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ALICE

e Heavy-ion physics and the Quark-Gluon Plasma
e The Large Hadron Collider at CERN
e The ALICE experiment

e Physics results
e QGP global properties
e Parton energy loss
e Heavy flavor, quarkonia
e Nuclei, exotica
e Proton-lead results

e Qutlook
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Quark-Gluon Plasma

Ordinary
nuclear
matter
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ALICE
Non-perturbative problems treated by discretization on a space-time lattice
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Dense and hot nuclear matter: why?

Status of matter in:

e Neutron stars and core-
collapse supernovae

The Big Bang

e First instants of our universe
(10° seconds)
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ALICE

Produced in the collisions of heavy ions at high energies

Vs, from few GeV at the SPS

up to 200 GeV at RHIC
UrQMD up to 2.76 TeV at LHC
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The Large Hadron Collider (LHC)

ALICE

e 27 km length
* 4 main experiments

Colliding systems:

e proton-proton
up to Vs=14 TeV

2010-2013: 7, 8 TeV
2.76 TeV
* Pb-Pb
up to Vs, =5.5 TeV
2010-2011: 2.76 TeV
* p-Pb
2012-3: Vs, ,=5.02 TeV
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Pb-Pb collisions at Vs ,=2.76 TeV

tn P

Compress a very large amount of energy in a
very small volume 14 £m
— “fireball” of hot matter ‘
Pb

e Temperature O(10'? K)

e ~10° x T at the center of the sun
e ~T of the early universe (us after Big Bang)

Time

e At LHC: very high temperature ‘?\_;,.
low baryochemical potential 5:_'-:
(~pressure in the water phase diagram) e
e At FAIR: lower temperature K |
high baryochemical potential i .
I=5= 1L
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Phases of heavy ion collisions

ALICE

UrQMD 160 GeV Au+Au

e Before collision
e Compression and heating

e Thermalization: equilibrium is established
(t<1fm/c)

e Expansion and cooling (t < 10-15 fm/c)

e Chemical freeze-out: inelastic collisions
cease (number of particles frozen)

e Kinetic freeze-out: elastic collisions
cease (particle momenta, spectra frozen)

I=5= 1L
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Experiments studying QGP

ALICE
LHC - B CERN
gl oint 8 "I ATLAS
Pgi?'l’ts.ﬁ _'_ i
= 5= 1L
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Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46

Fill : 1482

Run : 137124

Event : 0x00000000D3BBE693

ALICE

[ )
I=5= 1l
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LHC yearly operation

ALICE
In 2010 and 2011:
e March — October: pp collisions (~ 1400 hours of stable beams)
e November — December: 4 weeks of PbPb collisions (~ 200 hours)
Time in stable beams (2011) -
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Integrated luminosities at LHC

ALICE

LHC in 2011 reached amazing interaction rates,
beating its own expectations!

Pb — Pb 2010 Pb — Pb 2011

LHC 2010 HI RUN (3.5 Z TeV/beam) , LHC 2011 HI RUN (3.5 Z TeV/beam)
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Integrated luminosities at LHC

ALICE
LHC in 2011 reached amazing interaction rates, 6 kHz
beating its own expectations! Pb-Pb !
Pb - Pb 2010 Pb — Pb 2011
010 HI RUN (3.5 Z TeV/beam) 103 LHC 2011 HI RUN (3.5 Z TeV/beam)
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ALICE: A Large lon Collider Experiment

ALICE

Total weight 16000 T

Central barrel

Overall diameter : 16 m

Inner Tracking System | Overall length :26 m

Magnetic field : 0.5 Tesla

In| < 0.9
L3 magnet: 0.5 T

.
Ui,

Time
Projection
Chamber

Time Of
Flight

Transition
Radiation
Detector

i ElectroMagnetic
Calorimeter

Muon spectrometer
-4<n<-25
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ALICE

ALICE

Excellent vertex
reconstruction

high resolution on
iImpact parameter

Very good resolution on
transverse momentum
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ALICE

ALICE

Excellent vertex
reconstruction

high resolution on

impact parameter Very good resolution on

transverse momentum

g T over a wide range!
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Wonderland: particle identification 1

ALICE

3l roar
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Wonderland:

Transition : |
Radiation

—T T T T T
p =20 GeVic —+— without TRD

& Tracklets —=— with TRD
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ALICE specialties: proton-proton

Electrons from heavy-flavour hadron decays
Production cross section of charm + beauty — electron + X
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ALICE specialties: proton-proton

Jip (cc) — e*e’, p'W
p.> 0 GeVic

| ALICE pp Vs =7 TeV

B Jy—spn(2b<y<d)
- (@ ]
@ Jy—=e'e (lyl<09)

Production yield as a
function of charged
particle multiplicity

dN,,, /dy
(N, 7dy)

Mormalization uncert.: 1.5%

LINEAR INCREASE ! S [+]
Remains a puzzie ! i ¥ 24
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Pb-Pb collisions




Geometry of a Pb-Pb collision

ALICE

Central collisions — high number of participants — high multiplicity
Peripheral collisions — low number of participants — low multiplicity

E.g. measure by VZERO scintillators + reproduced by Glauber model fit

L L L L B B
+ Data -
Glauber fit .
T — Centrality:
2 =
P, . oo
S—— E Percentile of

total hadronic
Cross section

40-50%

30-40%
20-30%

10-20%
5-10%

I L 'l | 1 Ll 1 Ll
15000 20000
VZERO Amplitude (a.u.)

peripheral central
I=5= 1l

S.Masciocchi@gsi.de Colloguium MPP, May 7, 2013 25

2 1 [l 1 1 ] Il 1 Il 1 1 [l 1 | 1 [l
107, 5000 10000

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




Global properties

Characterize the hot fireball produced in Pb-Pb collisions at the LHC:
e Energy density <« Multiplicity of charged particles produced

e Bjorken estimate _ dE,/dn dE,  dN, O sl
1=0

Co: oC
% mR’T, dn dn

e Size and lifetime of the source
e From 2-pion Bose-Einstein correlations

e Temperature

S.Masciocchi@gsi.de Colloquium MPP, May 7, 2013

26



Multiplicity

ALICE

Most central collisions (0-5%): ~1600 charged particles per unit of

dN
ch _
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PRL 105, 252301 (2010)

pseudorapidity

2.2 X central Au-Au
at Vs, =0.2TeV

Log extrapolation fails!

Much higher
energy density !
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Source size
ALICE

long (fm

R

side

om)”* R_,R

Source size for hadron emission determined
by Hanbury-Brown Twiss (HBT) methods:

two-pion correlations

Phys. Lett. B 696 (2011) 328 (values scaled)
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ALICE

Photons that are not produced by particle decays.

Include thermal photons, from scattering of thermalized particles:

e QGP: qd—gy,q9—qy(+NLO)

e HHG (hot hadronic gas): hadronic interactions (e.g. ™ ™ —=yp, )

T | T T T | T T T | T T T | T T T | T T T
0-40% Pb-Pb, {5, = 2.76 TeV

—4— Direct photons PRELIMINARY
—— Direct photon NLO for p = 0.5t0 2.0 p_ (scaled pp)
—— Exponential fit: A x exp(-pT,r’T)_ T = 304 + 55 proy

te

.

Excess at low p.

interpreted as
thermal signal

LI IIIIIIIJ IIIlI.IJJI IIIIILI]] IIIIIlIJJ IIIIIIII IIIW_JJ

_ 233 3
WHTHWI IIIIIﬂT|—|_|'|Tﬂﬂ] IIIIIII1 IIIﬂTﬂ] IIIIIHI] IIIIIHI] IIIIIII1 IIIIﬂ]_ﬂ

10°
107
2|lldlflIltlilII£|3|II1|0|||1|2F;T{IG;V}:)
At low p_ (<2.2 GeV/c) spectrum fitted with an exponential —
Slope parameter: T, .. = 304 + 51yt MeV (0-40%)
T =221 £ 19t + 19svst MeV  (0-20%
PHENIX ( ) E 5 ][
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Hottest temperature: in the news

ALICE

£ .
2 Hottest Particle Soup May Reveal

c " . .
S Secrets of Primordial Universe
-8 Clara Moskowitz, LiveScienca Sanior Wiiler

8 Date: 13 Awgust 2012 Time: 04:50 PM ET

1

g’ n Cooperation with
8 ( Live SCIENCE,
ko)
<

®

7
g FOLLOW Us Q1L ]
c

S
_CID : = A soup of ulira-hot elementary
% 5 ~ > *\_‘” particles could be the key to

- = -—

> 5 - -‘~ . !"‘" understanding what the universe was
$ : Lt ¢ o o~ like just after its formation, scientists
Q L3 ,I.‘- say
= € .~ |
~~ |"|.: i .

: =

8 * p g Over the past few years, physicists
8 o 4 "e - have created this soup inside two of
8 >, .& r‘:_h,'_ v ” the world's most powerful particle

%) - - . !-I- g

= "ﬂ - - '-‘ acceleralors — the Large Hadron
§ & 2 .-_I'l" Y Collider (LHC) in Switzerland and the
E._ £ "“;-" !‘ x Relativisiic Heavy lon Collider
E (RHIC) in Mew York — by smashing

iI=5= 1L
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ALICE

Probes for the QGP?

Strongly interacting p:y’ys

Understand internal structure from
the absorption and attenuation of
radiation

Interaction of gluons, light and
heavy quarks inside the medium

— energy loss, suppression

I=5= 1L
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In-medium parton energy loss

Energy loss by:

e Medium-induced gluon radiation
e Collisions with medium partons q: colour triplet ___,ﬁ@ﬁ'
u,d,s: m~0, Cz=4/3

Depends on: (difficult to tag at LHC)
g: colour octet

e Colour coupling factor C, (g>q) 9: m=0, Cq=3

e Parton mass > E loss, dominant at LHC
Q: colour triplet _/

c: m~1.5 GeV, Cg=4/3

Predicted energy loss: % small m, tagged by D’s
= b: m~b GeV, Cg=4/3
AEg|uon > AquC > AEb S large mass - dead cone
“suppression”: T>D>B & 7 < Eloss
PP ' ‘Quark Matter’
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ALICE

Is Pb-Pb different from N * (nucleon — nucleon) ?

— .
—> 9;"‘“-

«— pot -
A€

Yield in AA 1 Scaling by

R =
“ 7 Yield in pp N, i
collisions
(Glauber)
No medium effect — R,, =1
Medium effect — medium “slows” down particles — R,, <1
S
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ALICE

Yield in AA 1

Rm = Vield in pp N

coll

pp reference:
e Proton-proton data sample recorded at Vs = 2.76 TeV

e If statistically limited — scaled from results at Vs = 7 TeV
(NLO, FONLL,...)

Results about:
» Charged particles
» Identified particles: pions, K°, A

» Heavy-flavour hadrons <
» Quarkonia
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Charged particle spectra

Clear modification of the p_ spectrum shape !
Effect stronger with increasing centrality !
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ALICE
| | T T T TT1 | I I T T TTT | | |
2 i SPS 17.3 GeV (PbPb) GLV: dN/dy = 400
0-5% most central coll. : O m° WA8 (0-7%) GLV- dN/dy = 1400 _
°® Minimum at p B RHIC 200 GeV (AuAu) GLV: dN/dy = 2000-4000
T B o — YaJEM-D —
~ 6-7 GeV/c i O =® PHENIX (0-10%) - elastc, small p_ | $<
. | # W STAR (0-5 ) | =
e Thenaslowincrease 1.9 & (O5%) " __ etastic, large P__ 2
for hlgher pT I SPS LHC 2.76 TeV (PbPD) e YaJEM 1 g
e Still a significant - o MeEE o —asw 1R
Suppresgsion at D'_'g - ¢+ ALICE (0-5%) POM: <G> =30 - 80 GeV¥m—~ &1
AN
100 GeVic ! 1 <
S
&
Medium so dense that g

pQCD still not restored (.5
around 100 GeV/c !!

Models!

1 2 34 10 20 100 20
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Even higher energies: jets
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Di-jet asymmetry

ALICE
Jet measurements specialty of ATLAS and CMS
Large di-jet imbalance observed
ATLAS

Event; 1914004
Date: 2010-11-12
Time: 04:11:44 CET

PRL 105 (2010) 252303

= 5= 1L
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Jets in ALICE

ALICE

e EMCal trigger
(limited acceptance,
later completion)

e Has behind the ALICE
TPC for charged track
reconstruction and particle
identification

— results coming soon!

— Jet chemistry!
(with particle identification)
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Charged particle R, , vs reaction plane

ALICE

A Out-of-plane

Further details into the
fireball shape and path-
length dependence of
the energy loss

7/ In plane

‘> 1
% | Centrality 10-20% @ e Inplane
;\? - ™ ALICE Preliminary © Out-of-plane
v Pb-Pb atys,,,=2.76 TeV
u.ﬁ—:.‘..'
L ]
_:g . .
B o] .. [ ] ]
ﬁ G{:n ... e o ®® ; s o o)
. o n o ©
Stronger suppression i %000 ©
out-of-plane o |
N Ionger path 1] 2 4 6 a8 10 12 14 1EPT {IEEBEVICEJD
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R..: identified particles

Thanks to the excellent particle identification (TPC):

Identified 1, K° — ™~ , A— pm-

é 1_E _I I 1] I l I ] 1] I I I ] 1] I ]
o B ALICE, Pb-Pb.Ns=276TeV,0-5% _
1.4 ® K |y|<0.75 —
B m A%y <075 N
1.2 C # unidentified charged particles, [n| <08 7
. - ¥Yr+u,|y|<0.8 7
1:_. ............................................................. I..:
0.8 I —
0 E: I!LLHCE -
s '. l ALICE Preliminary -
0.4f = —
0.2 =l —
D :I 1 [ 1 1 I 1 [ 1 1 I 1 [ 1 1 I 1 [ 1 1 :

0 5 10 15 20
P, (GeV/c)

~ 200 T
3 AV
3 180
3 160
w
S 140
& 120
100 F
80 |

Suppression
similar for all light
hadrons for

p>8 GeV/c

No suppression
of A\ at low p.

NA/K enhancement
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e Heavy flavors are produced mostly
by gluon-gluon fusion ...

e ... inthe INITIAL partonic
collisions — present from the

early time of the medium, in the
HIGHEST DENSITY phase

e Travel and interact in the medium
— FULL collision history

Large production cross
sections at LHC energies !!
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Charm: D mesons

L el 2ep3 cavic C °§,: L Ez'l.ﬁ_;%amm T
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Charm: D mesons and theory (1)

ALICE

Initial state effects: nuclear shadowing (reducing the parton distribution
functions) cannot explain suppression above 6 GeV/c

|:| 2:"'|"'| AR RS RARE AN RALE LS RS
213:_ ALICE E

= 0-20% centrality .
16k Pb-Pb,\5 =276 TeV
T14f Average D°, D*, D™, lyl<0.5 7
I1 EE ] NLO{MNR) with EPS0D shad. J

E —

0.2 HEHH_H__E_ H
& zl '-I1' | tl‘. 'Els' | '1In' ”1|2' | '1|4' ”1| - '13
p, (GeVic)
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Charm: D mesons and theory (2)

ALICE

Parton energy loss models:
1) radiative + collisional (inelastic + elastic)
2) radiative + D dissociation

P e e ML B s ey
E = 0o e, - [——— NLO(MNR]j with EFS03 shad.
E‘ 1.8 Average D .D".D — Rackdissoc (0-20°)
o C ly|<0.5 ALICE = WHDG rad-+coll
5 1.6— Sanssu . — | === POWLANG (Beraudo et al )
< - 0-7.5% centrality BAMPS
o 14 Pb-Pb,\/s,,=2.76 TeV | " BOMPS-ASW rad =25
ﬁ- -] ===+ Rappetal.
1.2 _ R ——r
B i marars: o escaisd teroncs =
DB: ! Open markers: pp p_-extrapolated referenca ]
D.B: ) :. —;
0.4F Vet 't H - 3
= - o reach extended
0.2 - T
" / [ [] []
SOOI oo with 2011 statistics

P, (GeV/c)
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Charm: D mesons

ALICE

Also for charm compare in and out of plane:

Out-of-plane

Pa

+'|ITIII|III|III:

D" Kx*
9 510" events

ALICE Pb-Pb, {5, = 2.76 TeV

—s— ["RA,, In Plane .
—a— [ R,, Out Of Plane
= Corelated syst. uncertanies

[ Uncorelated syst. unceraintiss
Anticorelatad =yst. uncertaintics

0.2

PRILIMIMART Centralitg,r 30-50% — I Global norm uncertainty
— WHDG rad+coll (In)
| wssass WHDG rad+call (Dut)
— BAMPS (In)
= === BAMPE (Cuf)
I n 1.9 = _— POWLANG (Beraudo et al) (In)
‘b =% - =—= POWLAMNG [Beraudo et al) (Ot}
N = 1 -
& Plane B -
y @ 0.8 \ ]
4 ®® - .
x Q 0.6 - - "| $ —
U4 HM i EREER TILLLLLLL __
(] * -~ . %I_:'l (] IrEsamesnn :

PP PP BT BT PRI B B BT BT
0 e 4 G 8 10 12 14 16 18 20
pT{GeWc}
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D mesons, pions, theory

ALICE

Parton energy loss models have to give a coherent description of the
suppression of heavy and light quark hadrons

E-I-EIll!lIII|III|III|III|III|III|III|II|III III|III|III|III|III|III|I
© 1 Average D, D", D", Iyl<05 | Charged hadrons, lnl<0.8 |
L | R —— :
.- ALICE [ — — GLVrad ()
. . I GLV rad + dissoc (1)
0.8 \: 0-20% centrality | WHDG rad + coll {II)
AL Pb-Pb \[S,p, = 2.76 TeV AJS/CET Drag (Il

w1 Langevin HTL2 (IV)

mimin Coll + LPM rad (V)
BAMPS (VI)

moom CUJETT.O (V)

. BOMPS-ASW rad (VI

- i
- L
-
— =
- =
=
- =

2\ P

04
» -__.__“__.-l-
n e ——
02k = - .I-.-l!_g
i -|-r--||..-|-||-|u~-""'”- =
Ll i |
D-|||||||Iuli!iii!iii!iii||||||||||-|||||||||I|||||||I|||i|||i|||||_
0 2 4 G g 10 12 14 16 2 4 3] a 10 12 14 16

p, (GeVic) p, (GeVic)
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Charged, charm, and beauty

ALICE

ﬁE_IIIIII|||||||||||||||II|III|III_
N ALICE E
T 0-20% centrality -
1.6 Pb-Pb\[S,, = 2.76 TeV
1.4F e Average D’ D*,D* lyl<05  —
_ « Charged hadrons, nl<0.8 -
1-2:_ = CMS non-prompt Jhy, lyl<2 4 -
A
0.8 =
0.6/ =
b
. AB— [a] B -
0.2 . o o o B ~
:|||||||||||||||||||||||||||||||||||:
% 2 4 5] 8 10 12 14 16 18

P, (GeV/c)

Strong suppression
observed for

e Light hadrons
e Charm

e Beauty
CMS JHEP 1205, 063 (2012)

Maybe a mild ordering
Not yet conclusive!
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D mesons and pions

5 | | I I I I I I I I I I I I I I I I I I I I I
+t'-’. é - | . | | | | | l:-
(C , [ PoPb|sy=276TeV E
; § " | Centrality: 0-20% ]
OC 4} Average D°D",D™, |yl<0.5 ALICE
- from JHEP 09 {2012) 112 .
3.5 Charged pions, [n|<0.8 -
3 —
2.5 _ =
2 :_ ] _+_ |—| _:
1.5/ + H m :
1 ]
0.5 -
0 : L1 1 | L1 | L1 | L1 | L1 | L1 1 | L1 1 | L1 1 I_—
0 2 4 6 8 10 12 14 16

P, (GeV/c)

Ratio of nuclear
modification factor for D
mesons (charm) and for
pions

Maybe a mild ordering

Not yet conclusive!

More statistics and
higher precision
measurements needed
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D mesons and pions

ALICE
s SpTTTTrrer e Ratio of nuclear
&, [ e T T e ] modification factor for D
DCC§ gﬁf.fi%%%%;?;}';ﬁ?'; WHDG raﬂ+m|l{Hcmwitz}§ Mesons (Charm) and for
4 - Charged pions, [n|<0.8 AdSICFT Drag {HOTMHZJ = plonS
- ~— - CUJET1.0 (Buzzatti) .
35+ N -
: BN -
St SN ALICE | Maybe a mild ordering
- \ PRELIMINRRY _: )
251 i - Not yet conclusive!
21 -
15[ -“-—‘-—:;
L I e g More statistics and
0.5[ 3 higher precision
obi 1yt IPPIS Srrrm s " measurements needed
0 2 4 6 8 10 12 14 16

Theory effort needed
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Inclusive spectrum:

C,b—p

Still large systematics,
being improved.

- CMS Prellmlnary

g 2 : | | | | | I | 1 ] | 1 I | | | | | | | | | | | 1 :
16 S | ALICE Preliminary E
"~ = D°, lyl<0.5, 0-20% 5
14 18 4 D, lyl<0.5, 0-20% -

- v Muons, 2.5<y<4, 0-10% -

1.2 e Electrons, lyl<0.8, 0-10%
1HH f -

6.5<p,<30 GeVic

{ Jiy from B, lyl<2.4, 0- 20%_

Potential for pure 0-62- E —z
beauty with an impact 0.4F -
parameter analysis 0.2k T — E
F b e b b ey b Ly
2 4 6 8 10 12 14
P, (GeV/c)
=== 1L
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QQ states

cc Jy, gy, X

bb  Y(1S), Y(2S), Y(3S), X,

Probes of the medium by excellence!

C_ C)

Perturbative Vacuum

Screening of the
strong interactions
in the QGP!

)

ALICE

@
c ..@

Color Screening

Screening stronger at higher temperatures!
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ALICE

e The color-screening is stronger at higher temperatures
e A, is the maximum size of a bound state to survive in the medium

e |t decreases when the temperature increases
e Different quarkonium states have different sizes

— the melting of the resonances should follow a T/T, r(fm)
sequence defined by their size Al

— thermometer of the QGP ! 20 E Y
- 0.2 Xb

fm}.ﬁ J! X (050 fm) 3

0.5 [ | Y 058 tm) 3

o '& D Debye length from lottice CD -

0 _"-1 J /Y020 tm 3

E\ _

v dﬂ;\“u. T (0.13 tm) _

0.1 : vf?p- ___h_“‘—-—_________ ]
nl- s 2 '1.|5” EI, 35-;4}:5:! =]
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J/gp in ALICE

x10°
R
o R
> 70_
o [
=
o 60r
Q L
5 oAk ALICE Performance
= 50 4/03/2012
2t Pb-Pb, |5,y = 2.76 TeV
L 40
[ Ny, = 39249 + 718
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20F
10F
: | | 1 J—A/\\I I 11 1 1 | ) N T
2 25 3 35 4 4.5 5
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vl ere
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~
§ 14000— et Centrality: 0 - 40%
— S+,
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&10000— . b . .m,,_.*‘
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[ Pb-Pb,\s,=2.76 TeV R
- 6 e e
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i A R B P N | .‘-‘ﬁ‘\‘.:‘-
500 f— Signal: 1427 + 262
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= -e- SE-ME
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200 * *
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- |
OF | ‘ 1 7l
1007 L i + H’
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ALICE
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ALICE

Forward rapidity (u*u")

Hi ALICE O InclusiveJ.fq::1.2—:y~:2.2:pr>0 GeV/c global sys.=+9.29%
M| | PRELIMINARY

ALICE Preliminary, Pb-Pb {5, = 2.76 TeV, L,=70 ub!
B Inclusive Jiy. 2.5<y<4, O<p <8 GeV/c global sys.=+14%
FHENIX (PRC 84 (2011) 054912), Au-Au {5, = 0.2 TeV

e
i

Mid rapidity (e*e’)

ALICE. Pb-Pb y5,,, =2.76 TeV
® |y|<09, p >0 GeVie, L =15 ub’

FHENIX (PRL 98 (2007) 232301), Au-Auys,, = 0.2 TeV
O |yl=0.35, p,>0GeVe global sys.=+12%

B
D.Bi DS_WL m@ m H
0.6} 06k
| %@@ . =, . i i I
0.4r— A 0.4F @ @
0.2} G & 8 & 0 0.2f i
050 ioo 150 200 280 300 350 400 O30 00 150 200 250 300 350 400
(Npart) <"\"‘I;:::art)
e Shown as function of collision centrality
e ALICE compared to RHIC, PHENIX result (lower energy density)
e Higher yield at the LHC !I! Lower suppression? ... unlikely!
= 5= 1L
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J/Y production: models

ALICE

can be explained by regeneration in the QGP or by statistical hadronization
— signature of deconfinement

Development of

Start of collision quark-gluon plasma Hadronization
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e S, o g W s
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ALICE

(Re-)generation of J/Y from deconfined charm quarks in the medium

1.4 — .
E - ALICE Praliminary, Pb-Pb s, = 2.76 TeV, L = 70 ub" é 1.4 - ALICE Preliminary, Pb-Pb {5, =276 Ta¥,L = 15 b’
EC s % W ALICE, 25<p<4,p >0 EC s % ® ALICE, |y[<0.9,p =0
12k —— Stat. Hadronization Modal (A. Andronic & al., JPG 38 (2011) 124081) —— Stat. Hadronization Madal {A. Andronic & al., JPG 38 (2011} 124081)
& ALICE 24 Transport Modsl (X. Zhao & al., NPA B53 (2011) 114) 1.2 ALICE g Transport Modsl (X. Zhao & al., NPA 858 (2011) 114 & priv. comm.)
| PRECIMINRRIZZET Transport Model (Y.-P. Liu & al, PLE 678 (2009) 72) | FRELIMINARY 2223 Transport Modal (Y.-P. Liu & al, PLE 678 (2009) 72)
1 P |lIlll Shadowing+comaovers+racombination (E. Farreiro, priv.comm.) 1 - Jllll Shadowing+comovers+racombination (E. Ferreiro, priv.comme
iiR i
J,l‘l
0.8} 0.8 |
Bl [
0.6 % e 0.6
0.4 0.4 PP PP PR i
i do., /dy=0.15 mb i
0.2 0.2f
0_|I|I||I||||II|||II||||I||I|I||I|II|I||I U_,||||||||||||||||||||||||||||||||||||||
0 50 100 150 200 250 300 35(?\! 400 0 50 100 150 200 250 300 350 400
part part

Still missing ingredients to estimate quantitatively the final state effects:
e Cold Nuclear Matter effects: nuclear absorption likely to be negligible
e Shadowing

e Charm production cross section

e Beauty feed-down (order of ~ 10%)

} pPb run!!
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Azimuthal asymmetry

Non-central collisions are g §
S,
asymmetric in azimuth : 3l
(plane of the screen) Reaction: © | ib-plang
plane X

A transfer of this asymmetry to
the momentum space provides
a measure of the strength of
the collective phenomena

Large mean free path
e particles stream out isotropically, no memory of the asymmetry K
e extreme: ideal gas (infinite mean free path)

Small mean free path
e |arger density gradient -> larger pressure gradient -> larger momentum
e extreme: ideal liquid (zero mean free path, hydrodynamic limit)

I=5= 1L
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Anisotropic flow

ALICE

Azimuthal asymmetry is quantified by second coefficient (v,) of Fourier
expansion of azimuthal distribution

>| 0_1 T T I-IIIII| T I-I-IIIII| T T IIIIII| T T T

% - mid-central collisions (<b>=7 fm) .

'% ‘* {<Npan>:160, <£par‘f>:0'3) %;- 7
.'E i ™ + b Y
£ 005} oo ¢ - 0
G : N
o )
>0 4 : 5
) S LA a ~
R out-of-plane 4 o
- Y FOPI (Z=1) : o
i A EB895 E877 (p) | ‘5
_0.05 ® STAR (hY) . a
- 5 ALICE (h%) - N
i i - o
I i 0 05 1 15 2 25 3 35 4 45 5 N

_01 S'II-S|JE‘(|3lS|||| 1 T ||:“—|“(|3| i 5 1 ol 3 1 'll_ﬂl('\F pt (GeV/c)
10 10 10
Vs, (GeV)

v, large at the LHC! The system still behaves very close to an ideal liquid
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Higher harmonics

ALICE

v, (triangular flow) sensitive to
initial fluctuations — non zero!

Alver, Gombeaud, Luzum & Ollitrault, Phys. Rev. C82 034813 (2010)
. v, Glauber 1/s=0.08
0.1 ....v, CGCw/s=0.16

ALICE
e V{2, An>1}
Vo2, An>1}

* |

V{2 An>1}
o Vq{4}

L4 VWRP

¢+ 100 x vg,.,,z

0.05

0 10 20 30 40 50 60 70 80
centrality percentile

Long-n-range correlations

Pb-Pb 2.76 TeV, 0-2% central

B 2<p <2.5GeV/c
1015 *’* 1.5<p’<2GeVic
1.01 * * 0.8<|An| < 1.8
= 1.005— i *
< 'i
o 1= -\.\ /(
\J}/ \t/
0.995—% i
. ¢ i 0
*
B .
0.99 ¥ x2indf = 33.3 / 35
—
! ' ! 1 ! ' ! | ! ' ! I !
o 1.ooih A ' .
B ***'*'+ B PR PR .
oe%9sf . . -~ . . L L L L
0 2 4
A¢ [rad]

Sum of 5 order harmonics explains

“ridge” and “Mach cone” structures.

Phys. Lett. B708 (2012) 249-264
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Charm flow

ALICE

Elliptic flow of D mesons compatible with that of charged hadrons
ST S N B R BRI LA DL BN B
0.4 Pb-Pb  |Sy=2.76 TeV™
- ALICE Centrality 30-50% ]
0.3 —
- oM .
| ) ]
i *"HE?HM*_ ]
- S .
0.1F A SN ' ’E
o -
010 =
- ¢ Charged hadrons, EP, |An|>2.0 -
P e o EP2agbins By o e
R S S-SR T R T VA T T
p, (GeV/c)
— indication of charm thermalization in the medium !

=5 1L
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Nuclei and exotica in ALICE

Using the excellent particle identification in the TPC

Anti-hypertriton observation
>*H — °*He + 1r*

1600 promerrrrr e | l l | | ] | | I | |

—_ i § @ 40 R
3 o0t | § T T mmmme (@) S
CREVAIAE N - -
®) Fo | 2012-01-27 20| < E ALICE -
= 1000 [ . ;— - vl
= . ] §*E E
— 800 - 11 S, E =
E - 4 5 6 ] - + H» + + 3
% 600 = ™ (GeVic') 1 15 = + u‘ + A’ | + H» + + =

N 10 f— T‘ ‘ [ !
5 w0 IS i
%200:— ------------------ DE...|...w..’.|...|...|..|...|...E

A = 2 A B | | | Invariant mass FFE ) (éeV/cz) | ' |

0 05115 2 25 3 35 4 45 5

Rigidity > (GeV/c)
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ALICE

e |mportant control experiment to disentangle INITIAL STATE effects
due to the nuclear structure of the projectiles:
Shadowing (reduction of the parton distribution functions at low x),

nuclear absorption, from the FINAL STATE effects
e Pilot runin Sept 2012, 4 week run in Jan-Feb 2013

o5

200

lab

% 1507
= o HIING:
-+ ALICENSD ---210 %hfg[éﬁl
e BB2 0 no shad. [4] 1
- - KLN [3] BB2.0 with shad. [4]-
— reBK m - DPMJET [32]
| | 1 | | | | I 1 | 1
0 _2 0 2
T]Iab
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ALICE

Nuclear modification factor R , for charged tracks
compared to peripheral and central Pb-Pb collisions

ALICE, charged particles
~ e p-Pb \‘uﬁ =5.02 TeV, NSD, I nﬁmsl <0.3

1.6 4 Po-Po Sy = 2.76 TeV, 0-5% central, | n1<0.8
A Pb-Pb \s,, =2.76 TeV, 70-80% central, | n1<0.8

—h
o
T | I

g 1;: The large suppression
T 1‘ g up to high p_is a pure
2 0 ¥ - final state effect
o A W o g I I I E — parton energy loss

In the medium

[
& ]
]
o
]
|:§£E
e
—a—
[ —
=
=
W
|||||||||||||||||||||||||||||||||||||

.-I.-H-I-[._I..]EE

o 2 4 6 8 10 12 14 16 18 20
Phys.Lett. B696 (2011) 30-39
P, (GeV/c) Phys. Rev. Lett. 110, 082302 (2013)
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ALICE

Two-particle correlations, in different event-multiplicity bins:

2<p <4 GeV/c p-Pb =5.02 TeV
Tarig Snn
1<p, <2 GeVic 0-20%

Ttrig

- .
-l 1.
g 1.4—_ ’
§- |
§ 1.2~
o _
‘ T ]
2 1.0\
2
2
1
27 0 e
B 088[p-Pb|5,,=502TeV = Data
= [ (0+20%) = (60-100%) a, + a, cos(2A0) + a, cos(3A0)
D 086 2<p, <4CeVic a, +a, cos(240)
2 F1<p e <2 GeVle Baseline for yield extraction
Zosal o HWING shifted
!'E r
o 0.82
s C
= 080
0.78);
0.76

-1 0 1 2 3 4

<4 GeV/e p-Pb |[s,,, = 5.02 TeV 2<p,,, <4GeVic p-Pb |8, = 5.02 TeV
1<p, . <2GeVic 60-100% " <2GeVic

17 \(0-20%) - (60-100%)

Intriguing!

Azimuthal distribution consistent with flow
parameter fits. Hydro-model interpretation?
Or Color Glass Condensate?

Phys. Lett. B 719 (2013) 29-41
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ALICE

e 2013-14: LHC long shutdown 1
Detector consolidation in preparation for ...

e 2015-17: RUN2 FULL ENERGY !!
pp @ 14 TeV, Pb-Pb @ Vs, = 5.5 TeV « 20 kHz !!!

e 2018: LHC long shutdown 2

e >2019: HIGH LUMINOSITY — 50 kHz Pb-Pb collisions

LHC experiment upgrades to cope with the higher rates!!
New vertex detectors

Faster readout, pipelining, continuous readout, TPC with
GEM
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ALICE

e PDb-Pb collisions at the LHC at \/SNN = 2.76 TeV produce droplets of
Quark-Gluon Plasma at unprecedented conditions

e Energy density, fireball size and lifetime > 2 times RHIC
e Correlations tell us about collectivity, fluctuations, ...

e Many probes give insights on the hot medium produced
e From light to heavy quark hadrons, to jets, to quarkonia (cross section!)
e Energy loss, up to very high momenta

e Quarkonia show the validity of (re-)combination models in a deconfined
medium

e The excellent performance of the LHC gives the experiments high
statistics of excellent quality data (luminosity!)
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Summary

ALICE
Hot physics at extreme conditions of matter
Fascinating perspectives to further explore new regimes
ALICE
THANK YOU'!
I=5= 1l
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SPARES
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Quark-Gluon Plasma %

ALICE

State of strongly interacting matter no longer confined in a hadron
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ALICE

Confined hadronic matter

Quark-Gluon
Pressure +lmﬁ§%!onsi» Plosma

Under conditions of high energy
density and/or high temperature

— deconfined plasma of
quarks and gluons
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Go back in the universe history

ALICE
E Nature
Quark-Gluon
Plasma Nucleons  Nuclei Atoms Today
Big
Bang

10 * sec 10 “*sec 3 min 15 billion

=
Experiment
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Phases of heavy ion collisions

ALICE

UrQMD 160 GeV Au+Au

e Before collision
e Compression and heating

e Thermalization: equilibrium is established
(t<1fm/c)

e Expansion and cooling (t < 10-15 fm/c)

e Chemical freeze-out: inelastic collisions
cease (number of particles frozen)

e Kinetic freeze-out: elastic collisions cease
(particle momenta, spectra frozen)
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Data taking and triggers

ALICE

Time in stable beams (2011) —

_. 50
w

=]
L

What does ALICE do with all those LHC fills? 3

a0t

ms time per
) w
(=} =]
T

[
(=]
T

Stable bea

Integrated time in

[=]

Mar Apr May Jun Jul Aug Sep Oct Nov Dec

2010: minimum bias trigger (*) + muon
2011: from mostly minimum bias + muon (spring)

to mostly triggered data (autumn)

pp: EMCal, muon ...

PbPb: EMCal, muon, centrality, ultra-peripheral ...

(*) see spares

With triggers we inspect a much higher fraction of the interaction rate.
But careful !!!
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More ingredients: data sets

Main samples of real data collected by ALICE so far:
Rough size estimator: “good” ESD sample (very approximately!!)

e pp 2010: min bias large statistics 450x10° events, ~100 TBytes
e PbPb 2010: minimum bias, first sample 20x10° events, ~60 TBytes

e pp 2011: from minimum bias to triggers
interaction rate increasing significantly, pile up
2 energies: reference sample (2.76 TeV), 7 TeV

e PbPb 2011: triggers, high statistics ~ 120x10°8 events, ~600 TBytes
Plus the matching MC !l

(all numbers are just a rough approximation, order of magnitude)
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ALICE material budget

ALICE

Via the reconstruction of photon conversion in the detector material

-50
-100
-150

- qg

ALICE Performance
ml<0.9 . pP@Ns=TTeV
- 10™ May 2011
sSDD
SPD drift gas
TPC inner ;
field cage containment
vessel vessel
TPC Rods
00 =150 =100 =50 50 100 150 200

X (cm)

S.Masciocchi@gsi.de

Colloquium MPP, May 7, 2013

~ 6%
accuracy
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ALICE specialties: proton-proton

Electrons from heavy-flavour hadron decays:
Production cross section of charm + beauty — electron + X

-~ 10‘15 T T T T T T T T =
T E =
> [ —
8 10 = ; =
2 ALICE E > Q
3 10°F pp, Is=7TeV = T«
P : Z2
o 10_45_ ...... - U) 2
o — - — @
8, 50 ] Q@
- 107 = = —
= 3 - 00
- ] 3 -
10 = = o N
= s K=
— (®)]
e ATLAS 2 3
= = ® N
- f A2
Testof pQCD ¢ —#— AEabos E 3=
- —#— ATLASc,b—e = ‘l\)
10° - FONLLc, b— e, [y| <0.8 | o
S FONLLc,b— e, Jy| <2 excl. 1.37 < |y| < 1.52 g S
1 Lh | | | Lo |
3x10™ 1 2 3 4567810 20 30

P, (GeV/c) ;
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* central collisions

— small impact parameter b

T ' | — high number of participants = high multiplicity
vb} - » peripheral collisions

— large impact parameter b
— low number of participants = low multiplicity

for example: sum of the amplitudes g | N ,,m .
in the ALICE VO scintillators—— "“1¢ it fi
reproduced by Glauber model fit (red): oM. ?’”’"”
R e
— random relative position of nuclei in iy =
transverse plane | . . 3
— Woods-Saxon distribution inside 107 5 § Z § % § & E -
nucleus TP - ¢
— deviation at very low amplitude T o0 w00 ;;é;}guf;;;i;uldlelﬁ
expected due to non-nuclear peripheral central
(electromagnetic) processes

I=5= 1L
S.Masciocchi@gsi.de Colloguium MPP, May 7, 2013 79




ALICE
dEr dNp
<d—?}‘ > B — Epart X d’!}' X f neutral

=0
— 0.5 GeV x 600 x 1.6 ~ 500 GeV
/ | \

f-ﬂ-lE-lJ
pe ©n=0 dN/dn ™

Energy density:

Bjorken estimate
dEr /d
€Bj = Tg/ T ~ 5 GeV/fm? RT
mR*Tg [/s = 200 GeV]

Compare to:

®1. 18 Am fm
Nuclear Density: p= 0.15 GeV/fm? A ~ 200

Inside Nucleon: p= 0.5 GeV/fm3 To*1fm/c

s == il
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Multiplicity

ALICE
Comparison to models
________________________________________________________ ALICE ]
_______ . e SNSRI ... Buszalyg
HIJING 2.0 [5]
DPMJET Il [6]
________________________________________________________ uramb izl
— Albacete [8]
— Levin et al. [9]
Kharzeev et al. [10]
o Kharzeev et al. [10]
P Kharzeev et al. [11]
Armesto et al. [12]
Eskola et al. [13]
e Bozeketal.[14] |
. Sarkisyan et al. [15]
| e | Humanic [16]
1000 2000
dN,/dn
== 1
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N oL oo Pb+Pb, Vs, =2.76 TeV
t L U
E L VD
. < g g —
* model comparisons = T =
— DPMUJET (with string fusion) i s Casubne |
— HIJING 2.0 (no quenching) = 6 DPMJET Ili =
_ S HIJING 2.0 (sg=0.23) | o
* centrality-dependent gluon sl —— HUING 2.0 (sg=0.20) &
; - ——— Armesto et al. w
shadowmg E+ - Kharzeev et al. S
* tuned to multiplicity in 0-5% 4 T Albaceteetal.
. 0 100 200 300 400
— saturation models (N_)
(sometimes too much?)
— 10E . >
-“'J - T T T T | IE _|
o #¥ >
. . z 8 . supdu B ® T = B
* very similar centrality dependence at ~. 7& o, i de RS
—= B T — <
LHC & RHIC 5 o iﬁ’ E[pS
. . Z5 4_ Eqs- i@-* 'ég"'r*‘ = -
— once corrected for difference in absolute SN gj_## 122
1 5— O RHIC AutAu 200 c;w {x 2.15) {Npm> —; 8
00 ~"50 100 150 200 250 300 850 400
N
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ALICE
e Anysotropic flow, v2
e |nitial state fluctuations, v3 non zero
e Ala WMAP
e Higher harmonics
e 2 particle correlations, long eta-range correlations
I=5= 1l
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Triggered di-hadron correlations

ALICE
e Angular correlations between trigger particle
and associated particles p,o>p assec A\ csociated
e EXxpressed as yield per trigger particle: A@
trigger
Y dN
Y (A (l)> — asSocC
Ntrig d (A (l))
e Choose p, where background and v2 are small: 8 <p, < 15 GeV/c
e Look at near side (A¢p = £ 0.7) and away side (A =11 £ 0.7)
I — YPb—Pb
=
Ypp
= 5= 1L
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Triggered di-hadron correlations

ALICE
>SS L L L Y O B B T T T ]
-~ - Mear-side 8 GeV/c -::plmg-:ﬂﬁ GeVie 4 Away-side ALICE
o Ob\Em=276TeV P <P mi<io ’ )
i T 0-5% Pb-Pb/pp  60-90% Pb-Pbi/pp ] X
- T ] Flat bkg m Flat bkg i <
- T ¢ v, bkg + v, DKkg . -
1.5 Hi] T O m-gap e mn-gap B =
i 1 i o
i % T T ] iy
T P U S |3
i * wt T [I]I % ¥ . I =
B T 7] C
i T ] S
0.5p N | o g H] E :
[ a) T ]
| 1 I 1 1 I | 1 1 I 1 1 1 I I 1 1 I 1 1 I 1 1 1 I 1 | 1 |
0.07 4 6 8 10 2 4 6 8 10
p,... \GeVi) p.___ (GeVi)
o Central events: away side |,, clearly suppressed (~0.6)
e Near side enhancement (~1.2)
o Peripheral events: |, consistent with 1
e Small flow contribution (except in lowest bin)
= 5= 1L
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