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QCD:An apparently simple lagrangian hides a
plethora of emerging phenomena

Asymptotic freedom; confinement; chiral symmetry breaking;
mass generation; new phases of matter;a rich hadronic spectrum; etc

Some of these properties appear at high-temperatures

SO

€MS Expé‘rlment at vqe:LHe CERN

High-energy heavy-
ion collisions are the
experimental tools
BN SR to access (some of)

""""" =y "—'_“i‘ I s these properties
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_ QCD at high-temperatures )
4 N
Two broken symmetries in the QCD vacuum
"N confinement
N chiral symmetry is broken
Restored at high-temperatures <= asymptotic freedom
\_ J
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Towards the highest energies

SPS@CERN - Fixed target | pA,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 o

Vs = 20...200AGeV
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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 November 2010
Vs =2.76...5.5ATeV
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Kinematical reach in nuclear collisions
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Present nuclear DIS
and Drell-Yan in p+A
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Present
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Kinematical reach in nuclear collisions
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Kinematical reach in nuclear collisions
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Kinematical reach in nuclear collisions
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Kinematical reach in nuclear collisions

108;
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New regions never explored in HIC @&
small-x and large-Q :

./ Present |
U DIS+DY

1?E_I IIIIIIIi | IIIIIIIi | IIIIIIIi | IIIIIIIi | IIIII/INIi | IIIIIIIi, | Illlﬁ

107 10°® 10° 10* 10° 102 10 1
Xa

Rencontres de Blois 2011 Understanding heavy-ion collisions 5



\_

C Some jargon... centrality of the collision )
& Y4 B
Longitudinal view Transverse view
\_ AN J
(" )
= Experimental access to different medium densities and geometries
= Normally computed in a (probabilistic) geometrical model by Glauber

J
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C Some jargon... centrality of the collision

(Impact parameter)

Part|C|pants

A
Longitudinal view JL Transverse view

. _J
(" )

= Experimental access to different medium densities and geometries

= Normally computed in a (probabilistic) geometrical model by Glauber

- J
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C Some jargon... centrality of the collision

_J

(" Y4 )
AA/(Spectators}
[Impact parameter)
A Part|C|pants
Longitudinal view JL Transverse view

. _J
(" )

= Experimental access to different medium densities and geometries

= Normally computed in a (probabilistic) geometrical model by Glauber

- J
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_ Some jargon... centrality of the collision )
r wr A
> | | | | .
% 1072 =
g central 3
a joc N peripheral ' -
10 =
22 | :
Q| O o o o B
| 1 < (3] N m
10°H ole| o | o = E
\ 0 500 1000 1 5|00 2000 25|00 3000 J
s Multiplicity R
Experimental access to ditterent medium densities and geometries
Normally computed in a (probabilistic) geometrical model by Glauber
N J
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What do we expect to learn?

@ What is the structure of the hadrons at high energy?
— color coherence effects in particle production.
@ |s the created medium thermalized? How?
— presence of a hydrodynamical behavior.
@ What are the properties of the produced medium?

— identify signals of the presence of a medium in well-
controlled observables.
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Initial state: Saturation of partonic densities

(Color Glass Condensate)
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Initial state: Saturation of partonic densities

(Color Glass Condensate)
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Checks of hydrodynamics
(thermalization)

0,T" =0

TH = (¢ 4+ p)uru” — pg"” + viscosity corrections

+ Equation of state
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4 .
_ The essential measurement for hydro

\_

-

.

= Recall the Euler equation
g

_e—I—P

= P
dt v

% 1 Outgoing
transverse particle

plane

_J
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_ The essential measurement for hydro

\__/

P
Recall the Euler equation X OUtnglng
transverse particle
B_ < gp
dt e+ P

e=3P — V,P<V,P

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

dN
— x 1 4 2v5 cos(2¢)

dg

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

\_

J
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Ideal fluid behavior
( [Luzum, Romatschke 2008] )
o | L= PHOBOS| ] [Csernal Kapusta Mclerran 2006]
%) 5 rrry
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= e .
0.1 L : :
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4 . .
5 ngher harmonics

~
J

-

™ For a symmetric medium odd terms are 0
N Even-by-event fluctuations make them finite

..

1—|—22vn cos |

Will allow precise tests of hydro

>»

&
y ["“l

i

[H. Petersen, QMZOI 1]
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-

With high precision data, higher terms in the expansion identified

[More in the talk
by C. Loizides]
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ngher harmonics )

4 N
With high precision data, higher terms in the expansion identified

™ For a symmetric medium odd terms are 0 [More in the talk
N Even-by-event fluctuations make them finite b & Loizides]
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Hard Probes

% Long distance terms modified by the presence of medium

— Nuclear PDFs and new (non-linear) evolution equations
— Probes of hot matter created in the interaction
— EW processes (no hadronization) used as benchmark

(@ oo @)oot~ f Dran )

Hadronization

Nuclear PDFs J /W paradigmatic example

@ If you know two ingredients you can extract the other
[Tom LeCompte yesteday’s talk]
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[ Nuclear PDFs

4 N

\_

Initial conditions and error analysis for different NLO sets
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Large uncertainties especially for gluons - smaller at large virtuality
Notice that parametrization bias effects are present

N Bands to be considered as lower bounds

\- J
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Quarkonia suppression

@ Simple intuitive picture [Matsui & Satz 1986]
— Potential screened at high-T
— Bound states not possible
— Suppression of |/Psi in nuclear collisions

@ However, interpretation of the data is not clear

— J/Psi suppressed also in pA (on top of nPDFs)

— Not good theoretical control over the suppression
— (Already ]/Psi suppression not well understood in pp)
— Could LHC improve the situation?
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4 .
Quarkonia at the LHC
\§ J
4 )
Different quarkonia states have different suppression
1.4
g i m ALICE (Pb-Pb\[s, = 2.76 TeV), 2.5<y<4, p >0 (preliminary) S L e e e
1.2; —— EPS09 (R. Vogt , priv. comm.) N§ T e data CMS Pre"minary i
e — K 60:_— PbPDb fit PbPb \/syy = 2.76 TeV ]
B A pp shape 0-100%, 0.0<lyl <2.4 ] _
0.8 - \ - 50:_ Pl >4 GeVic 0<p,_ <20 GeVic E é
0.6/ — a F Ly = 7.28 ub” >
: EL ------- . H 7 —H— c 40r . ERN O
0.4 J/\Ij ______ u>J E o =92 MeV/c* (fixed to MC) E o
- 30— — o
02t ). Schukraft QM201 1] B s
0 - 40-80% 1 20-40% l1 0-20%l 0-10% 20 : 8
centrality B —_
+
Y(@2S+38) Y(1S)og, _ 5010400
Y(25+38)/Y(1S)| -
Sequential suppression?
N Lattice QCD suggest that IS quarkonia states melt at 7' ~ 27,
N Excited states meltat 7' ~ 7.
\§ J
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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 ;

jet quenchmg

Jet 0, pt: 205.1 GeV

Jet 1, pt: 70.0 GeV

LSy = & =
- -
What are the effects of a medium-
in the jet evolution? S~

4




- What is a jet (naively)

-

\_

[Nigel Glover
yesterday’s talk]

ﬂm szszszk

Wi

Experimental definition involves jet finding algorithms

N |deally all the energy of the primary is reconstructed by the algo

J
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(" . . .
_ What is a jet (natvely)
4 N

\_

[Nigel Glover
yesterday’s talk]

high-pt partons
produced with
large virtuality

ﬂ F

(this is the short
distance part)

Experimental definition involves jet finding algorithms

_ N |deally all the energy of the primary is reconstructed by the algo
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- What is a jet (naively)

\__/

(

\_

[Nigel Glover
yesterday’s talk]

virtuality is
reduced by
gluon radiation

e

Experimental definition involves jet finding algorit

F

N |deally all the energy of the primary is reconstructed by the algo

J
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_ What is a jet (natvely)

\__/

(

[Nigel Glover
yesterday’s talk]

virtuality is
reduced by
gluon radiation

e

\_

Experimental definition involves jet finding algorithms
N |deally all the energy of the primary is reconstructed by the algo )

radiation along a
given direction: jet

SET T
[N
This is often called =~ %
a jet cone, although “*
shape depends on o
definition Mt \\/f
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" What is a jet (natvely)
N ] y )
g )
Ay
[Nigel Glover - >
yesterday’s talk]
virtuality is
reduced b .
7 radiation along a
gluon radiation : R
given direction: jet
ﬂ GEEETE
(B
This is often called = =1l
a jet cone, although
shape depends on | o
definition i {\/\
Experimental definition involves jet finding algorithms .
. N\ |deally all the energy of the primary is reconstructed by the algo )
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" Jet quenching at RHIC

-

\_

Au+Au\[s,,, = 200GeV, 0-10%
1.8
3

= Photons don’t interact (no effect) quarks and gluons do (suppression)

i 0-10% central events

1.6

B

PH:  ENIX !
T
-]

1.4

;

1.2

1

PHENIX preliminary

0.8[
0.6
0.4

0.2F

m

/
m;{

$au

ﬂ_l |
0 2

= Very large energy loss - large jet quenching parameter

(‘\ dense partonic system

16 18 20
pT(GeV/c)

J
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" Jet quenching at RHIC

(" )
Photons don’t interact (no effect) quarks and gluons do (suppression)
Au+Au\s,, = 200GeV, 0-10%
o LBE o 0-10% central events m
1.6 S ..
- PH  ENIX PHENIX preliminary
1.4 om0
1.zf— ::}ir_yhom/
Calibration
0.8
06
ﬂ.4i—
02 sirgne
ﬂﬂ IIIE|IIIB|III1|I'..'II I12I I14I I1EIH1IBHI2‘I'..'I
pT(GeV/c)
Very large energy loss - large jet quenching parameter
(‘3 dense partonic system
. J
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Run 168795, Event 7578342
Time 2010-11-09 08:55:48 CET

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

\
\
1
i ] Calorimeter
“: E, [GeV] Towers
. [

i) _2;

2
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[ Inclusive jets are suppressed

~N
J

-

\_

In central collisions, only |/2 of the jets are observed for two radius R

[ATLAS 2010 - B. Cole QM201 1]

& | e Centrality 0-10% ] & [ e Centrality 0-10% ]
T = 1 C ]
1.5 R O 2ATLAS Preliminary 15— R N O 4 ATLAS Preliminary  —
1 """""""""""""""""""""""""""""""""" - 1_— """"""""""""""""""""""""""""""" '—:
0.5 : . . + S S 1 = 05— + —— %
- T - .
E o Centrality 30-40 % Pb+Pb \[S, = 2.76 TeV ] g e Centrality 30-40 % Pb+Pb \[Syy = 2.76 TeV g
1.5 L,=7ub’ = 15 Ly=7ub’ =
o R=02 ] - R=04 .
A | A -
et - ——— :
05— — 05— e—e— ]
e Centrality 50-60 % e Centrality 50-60 %
1.5 — 1.5 —
e Lo B o ——
by i
0.5 - 0.5 -
50 100 150 200 250 300 100 150 200 250 300
E; [GeV] E; [GeV]

Need to understand proton-proton reference

Observed jets are biased - is an unbiased measurement possible in HI?

~N

J
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| Di-jet asymmetry at the LHC

.

-

G

Energy imbalance between two most energetic jets: A; =
[ATLAS 2010 - B. Cole QM201 I; CMS similar results]

Centrality 0-10%
ATLAS Preliminary

L J
g
L S 1

PD+PD \[5,, = 2.76 Tevi
2 L=7n br

i Centrality 10-20%

E;,>25GeV
R=04

E,,>100 GeV +

' bent?ality 120'3'0"/'0 3

CJHUING+PYTHIA

® Pb+Pb Data 3
O p+p Data

Centrality 30-40%

’D
\| Rui

1| CMS Experiment at LHC, CERN
!| Data recorded: Sun Nov 14 19:31:39 2010 CEST
n/Event: 151076 / 1328520

| Lumi section: 249

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

J
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Di-jet asymmetry at the LHC

-
\_
-

\

= Azimuthal distribution of two most energetic jets
[CMS 2011 - C.Roland QM201 |; ATLAS similar results]

aaas e ,....,...l.,....,.....:....,I...,....‘, .............. R e R RS’
MS |Ldt=351 Ldt=6.7ub 1
‘g . i * o s0-100% 30-50% -
’\ o pp \5=7.0 TeV | o PbPb \s_#2.76 TeV ¥ p,,> 120 GeVic o
1 B rrr -+ = .
< 0 3 —— PYTHIA 3 —— PYTHIA*DATA ¥ Py, > 90 0eVio r 3
.":’ ‘: Anti-k,, R=0.5 . 3 CalorimeterJets +, 1 4 SZE iﬁ‘é?é'é’?f"s‘frf hﬂs%gﬁg{gmgzomww
© [ ] | 1 A /| Run/Event: 151076 / 1328520
w ‘ ’: neratlve cone 'TT : Lumi section: 249
E102¢ - ~ R=05 ! + f :
S E . 3 ZE | 3
w ok . 1 1 | f ]
[ J‘ | 1 ' ]
.. PP 3 i Pb Pb O .
107 F P 3 | E3 3
:vnv+un}oon#&ow—&f'-o—n%‘riﬁﬁ-*’ih#}va}ovn R R R R R B RS RN
E paR ALl RS
i» @ 20-30% - @ 10-20% *+ @ 0-10%  *
L oL w4 0
310 E A . . —i
£ - g @ ’T' :
g & 1 a1 P
- T : At N
‘E 2L r - i 4 + - "
8107 | i L
& i 2 ! ittty By E :
i ] 1 T AT 4 T
3L N | ‘ n L \L ‘.; | 1
3 i . e 44 n | g
107E (42 3|l LU 71l e L a
0 05 1 15 2 25 3 05 1 16 2 25 3 05 1 15 2 25 3

= No strong change with respect to the vacuum jets

Jet 1, pt: 70.0 GeV/

AN

J

Rencontres de Blois 2011

Understanding heavy-ion collisions 23



[ Di-jet asymmetry at the LHC )
4 )
Where does the energy go?
[CMS 201 | - C.Roland QM201 1] ryeone
out-of-cone
0-30% Central PbPb
o " owx | & wosewe  InCone{  Outof-Cone -
“or fmg;;_u.,'-- T L Hr s AR<08 AR<0.8 4
=L B pra 1 b
T t 1 > 8.0 GeV/c 1 + 1
g 0 X ' e =
Av—
'b.
20+ .
-40 - . .
arXiv:1102.1957 [nucl-ex] |
o T ;' T 10.14"‘\‘ ST 0 ;L Y Y SE—r m—T ;\l I =
balanced jets : unbalanced jets J J
| Track
/ﬁT — E — D7 COS (QbTrack — gbLeading Jet)
Tracks
Energy taken by soft particles at large angles
- J
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A theory of jets in the medium

@ In-medium parton shower not known
from QCD

@ Until recently only medium modification
off single emitter computed

@ But coherence among different emitters
is essential in the vacuum case:

ordering variables
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r S -
_ Antenna emission in vacuum (QCD or QED)

~
J

-

\_

Building block of parton showers in vacuum.Taking quark as reference:
; W 1
form == 7o = 9
k1 0w
ki, w The transverse wavelength

1 AL

)\J_ =~ k_ = tform = 9—

1 4,9
: : Qqq
The transverse size of the pair : 04q trorm =~ AL 0
4,9

So, when 04,4 > 045 the gluon/photon “sees” a neutral object

The spectrum integrated in azimuthal angle

dw db k
(dNg)p O (0pp — Opr) »

w Hpk

Angular ordering in vacuum

~N

J
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4 . . . .
. Antenna radiation in medium

~N
J

-

asCr dw db

AN, =

T w 0

Angular ordering in vacuum Anti-angular ordering
in the medium

\_

Very striking result found in the medium [Mehtar-Tani, Salgado, Tywoniuk 2010]

N Strict large angle emission - anti-angular ordering in soft limit

(© (cosh — cosb,5) + A(B,5, L)O (cosB,; — cos b))

-
o
1

medium-induced
radiation

a'w dN/dwd6

~
~
~
~
~
~
-~
-~
-~
-~

radiation

8
6
4 F  vacuum
2
0

0 0.1 02 03 04
G

For an opaque medium, two vacuum-like de-coherent spectra
N Soft emission at large angle. Promising tool for in-medium shower

N Memory loss effect: radiation independent on initial color config.

~N

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

CMS CMS Experiment at LHC, CERN
Data recorded: Tue Nov 9 23:51:56 2010 CEST
Run/Event: 150590 / 776435
| Lumi section: 183

IMuon 0, pt: 29.7 GeV| 4
10°
> 60 fl TT I TTT I TTT I TTT I TTT I TTT I TTT I TTT I TTT I TT I_
o [ b) cMSPbPb 7.2 ub™ aty\[sy, = 2.76 TeV Z
Z C ]
S 50 x ]
- - |Muon 1, pt: 33.8 GeV|
Ly b 7

W
o
L B

| ® CMS

20 —— POWHEG + PYTHIA 6.4

[ meeeee Paukkunen et al., CT10+isospin
Coner Paukkunen et al., idem+EPS09
F e Neufeld et al., MSTW+isospin

I Neufeld et al., idem+eloss
O_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

0 02040608 1 12141618 2
Rapidity
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Summary

@ With LHC nuclear collisions at the TeV for the first time
— Access to the small-x region of the wave function
— Large virtualities: jets, EVV bosons, etc...

@ Created medium (RHIC+LHC) very dense
— Ideal fluid behavior

@ Higher statistics and new tools

— Will allow to characterize the medium properties with

unprecedented precision

— Is it a liquid? Strongly coupled? Are quasiparticles
the relevant degrees of freedom?..
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