze by measuring (azimuthal)

angle between pairs of particles
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STAR Experiment: “Jet” Observations

proton-proton jet event Analvze by measuring (azimuthal)

angle between pairs of particles
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STAR Experiment: “Jet” Observations

proton-proton jet event Analvze by measuring (azimuthal)

angle between pairs of particles
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STAR Experiment: “Jet” Observations

proton-proton jet event Analvze by measuring (azimuthal)

angle between pairs of particles
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STAR Experiment: “Jet” Observations

proton-proton jet event Analvze by measuring (azimuthal)

angle between pairs of particles
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STAR Experiment: “Jet” Observations

proton-proton jet event Analvze by measuring (azimuthal)

angle between pairs of particles
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STAR Experiment: “Jet” Observations

proton-proton jet event Analvze by measuring (azimuthal)

angle between pairs of particles

— —p+p 1
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Angle between high energy particles

» In Au-Au collisions we see
only one “jet” at a time !

» How can this happen ?

> Jet quenching!
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STAR Experiment: “Jet” Observations

proton-proton jet event Analvze by measuring (azimuthal)

angle between pairs of particles

— —p+p 1
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St 1 gy _
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0° 180°
Angle between high energy particles
I .
» In Au-Au collisions we see | j§ |
only one “jet” at a time ! 2
q

» How can this happen ?
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STAR Experiment: “Jet” Observations

proton-proton jet event Analvze by measuring (azimuthal)

angle between pairs of particles
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Angle between high energy particles
» In Au-Au collisions we see | 3‘5 l
only one “jet” at a time ! . |
g

» How can this happen ?

| » Jet quenching! _ \

Page 78/101




Di-jet Distortion vs “Impact Parameter”
2.5-4 GeVic x 2 -3 GeVic, All Charge
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STAR Experiment: “Jet” Observations

proton-proton jet event Analvze by measuring (azimuthal)

angle between parrs of particles

— —p+p 1
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Angle between high energy particles
» In Au-Au collisions we see i 3‘5 |
only one “jet” at a time ! |
» How can this happen ?
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: » Jet quenching! _ ¥\




Di-jet Distortion vs “Impact Parameter”
2.5-4 GeVic x 2 -3 GeVic, All Charge
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(di)Jet Angular Correlations (PHENIX)

* PHENIX (nucl-ex/0507004): moderate p;
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Origin of di-jet Distortion?

Mach cone?

- Jets may travel faster
than the speed of sound
In the medium.

» While depositing energy
via gluon radiation.

« QCD “sonic boom”

]

10-20%




Mach Cone (2)

I PHENIX dat: .
0.25+ i f =09 - ) .  |[deal QGP,

- h
= 1 4 —
E c2=1/3
= 0.2 —
E [ b —
oy : « Cos B, =,
" | =8y =55
--.-_'E | _
— 4 ~ Near side peak |
t * @ ;
O . ~ . =
P sof f 100 150 200
Remanents of Ideal QGP A0
forward jet momentum (coloriess sound) T. Renk. 1. Ruppert

» Detailed calculation taking into account evolving
speed of (gluon) sound from hydrodynamics.
- ¢ =qplée
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 But. other possible mechanisms proposed.




What | Didn’t Show You

«Charm quarks also are quenched
—And show rapid thermalization!
«Large charm quark elliptic flow signal

—Can only be established at the quark level.

*Large baryon excess for 2 < p. < 5 GeV/c

— Hadron formation by quark recombination

*We see final state particle flavor distributions
consistent with “freeze-out” from chemically
equilibrated system.

—We are rapidly approaching stage where QGP |5
ONLY viable interpretation of data




RHIC Physics

« Since start of RHIC, substantial progress on
development of a rigorous foundation for
understanding stages of a heavy ion collision:

—Particle production from strong gluon fields
—Thermalization (ideas but not yet understood)
—Hydrodynamic evolution

—Hadronization

*With jets as calibrated probe
—But jet quenching iIs still not completely understood

*\We are probing the properties of the QGP —
with surprising results
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Comparison to “Typical” Vicosities
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» But what is this “viscosity bound™
— Calculation of viscosity using string theory

irsa: 07020000 Page 87/101

—Huh?7?77?




AdS/CFT Correspondence

Main idea

» Duality between string theory in anti-DeSitter space
and conformal field theories.

—Weakly coupled string theory — strongly coupled CFT

« Example conformal theory:
— N=4 supersymmetric Yang-Mills
—Which is not QCD (e.g. no running of «,)
— But similar enough??

« AdS/CFT now being applied to many apsects of
RHIC physics

—Viscosity, n/s.

_“C~arind” vwraveace



Why Heavy lons @ LHC?

10

.......... x_i___-_‘{hll S'FE:..

« Low x — Gluon production from saturated initial state

« Energy density — ~ 50 GeV/m?3(?)
- Rate — “copious’ jet production above 100 GeV

- Jets — Full jet reconstruction

irsa: 07020000

s Detector — necessarv detector “for free”!




Heavy lon Initial Conditions: Modern

HADRONIC COLLISIONS: MELTING THE CGC

——=>—  Initial dynamics-
classical fields

Frozen glassy configurations of wee partons
-evolution with energy described by
RG JIMWLK and BK equations

« At LHC we (think we) will be able to study “classical”
gluon fields in nuclel

irsa: 07020000

—And their quantum evolution
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A+A Multiplicity vs Energy

A
E_ - =mm AA data | HC
= - e Saturation model
v 30 |
= =+ = HLUING-with quenching
Y_ | === HIJING-no quenching =
=200 RHIC
— ) -
"D_ =
- ~ & Saturation?
10
1 <« Something
- (b) else?
0 L III]

—

1113 111 3 12 asasl E 53
10 107 10 is_m(GeV)

* LHC measurements will provide an essential test of
whether we understand the mechanism responsible
for bulk particle production.
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Elliptic Flow @ LHC

Can change
horizontal scale
by x2 @ LHC

(1/S) dN_, Idy

« | HC data will provide an essential test of our
understanding of elliptic flow data @ RHIC

—And test whether QGP is still strongly coupled

—Extremely high priority given the possible relevance
of AdS/CFT.

~ep arge ATLAS acceptance a big advantage-




Jets as Color Antennas

A high-energy quark/gluon acts
like a “color antenna”

 In vacuum, radiation
strongly affected by
quantum interference.

* But, in medium thermal gluons =
‘regulate” radiation.

« Studies of modified jets = AR,
in heavy ion collisions ' . __
may shed lighton a
“fundamental” problem

In (particle) physcs
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LHC Physics Opportunity
» Create & study quark-gluon plasma at T = 0.8~GeV

» Study particle production from strong gluon fields.

* New program with w/ new discoveries ~ guaranteed
—If RHIC is any guide ...

* p; reach, rates, detector capabilities at LHC allow for
qualitatively different (better!) measurements.

« Overlap w/ many other sub-fields of physics
» Particle physics
» Plasma physics
» Fluid/hydro dynamics
» Thermal field theory, lattice & non-lattice
» String theory (!?) — AdS-CFT correspondence
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» General relativity (gluon production as Unruh radiation?)




Jets as Color Antennas

A high-energy quark/gluon acts
like a “color antenna”

* In vacuum, radiation
strongly affected by
quantum interference.

« But, in medium thermal gluons
‘regulate” radiation.

- Studies of modified jets
In heavy ion collisions
may shed lighton a
“fundamental” problem
in (particle) physcs
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A+A Multiplicity vs Energy

A
E_ - =sesm AA data | HC
pa s Saturation model
v 30+
- | = = HLJING-with quenching
Y_ | === HIJING-no quenching
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* LHC measurements will provide an essential test of
whether we understand the mechanism responsible
for bulk particle production.
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STAR Experiment: “Jet” Observations

proton-proton jet event Analvze by measuring (azimuthal)

angle between parrs of particles

= —_— p__._.p -

=% Au-+A R
& 5 - w* uU-+=AU
s [ + Yy :
@ 0.1t [+ o Jr{_ 1
= i ¥ +h Il 1 1
E . -4 : ol i e e
i .;i__:_;rﬁ.. — .."-.p-.i.:yﬁ.;,_ ,_‘.t*:_.:_.ﬂ‘.%_.i_*._*_. *"*..‘.*:.-.*.-_f:.".' ...4.:2_..,.

o_ | ]

0° 180°
Angle between high energy particles
» In Au-Au collisions we see 5 3?
only one “jet” at a time ! 2
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» How can this happen ?

| » Jet quenching! _ \
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STAR Experiment: “Jet” Observations

proton-proton jet event Analvze by measuring (azimuthal)

angle between pairs of particles
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“Elliptic Flow”
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- Parameterize ¢ variation by “v,” parameter
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_rReIativistc Heavy lon Collider

»Run 1 (2000): Au-Au VS, = 130 GeV
>Run 2 (2001): Au-Au, p-p VS,,, =200 GeV

1 - —
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QCD Thermodynamics (on Lattice)

Energy Density / T# Pressure / T?
16 | 4 RHIC el 5[ ; ' : : =
14 - © l - _ - ot Peg/T"
12 | i - il 4} —_
o| g
LHC 2
8 - )
SPS 3 flavour

6 - 2 flavour 2 | )
“ T. = (173 +/- 15) MeV pure gauge ——— ==
2 # e ~07Gevim® T [MeV]
0 : T Miev]

100 200 300 400 500 600 B . S e a

» Rapid cross-over from “hadronic matter” to “Quark-
Gluon Plasma™ at T ~ 170 MeV

=Energy density, € ~ 1 GeV/fm?3.

* Only fundamental “phase transition” that can be
studied in the laboratory.
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—|Is the QGP weakly interacting??




