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QCD defined as our most perfect physical theory
[Wilczek 2000]

An apparently simple lagrangian hides a plethora of
emerging phenomena

[Confinement; chiral symmetry breaking and mass generation;
new phases of matter;a rich hadronic spectrum;a non-trivial
vacuum structure; asymptotic freedom, etc]

High-energy heavy-ion collisions are experimental
tools to access (some of) these properties
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Towards the highest energies

SPS@CERN - Fixed target | PpA,SU,PbPb - 90’

Vs >~ 20AGeV
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Towards the highest energies

SPS@CERN - Fixed target

Vs >~ 20AGeV

pA, SU, PbPb - 90’s

x10

: CuCu,AuAu, dAu
RHIC@BNL - Collider A

Vs = 20...200AGeV

ITICPAN Days - November 2010 Hot and dense QCD at the beginning of the LHC 3



Towards the highest energies

SPS@CERN - Fixed target

~ 20AGeV

RHIC@BNL - Collider

= 20...200AGeV

pA, SU, PbPb - 90’s

CuCu,AuAu, dAu
p1010]0 IS

x30

(pp), PbPb, pPb
Energy frontier of HI LHC@CERN - Collider
Starting three weeks ago

V3 = 2.76..5.5ATeV
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_ Some jargon... centrality of the collision

Longitudinal view

Transverse view
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= Experimental access to different medium densities and geometries

= Normally computed in a (probabilistic) geometrical model by Glauber
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_ Some jargon... centrality of the collision

(Impact parameter)

A Part|C|pants

Longitudinal view JL Transverse view
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= Experimental access to different medium densities and geometries

= Normally computed in a (probabilistic) geometrical model by Glauber
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_ Some jargon... centrality of the collision
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Multiplicity
Experimental access to ditterent medium densities and geometries

Normally computed in a (probabilistic) geometrical model by Glauber

J
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Three main observations at RHIC
[RHIC experiments white papers]

@ Strong screening in the nuclear wave functions

[—> color coherence effects in particle production.j

@ Data compatible with low viscosities

[—> ideal fluid behavior.]

@ Large effects on jets - jet quenching

[ — dense partonic system.j
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I. High-density initial state
Color screening in the small-x region
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4 . . . . . .
_ Color screening in partonic densities: picture

-

Saturation scale when interaction probability becomes O(1)

transverse area of the gluon

1/

s =5~ ANg (2, Q) ~ TR

sat

transverse area of the nucleus
> RA -~ A1/3
increasing energy (decreasing x)
i QCD Fits

H(H1 +BCDMS§ total uncertainty

1/3 T B (H14+BCDMS) exp. + «, uncert.
]_ A [J(H1+BCDMS) exp. uncertainty

2 — (H1)
— Q ~
CUA sat ZIZ)‘

Q*=200 GeV?

Strong fields and large occupation numbers.
Semiclassical approach: Color Glass Condensate

Geometric scaling TN

—1

H1 Collaboration
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New (non-linear) evolution equations

~
J

(

\_

Technically, screening translates into non-linearities in evolution egs.

ON (r, )
0log(zo/x)

= /dr1 K(r,r1,r2) [N(r1,x) + N(ra,x) — N(r,z) — N(r1,x)N(re, )]

Balitsky-Kovchegov €qs. [New NLO: Balitsky, Chirilli, Kovchegov, Weigert, Albacete]

Provides a solid theoretical framework to do phenomenology
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New (non-linear) evolution equations )

( . . : . . . )
Technically, screening translates into non-linearities in evolution egs.

/dr K r rl,r2 7“1, —1—N 7“2, 7“ :I: 7“1, 7“27
(3’10g a:o/x

Linear: Balitsky-Fadin-Kuraev-Lipatov Non-linear term

Balitsky-Kovchegov €qs. [New NLO: Balitsky, Chirilli, Kovchegov, Weigert, Albacete]

Provides a solid theoretical framework to do phenomenology
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4 . .
_ Geometric scaling and data
;

( Q2 X CIZ_AAl/g(S [Armesto, Salgado, Wiedemann 2004]
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[Stasto, Golec-Biernat, Kwiecinski 2001; Energy and Centrallty dependences

. Armesto, Salgado, Wiedemann 2004] fixed by lepton-nucleus data )
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2. Checks of hydrodynamics
(thermalization)
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4 .
_ The essential measurement for hydro
E

% 1 Outgoing
transverse particle

di c? |
oF v P plane
dt e+ P

= Recall the Euler equation

\ J
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_ The essential measurement for hydro

-
X Outgoing
transverse particle

Recall the Euler equation
dg c?
dt e+ P

VP

e=3P — V/,P<V,P

Elliptic flow normally
measured by the second
term in the Fourier expansion

dN
— x 1+ 23 cos(2¢)

d¢

Initial conditions at thermalization time need to be given (ex. CGC)

\_

J
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g
. One of the first measurements at RHIC

(

\_

Large elliptic flow compatible with hydrodynamics

[Luzum, Romatschke 2008]

[Csernai, Kapusta, Mclerran 2006]
1 1 ll‘llll 1 1 lllllll 1 1 LI
|| - — - pions
pions + kaons
— QGP N,=3

= PHOBOS 1

Finite-T pQCD

5 . AdS/CFT “bound”
Lowest viscosity known : [Policastro, Son, Stariné

7

.

° \ 0 ) . Z
~\ |deal fluid behavior 10 \ 10 10
T(MeV)

\&“PerfeCt quUid” [New estimates: Fernandez-Fraile,

Gomez-Nicola 2009, 2010]
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3. Jet quenching

@ Jets are extended objects

@ In HIC the hard process
takes place at very early times

@ Energy loss of fast parton

How does the extension of the jet
interfere with the extension of the
medium?

Quark Matter 2009 MC for jet showers in the medium 13



[ Jet quenching at RHIC

~
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[ Jet quenching at RHIC

-

dNAA/dpt
Ncolldep/dpt

Raa =

Au+Au\[s = 200GeV, 0-10%

3 1.8
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C Global fit to data using a hydrodynamical medium

~
J

(
Fit several observables to obtain the jet quenching parameter

[Armesto, Cacciari, Hirano, Nagle, Salgado, 2009]

1.2 ' 1
PHENIX inclusive m° STAR - dihadron correlations

10 I x’
0.8 I
< i
< L
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P, [GeV] v

Very large energy loss - large jet quenching parameter

. (\\ dense partonic system)

\

J
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Kinematical reach in nuclear collisions at the LHC

108 T TTTI T TTTI T TTTI T TTT T TTTT T TTTTT I TTTT

10’

Present nuclear DIS
and Drell-Yan in p+A

E

Qiat,Pb(x)

Present
DIS+DY
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Kinematical reach in nuclear collisions at the LHC
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Present nuclear DIS
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and Drell-Yan in p+A

—— RHIC d+Au limits &
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Kinematical reach in nuclear collisions at the LHC
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p+Pb @ LHC (7 TeV+2.75 TeV) N

Present nuclear DIS
and Drell-Yan in p+A

—— RHIC d+Au limits
n=3.2, 2.2, 0

W

(/S 4 Present
LAA )T DIS+DY
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Kinematical reach in nuclear collisions at the LHC

108 ! IIIIIIII ! IIIIIIII ! IIIIIIII ! IIIIIIII ! IIIIIIII ! IIIIIIII ! IIIIH‘%

New regions never explored in HIC &
small-x and large-Q :

d+Ay limits
O 2N

(/) Present
Ay . \\‘T~ D'S+DY

X
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First results
Rediscovering the “Standard Model” of HIC + much more
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Rediscovering th
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[ New data: multiplicities

-

[ALICE: arxiv:1011.3916]

)

@® AA(0-5 %) ALICE A pp NSD ALICE
m AA(0-5 %) NA50 O pp NSD CMS

A AA(0-5%) BRAHMS * pp NSD CDF

* AA(0-5%) PHENIX ¢ pp NSD UA5

[] AA(0-5%) STAR % pp NSD UA1

¥ AA(0-6 %) PHOBOS x pp NSD STAR

part

-
(=)

o)

(dN_./dn)/(0.5(N

102 10° \ /SNN (GeV)

Multiplicities is a “day-1" measurement extremely relevant for HIC

C\ It constrains initial conditions, as energy density, of the medium)

\_

J
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[ New data: multiplicities

N\ 1=0o
S 34
— ]\R)\/Gg part

V3 (GeV/A)

HIJING 2.0 [5]
DPMJET Il [6]
Albacete [7]

Levin et al. [8]
Kharzeev et al. [9]
Kharzeev et al. [9]
Kharzeev et al. [10]
Armesto et al. [11]
Eskola et al. [12]
Bozek et al. [13]
Sarkisyan et al. [14]
Humanic [15]

5500
2760

NG/ N/ Near/ 2

2000
dN,/dn

Most expectations were ~30% low [Armesto, Salgado, Wiedemann 2004]

( Strong screening confirmed)

Surprising accuracy of such
Compatible with geometric scaling a simple formula... Why?

\_ y,
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[ Approximate extrapolation to 5.5 TeV
E

Most of the predictions done at 5.5 TeV. Extrapolating using ALICE

chh/ann=0 in PbPb at \[s,=5.5 TeV for N, =350

| Wolschin et al. ' ' ' corr., RDM

| Sarkisyan et al. | | | | CQM + Landau hydro

| Sa et al. : : : : corr., PACIAE

| Porteboeufetal. . : | EPOS

| Mitrovski et al. | | | | corr., UrQMD

| Lokhtin et al. I L ' I corr., HYDJET++

| Kharzeev et al. : : : : saturation

_Jeon et al. : : : : data driven, limiting frag.
| Humanic. ! ! ! ! corr., NN superposition

L Fujii et al. ! ! ! ! fcBK evolution

| Eskola et al. ! ! ! ! corr., EKS98+geom. sat.
L El et al. ! ! ! ! corr., BAMPS

L Dias de Deus et al. ! ! ! ! percolation

L Chen et al. ' ' : : corr., AMPT+gluon shad.
| Capella et al. ! ! ! ! DPM+Gribov shad.

| Chaudhuri ' ! ! ! log. extrap.

| Bzdak ' ' ' ' corr., wounded dig. mod.
| Busza . | | | data driven, limiting frag.
| Bopp et al. : | : | corr., DPMJET Il

| Topor Pop et al. : : ' : corr., HIJING/BB v2.0

| Armesto et al. | : : : PSM

| Armesto et al. | | | | geom. scaling g .
| Arleo et al. I I I I corr., log. extrap. Compllatlon b)’ N.Armesto,
| Albacete | | : : corr., rcBK evolution
| Abreu et al. e | | | corr., logistic evol. eq. arxiv:0903.1330
0 | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

0 1000 2000 3000 4000 5000 6000

Extrapolation agrees with medium-large multiplicity predictions

But we will need to wait till the data is measured at 5.5TeV....

\ y
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[ New data: elliptic tlow

ALICE released already data on elliptic flow [arxiv:1011.3914]

0.08

m 20-30%

A 30-40%
m 10-20% (STAR)
B3 20-30% (STAR)
- 30-40% (STAR)

0.06 [

0.04 |

0.02 F ® ALICE
n % STAR
oF < PHOBOS
[ PHENIX
B NA49

O CERES
+ E877

X EOS

A E895

v FOPI

il Lo aaaul
10° 10° . 15225 3 35 4 45 B
\/Syy (GEV) p, (GeV/c)

-
(=]
S

Energy systematics Transverse momentum dependence

Elliptic flow of similar size as RHIC
(‘\ Points to a similar (very low) viscosity)

\ y
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(" . . . .
_ Jet studies in nuclear collisions
4 N\ (

d+Au Au+Au, 20-40% Au+Au, 0-5% l H C

Hard cross sections:
Pb-Pb,\/s = 5.5 TeV
LHC, lyl<2.5

T

N —h — —
o VXY
T
|

9> (oosse)d>p ¢ > (oosse)d>¢

do/dp_ [mb/GeV]

T STARPreliminary |

9< (obsse)ld

H\‘ [T T
~

3-4©0.41 GeVic ] " 34®1-2GeVic
——Au + Au 0-20%

3-4 ® 3-4 GeV/c
x 3.5

4-5® 4-5 GeV/c

x 10 Z’+jet

00O 300 400 500 600

000904

[PHENIX]
T

5-10® 5-10 GeV/c ]

25 P, [GeV/c] or Ej:t [GeV]
sotferas? oereesuniittiinses [D’Enterria 2008]

*A¢ (rad)® AN )
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& . . ..
_ Jet studies in nuclear collisions

-

d+Au Au+Au, 20-40%

Au+Au, 0-5%

T STARPreliminary |

9> (oosse)d>p ¢ > (oosse)d>¢

9< (obsse)ld

3-4®0.4-1 GeV/c ]

—— Au + Au 0-20% ]
0 —--p+p 1
ol oe

3-4®1-2 GeV/c

3-4 ® 3-4 GeV/c
x 3.5

o
e o
o oo
T 5T
g,

Y, = UNAdN*¥dAg

4-5® 4-5 GeV/c
x 10

000904

5-10® 5-10 GeV/c ]
x2.5 ]

4A¢ (rad)d

[PHENIX]

N\ (

LHC

Hard cross sections:
Pb-Pb,\/s = 5.5 TeV
LHC, lyl<2.5

JAp  yr+et Z+jet

100 200 300 400 500 600
p,. [GeV/c] or E‘:t [GeV]
[D’Enterria 2008]

AN
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JETS in Nuclgar'
collisions._-

o —__ — ~—
e =

~
,’-—,w - 7

Run 168795, Event 7578342
Time 2010-11-09 08:55:48 CET

\ [Jet reco in HIC: Cacciari,
5\ Rojo, Salam, Soyez 2010]

1 .u.
&1 g .
/i éy} I ] Calorimeter
4 N @ E_[GeV] Towers
/RS §- A

v 7 |

~ L
' : 3 4
4 5 SRl n

. 3 R
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[ First jets in HIC at the LHC
E

4. Er1i— B
7 Eri+ Ers

First reconstructed jet data from LHC - ATLAS
[PRL to appear]

J
o
J
I
J
I

J

A
A
A
A

Syn=2.76 TeV 0-10% |
ATLAS |

Pb+Pb ]

++ Lin=1.7 ubq

¢

40-100% ]

) dN/d
) dN/d
W

avt
avt
avl
vt

(1/N ) dN/d
(1/N ) dN/d

(/N
(1/N

n
T

® Pb+Pb Data
Op+p Data
F JHIUING+PYTHIA

) dN/dAG

(1 INM) dN/dA¢
avl

(1/N_ ) dN/dA

(1/N

( Strong energy loss - points to a very dense partonic system)

\_ y,
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CMS Experiment at LHC, CERN

Data recorded: Sun Nov 14 19:31:39 2010 CEST
\| Run/Event: 151076 / 1328520
{ Lumi section: 249

CMS data to appear shortly

Jet 0, pt: 205.1 GeV.

Jet 1, pt: 70.0 GeV




4 .
. New theoretical developments

-

\_

Coherent emission known to be a main ingredient in parton showers

Very striking result found in the medium

N Strict large angle emission - anti-angular ordering

asCr dw db

ANg = T w 6

(© (cosf — cosbyz) + A(0y5, L)O (cos by

Angular ordering in vacuum Anti-angular ordering
in the medium

First step into a theoretically controlled in-medium parton shower

[Mehtar-Tani, Salgado, Tywoniuk 2010]

J
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Collisions at the TeV scale
imply completely new opportunities
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First Z’s seen in nuclear collisions ever

CMS Experiment at LHC, CERN

Data recorded: Tue Nov 9 23:51:56 2010 CEST
'\ Run/Event: 150590 / 776435

Lumi section: 183

Muon 0, pt: 29.7 GeV'

Muon 1, pt: 33.8 GeV
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[ HI-like etfects in proton-proton collisions

-

Long range rapidity correlations by CMS in high-multiplicity pp

CMS 2010, \/s=7TeV

MinBias, 1.0GeV/c< pT<3.OGeV/c N>110, 1 .0GeV/c<pT<3.OGeV/c

The “ridge” first seen in AuAu collisions at RHIC

Compatible with CGC/percolation of flux tubes

[Bautista, Brogueira, Dias de Deus, Pajares 2009;
Dusling, Fernandez-Fraile, Lappi, Gelis,Venugopalan 2009-2010 ]

\_

J
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Some things | have not time to comment on

@ J/Psi suppression

-— ALICE-CIEMAT, New theoretical developments [Ferreiro, Feuret, Lansberg,
Rakotozafindrabe 2008-2010; Brambilla, Escobedo, Ghiglieri, Soto, Vairo 2010]

@ Nuclear Parton Distribution Functions [Eskola, Paukkunen, Salgado]

@ C and P violation in heavy-ion collisions
— Formation of “exotic” condensates [Adrianov, Adrianov, Espriu, Planells 2010]

~ Chiral magnetic effect [Kharzeev, McLerran, Warringa 2008]

@ AdS/CFT connections

— Viscosity [PSS, Mas, Landsteiner 2006,2007]; Jet quenching parameter [Liu,
Rajagopal, Wiedemann 2006; Armesto, Mas, Edelstein 2006...], Dr ag fOI‘ C€ [Gubser 2006;
Casalderrey-Solana, Teaney 2006]; New observables [Casalderrey-Solana, Matteos 2009-2010]...

— Active groups in Barcelona, Madrid, Salamanca, Santiago
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Summary

@ LHC is performing better than expected in PbPb mode
— Short setup period (4 days)
— First physics results in ~1 week.

@ RHIC physics re-discovered

@ But much more (with just 3 weeks of running!)
— Jet physics: jet quenching found in reconstructed jets
— Gamma-jet; multijet; heavy bosons (Z°s)....

@ A new era of QCD at high densities and temperatures
just started
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