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Highest energy man-made collisions ever!

>3000 charged particles in the
TPC in a central event

2010:

>8ubin 4 weeks
Propp > 2x10%°
(""1/20 o@mabePb)

Pb-Pb Vsnn = 2.76 TeV
wealth of results from
only 1 month of running

601] Pb+Pb run

« > lkHz hadronic
« Integrated lumi>10x 2010
« New friggers and optimization

~

2012 p+Pb running

» First tests promising
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Event statistics per trigger class
(status 6 Dec. 2011)

Trigger Events
MinBias 83 M * Trigger mix op_tlmlzed to
enhanced statistics of rare

Central 275 M orobes
Semi-Central 32.1 M L.

* ~10x more statistics
EMCAL Jet 94 M (centrality and rare triggers)
EMCAL Gamma 7.2M collected as compared to
Barrel UPC 79M 2010
PHOS 1? 19M
MUON Single 279 M
MUON UPC 3.0M

MUON dimuon 200 M
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A Single Event

®Properties of average events instead of average event properties
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First result: Charged particle multiplicity

PRL 105,252301 (2010)

L ASW-like (1.=0.26) .
Levin et al. .
L HIJING 2.0

.
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~—ALICE

geom. scalin
corr., saturation
strong gluon shad.

- Wolschin et al,——¢— ' corr.. RDM
| Sarkisyan et al. o | : CQM + Landau hydro
L Sa et al. : ' corr., PACIAE
Porteboeut et al. ° ! EPOS
-Mitrovski et al. o : corr., UrQMD
-Lokhtin et al. ——— corr., HYDJET++
| Kharzeev et al. o Gy ' saturation
L Jeon et al. u X data driven, limiting frag
-Humanic. ‘" ' corr., NN superposition
LFulil et al. —— ' fcBK evolution
L Eskola et al. ' . corr., EKS98+geom. sat.
L El et al. Y P corr.. BAMPS
| Dias de Deus etal. | o ' percolation
.Chen et al. ' Fl 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. 1 e corr.. DPMJET w
| Topor Pop et al. b —— corr., HIJING/88 v2.0
L Armesto et al. ! PSM
Armesto et al. ™ ' geom. scalin
L Arleo et al. ‘e " corr., log. extrap.
LAlbacete 5 ] H corr., rcBK evolution
Abreu et al. p A . A corr., logistic e'v?l. eq.
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Particle production somewhat higher than expected:
Shadowing/Saturation models favored
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5% most central events:
dNch/dn = 158414 (stat)£76 (sys)

First few events “killed”
many models
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Growth with energy faster in AA than in
pp s vs s911 > nuclear amplification
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dNer /dh — Centrality Dependence vs Theory

Two-component models:
Soft processes chh/dn ~N scattered nucleons (participants) ~ N
. “nuclear amplification” — independent of Vs
Hard processes dN.,/dn ~ N ,,cieon-nucleon collisions
. increased importance with Vs & centrality
« DPMJET MC —~ 10

part

Important constraint for models &
sensitive to details of initial state,
saturation, evolution....!

Predictions

Rises too strongly with N__ ‘,\l\ :@D Saturation Models
+ HWING MC (2.0), no quenching & o .
Centrality dependent — E NPT et
Gluon shadowing = [ S ermaT
— 7
Tuned to 0-5% central _g 6 £
~ [ HIJING e ALICE
: c |+¥é
Saturation-type models: % 4t — Kharzeev et al.
Parametrization of saturation ~ [ DPMJET —- HUJING 2.0
- Armesto et al.
scale vs Vs & centrality (A .
| . Y (&) 2~ * PPNSD — DPMJET Ill
geometric scaling I
. = pplnel ---- Albacete
Data favor models with moderation | B e L
of particle production vs centrality 0 100 200 300 ( N400)
I part

ALICE, Phys. Rev. Lett. 106, 032301 (2011)



Energy density

—_ 1.6_ had |
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dE./dn per participant pair
« LHC ~ 2.5 RHIC

« Similar centrality
dependence



Energy density

—~ 1.6

E . QIT-:\CRE (from E*%; f,_=0.55) dE./dn per participant pair
=T FEin + LHC ~ 2.5 RHIC
5 1.2 - Similar centrality
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€TLHC 2 2.9€TRHIC (remember €. = 0.70 GeV/fm3)




Space-time evolution of the system

Observe volume using QM interferometry for bosons (ideas from 1950’s)
*Used by astronomers to measure star sizes with photons (Hanburry, Brown-Twiss )

*Used in particle physics to measure source size with pions (Goldhaber)

| (k) =0.4GeV/c
HBT radii scale roughly linearly
with multiplicity?/3 in pp and PbPb
HBT radii in PbPb vs. trend from
lower energy AA:

— Ryong' perfectly agree
reasonably agree
— R, clearly below the trend

Behaviour of all 3 radii in
gualitative agreement with hydro

— R

S|de

expectations

— R,,/R.4e decreases with Vs due to
higher initial temperature
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® STAR AuAu @ 200 AGeV
STAR CuCu @ 200 AGeV
v STARAuAu @ 62 AGeV
¢ STAR CuCu @ 62 AGeV
* CERES PbAu @ 17.2 AGeV
A ALICE PbPb @ 2760 AGeV
™ ALICE pp @ 7000 GeV
* ALICE pp @ 2760 GeV
O ALICE pp @ 900 GeV
STAR pp @ 200 GeV
--- fits to ALICE pp
-~ fits to AA @ < 200 AGEV



Space-time evolution of the system

PLB 696, 328 (2011)

V scales ~ linearly with multiplicity

~400—
e [ Ao EB9527 3338 43GeV ]
S 350k A NA4987,125,17.3 GeV ;
§ [ W CERES17.2GeV :
e, 300F * STAR 200 GeV .
S | O PHOBOS 624,200 GeV ]
ﬂf,g 250F ®  ALICE 2760 GeV .
© 200t RHIC x2 :
150F % X .
; % Volume at decoupling ]
100F _ & Few times nuclear E

50k E volume (~5000 fm3)

; R~7fm ]
%m0 T f000 1500 200
Multiplicity <dN_/dn >

T, (fm/c)

Lifetime: from collision to
‘freeze-out’ (hadron decoupling)
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Source at LHC is larger and
lives longer than at RHIC




Determining the temperature

Thermal source emits “Blackbody” radiation
— pT1 spectra reveal temperature of QGP

light 1

«— Tp—
e l N
heavy explosive

light

T

purely thermal
source

1/m; dN/dmy

1/m; dN/dmy

, source
(py? + m?)” = My my

Different spectral shapes for
particles of differing mass
— strong collective radial flow

11 light so not/hardly affected
by flow



Determining the temperature

Thermal source emits “Blackbody” radiation
— pT spectra reveal temperature of QGP

N
(=]

Fit to central data T ~80 MeV

Pb-Pb, 2.76 TeV

>
S
~ e 3
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2 x 80 x 10
9 = SO T 1610719
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%
~ 9 x 101K

TfoLHC ~ Tfo.RHIC




Initial temperature and radial flow

Flow velocity depends on equation of state

Momentum distributions for different mass particles

show characteristic differences wrt pp
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Initial temperature and radial flow

-

Flow velocity depends on equation of state Vo
Momentum distributions for different mass particles
show characteristic differences wrt pp v,
D - Kom K B
O - v« e« e ALICE, Pb-Pb,\[S_, = 2.76 TeV
= 0 oo PHENIX, Au-Au\S,, = 200 GeV
% 10° E_Mu, v =%  STAR, Au-Au,\{sANEN: 200 GeV
(D E %&%@’Q""
— I B, %
> ot e
'0'102 E o Mﬁ* +++
S [ o, Ore, ., .
= | M—@ﬁ:ti**+ Significant changes in
< 10 o sooon20, %0 *"tii slope compared to RHIC,
© - * “Oog, P, a_fiqi%t especially for protons
B 0 B B O - ——
1 B '@l s o Spectra much harder and
o higher yield
- ALICE Preliminary P
a
- 0-5% most central o
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Initial temperature and radial flow
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Ken K P
we e e ALICE, Pb-Pb,\'s,, =2.76 TeV
Curves: Hydro + UrQMD (VISHNU)

ArXiv:1108.5323

Hydrodynamic Model
Calculation
<p> = 0.66

'M“ ¢ """"'-Q-_‘_

¢”.

el

ALICE Preliminary
0-5% most central
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Spectra harder and proton yield
lower than hydro predictions

Very strong radial flow

BLHc= 0.66¢ ~ 1.1 BrHiC
Tkin,LHC = Tkin,LHc ~ 80 MeV

From Hydro:
TLhe ~ 420 MeV
TLHe ~ 1.2-1.3TruiC

(M.Luzum P.and Romatschke 2009 PRL. 103 262302)



Geometry of a heavy-ion collision

Non-central
collision Z/

yI\

Picture: © UrQMD

Reaction

XZ - the reaction plane

plane

“peripheral” collision (b ~ b,.,)
“‘central”  collision (b ~ 0)

Number of participants (N,):

number of incoming nucleons (participants) in the overlap region
Number of binary collisions (N,.):

number of equivalent inelastic nucleon-nucleon collisions

Nbin = Npart

More central collisions produce more particles




Anisotropic/Elliptic flow

/{ Pb + Pb, b =7 fm
_Reactionn |

AImond shape overlap

Normalized Counts

0.4 : - : : : -
0 0.5 1 1.5 2 2.5 3
(rad)

q)Iab-‘I"pIane

Interactions/ e Anisotropy in

region in coordinate space Rescattering momentum
space
dN/d$ ~ 1+2 v,(pr)cos(29) + ....  ¢=atan(p,/p,) Vv, =(COS2¢)

v,: 2" harmonic Fourier coefficient in dN/d¢ with respect to the reaction plane

100us 600us 1000pus 2000us

»
S

OO O O O O 0 0 O 0 O BE

%’M‘

— Time —M. Gehm, S. Granade, S. Hemmer, K, O’Hara, J.
Thomas - Science 298 2179 (2002)



Elllptlc flow

0.08

=T v Vs GeV)| : :
oo | LYarersis Vo ei){gﬁ .} .34 Hydro behavior continues at LHC
0a - 4 X centrality _] ] .
i 1 | v2(ptint.) LHC ~1.3x (pt int.) RHIC
0.02 — ‘;} - o :111(; —

L “wem |3 The overall increase is consistent with
002 A-A “axs | 1the increased radial expansion leading
0.04 - } we | 3to a higher mean p;

0.06 - A ES95 _'
L d  PRL 105,252301 (2010) LI Eom ]
-0.081' S
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Elllptlc flow

0.08 T

B v Yoy (GeV | : : :
ooo | averses Yoy, (Ge =~ }..4 Hydro behavior continues at LHC
0.04 - r & i% centrality_: . )

C 1 Tw 1 | v2(print.) LHC ~1.3x (pr int.) RHIC
0.02 — ;I} - o ALICE -]

L “ e |4 The overall increase is consistent with
002 A-A “ews | 3the increased radial expansion leading
0045 ‘we  |Jto a higher mean p;

i R A ES95 i B - _ - -
0.06 : f PRL 105, 252301 (2010) L*_rom : > éé_ri?raEli?ﬁlgi}rg(r)%k,Pb Pb events at\ s, = 2.76 TeV
0.08 — 1'0 : 1(')2 : 1(')3 e 03 (CGC initial conditions)

[ @7, v,(SP. anl>1} (Ws=0.2)
Mass dependence strong due to [ K, v{?SSP Anj>1}  -hydro LHC
large radial flow - predicted by 0] PSRRI hydrorQUDLHE
viscous hydro. (Heinz et. al, arXiv:1105 3226) L 10-20% :
Radial flow too small from hydro. o1} 22
for protons . (%)

Hadronic re-scatterings play an o] 05 . 1 ST i J

important role in flow development (Heinz et al, arXiv:1108.5323) P, (GeV/C)




LHC bulk summary

« Energy density > 15 GeV/fm3
* Freeze-out volume ~ 5000 fm3
» Lifetime of source 10-11 fm/c
- Radial flow 0.66¢c
* Thermalization temperature 420 MeV

* Thermal freeze-out temperature 80 MeV -

- Elliptic flow as expected from hydro-dynamical calculations
with viscous corrections and hadronic re-scattering



Degenerate Fermi

HYd ro dyn am i C Gas of Ultracold LHC 20~30%

Li atoms! Centrality
Evolution of System | | a:

C. Shen, QM 2011

Ref: C. Shen, U. Heinz, P. Huovinen, )
H. Song, arXiv:1105.3226. - 8= 1.6fm/c

BT =0.6 fm/cC

Hydro evolution at RHIC and LHC:
20-30% peripheral AuAu or PbPb

Black curves: freeze out surface at
Tuin r0= 120MeV

LHC expansion rate >> RHIC rate
- Stronger hydro force -> more v,
- Rips apart fireball (in two)
along the reaction plane near FQO!

AT PG P s HI




Initial conditions are complex

Energy density, b = 9.3 fm t = 1.000 fm/c Energy density, b = 9.3 fm t = 1.000 fm/c
~ 10 —~ 10
é = 0.012
-~ 3 = 8
> 0.006 g
. —0.005 4
—0.008
0.004
0.006
0.003
-2
0.002 -4 0:004
-6
-8 -8
10, 0 -1 0
% 8 6 -4 2 0 2 4 6 8 10 % -8 6 -4 -2 0 2 4 6 8 10

X (fm) x (fm)

Event-by-event hydrodynamical needed to account for fluctuations



Initial conditions are complex

Energy density, b = 9.3 fm t =1.000 fm/c

10

8

y (fm)

0% 8 -6 -4 2 0 2 4 6 8 10
X (fm)

I0.006

0.005

0.004

0.003

0.002

0.001

0

-10

15

e1=0.14 e2=0.41 €3=0.58 €4=0.30 €5=0.2¢

15

10

IIIIIIIII|IIII|IIII|III]|IIII

1| IIr|rIIpIaIcIt |Plalram .

o

-10 -5

0k

Event-by-event hydrodynamical needed to account for fluctuations

Higher harmonics (vn) than elliptic flow (v2) present




Higher harmonics

E— 5 -
Pb-Pb 2.76 TeV, 0-2% central o Centrality
i B 2 <pt <2.5GeVic 1 —-40-50%
First 5 v components s st DRSS
’ L i # 0.8 <|An| < 1.8 +
seem to be all that's AR R . g 10-20%
. = 1.005 + % & T —-2-10%
needed to describe A N N N . .29
174 o i o B 9 e /o
. b X4 v SO = ol
correlations 0.09sls LA > i 2 <p! <2.5GeVic
*»,.-" e 1.5<p]<2GeVic
0'99;_ = =—— ‘ + !xz"?df = 3?'3 1!35: T - ;
1.002 e T
E 1k1"'¢**"‘—‘****—*4¢ e — e = -
0.998T ' } * | ﬂ | | |

I
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arXiv:1105.3865

0.05

Fluctuations in the inifial nucleon
distribution

Event-by-event fluctuation of the
symmetry plane W, w.r.t. Wy,

Odd harmonics are not null

v4 (“triangular”) harmonic:
V5 has weaker centrality depende
than v,
When calculated w.r.t. participant
plane, v; vanishes (as expected, if due
to fluctuations)

o

2

0.1}

Similar p; dependence for all
harmonics

— V3 sensitive fo shear viscosity h/s and to
assumption on initial parton density

| wV, Glauber 1/s=0.08

Alver, Gombeaud, Luzum & Ollitrault, Phys. Rev. C82 034813 (2010)

..... v, CGC 1/s=0.16

ALICE
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V{2, An>1}
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10 20 30 40 50 60 70 80
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L e e "
A v§{2} ful- | an| > 0.2 Glauber init. conditions
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I v et
----- Y, (/s = 0.0)
L =V, (n/s=008) .~ Q
[ v, (f5=00) g8 &7 I _
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Hard probes of QCD matter

Heavy-ion collisions produce

‘quasi-thermal’ QCD matter

Dominated by soft partons
p~T~100-300 MeV

\o—%

Hard-scatterings produce ‘quasi-free’ partons
=> |nitial-state production known from pQCD
= Probe medium through energy loss

Use the strength of pQCD to explore QCD matter
Sensitive to medium density, transport properties



The LHC is a hard probes machine

— p-p\fg =5.5TeV
Jet X-section 0-p\/S = 200 GeV
LHC

Jet spectrum powerlaw

An LHC Pb-Pb year: S0
1 month ~ 10% seconds 10
10°

Simulation:
PYTHIA

107 :
_ Anti-kT, R=0.4
Need 10%“events” inayearto 10"k, | 0 Nl b b bl e
make 3 measurement: 0 20 40 60 80 100 120 140 160 180 p’zg‘o[Gez\al?:]
inclusive jets ET <200 GeV LHC) ~ 1 RHIC
di-jets ET < 170 GeV = Oce (LHC) ~10 0 ( )

19 o1 <75 GeV - Oy (LHC ) ~ 100 oy, (RHIC)

inclusive y pt<45 GeV
inclusive e pt<30 GeV

Hard probes are no longer rare probes




Hard process high pr

p_

1OE||

Pb-Pb \[Sy, =2.76 TeV

| T T T T

scaled pp reference
e 0-5%
o 70-80%

ol

ALICE PLB696 (2011)

&
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P, (GeV/c)

Clearer picture via
Nuclear Modification Factor:

Yield(A — A)(pr)

Raa(pr) =

No “Effect”
R =1 at higher momenta where
hard processes dominate

R<1 at high prif QGP affecting

parton’s propagation

Clear shape change at high pr
for central collisions

p reference:
Interpolation of 0.9 and 7 TeV data
7 TeV data scaled by NLO QCD calc.

R 1.4
1.2

LI

Yzeld(p p) (pT) X szn

—
o

R<1

e
H O ©

"SOft"

Or1TT T T TTTT1

e
o N

1 2 3 4 5
Tranverse Momentum (GeV/c)



Strong high pr suppression

< SR R R e

o ALICE, charged particles, Pb-Pb

\Syw=276TeV,|n|<0.8

1- 1l

1 1 1 1

©0-5% R '
ALICé
©20-40%
ALICE Preliminary
040-80%
0'1_llllllllllllllllllllllllT
0 10 20 30 40 50

. . p, (GeVrc)
Suppression strongest in central

events — more medium



Strong high pr suppression

§ lllll""l""l""l""l IlllIIllIllIlIIllllI

o ALICE, charged particles, Pb-Pb e h*ALICE Pb-l-Pb\’S"" =2.76 TeV (0-5%)
\Syy= 276 TeV, || < 0.8 - & b PHENIX Au+Au\[s,,, = 200 GeV (0-10%)-
= 7% PHENIX Au+Au\[s,, = 200 GeV (0-10%)
1 B
©0-5% 5% ' i
ALlCé
©20-40% N
ALICE Preliminary
040-80%

0'1_1111|1||1||1|1|1111|11||T_|,,,llll,ll,llll,,,|—

0 10 20 30 40 50
: . p, (GeVic)  Min.Raa(LHC) = 0.5xMin.Raa(RHIC)
Suppression strongest in central

events — more medium flatter spectrum —| more opaque medium




Comparing to theory

| HT: X-N Wang et al, arXiv:1102.5614 (PRC)
L l Ll

1 ' I
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too much suppression  Still not possible to trace-back fundamental
(HT better?) physics information

Need time to sort out theory uncertainties



Reaction plane dependence of R, ,
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 ® measured w.r.t reaction plane
» Strong path length dependence of

parton energy loss (studies just started)
Non-central Collisions
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High p; Particle Correlations
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Away-SIde Jet suppreSSIon
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Very little background when high
pT triggers applied

Central Pb-Pb away-side jet
clearly suppressed

Central data suppressed by ~factor 2

Peripheral data consistent with pp

Effect of medium clearly visible
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Di-hadrons af lower p;

=
3

e B e

Centrality 0-1%, Inl < 0.8 .
o |Ani>1 ]

Vy345(2, 1An > 1}

p. 8-15, p? 6-8, 0-20% @ 1.:).:;2
1.006/
1.004
1.002-
0.998 } )
0.996 v,
0.994 %
0.992}

C

C(A9, An)

2 < Pryig < 4 GeV A¢ (rad.)

1 < Prassoc < 2 GeV 1 . Alver and Roland, PRC81, 054905

0-2% central 10—

— —
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Higher harmonics from
8 initial state fluctuations (v;)

Di-hadron structure at E} "o (128 visible in final state

low p;: three peaks '

Di-hadrons at low p; measure bulk correlations 38
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Wealth of new intriguing phenomena in the medium! \\\ |
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Jets in pp
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LHC2010 pp\'s = 7 TeV (charged jets)
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p+p charged jets
well described by PYTHIA

EMCal
Installed in winter 2010/2011

Raw jet spectrum (uncorrected, Anti-kT, R=0.4)
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Jets in HI
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Measure background fluctuations ‘in situ’:
Random cones, embedding give similar results

not gaussian: tail from jets

o = 10 GeV/c for central events

gauss



Jets in HI

Subtract uncorrelated background:

pT,jet = pT,meas _pbkgAjet

Fluctuations remain
after subtraction

Unfolding of fluctuations
needed: in progress...
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Reconstructed jet spectrum
Dominated by background fluctuations
for p; < 60-80 GeV/c (central events)



Outlook

e Future already happened!
— LHC is running fast

e Alice:
— 2010+11 have been memorable years!

e Excellent performance of the detector, data analysis has smoothly and
quickly delivered the first physics results

— Large quantitative step with respect to RHIC
* Waiting for becoming qualitative

— Second PbPb run (2011) ended few weeks ago
e Luminosity already above design specification
e Increase in statistics more than factor 10
e Rare probes are not rare anymore

— Test of pA running



Conclusions and Perspectives

BEHAVIOR 1S DIFFERENT THAN THE
PREVIOUS UNEXPLAINED BEHAVIOR.
g =

EEVE SHOWN THAT THE RECENT UNEXPLAINED
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