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why study heavy ion (A-A) collisions!?
what can be learned from pp and p-A collisions?

- INTRODUCTION



Why study heavy-ion collisions!?

e to understand two fundamental non-pert.
aspects of QCD:
° (de-)confinement

o chiral symmetry breaking/restoration

* to study the phase diagram of QCD

* to recreate conditions of the QCD —
hadronic matter phase transition in the early
Universe (~10 us after the Big Bang)
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Theoretical/phenomenological tools to interpret observations:

* perturbative QCD and lattice QCD

* Glauber model (to relate centrality to # of collisions, e.g.)

* relativistic hydrodynamics

* hadronization physics (mainly fixed from e*e’, pp experiments)
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The QCD phase diagram
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Space-time evolution
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Key control parameters

» collision energy (per nucleon pair) \/SNN

e centrality percentile (referred to the total
inelastic cross-section)

* system size:
° nuclear species (mostly Cu, Au, Pb, U)

o pp collisions = baseline for hard-probe
observables — compare A-A observable to pp
one scaled by the # of binary collisions N

coll
> p-A collisions = possible effects of cold nuclear
matter (CNM)



Brief history of HI collisions

¢ fixed target:

> Bevalac (LBL) Vs < 2.4 GeV
SIS (GSI) Vs < 2.7 GeV
AGS (BNL) s < 5 GeV
SPS (CERN) s < 20 GeV
FAIR (GSI) Vs <9 GeV
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“Livingston plot”
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an experiment dedicated to heavy-ion physics at the LHC

- THEALICE DETECTOR
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ALICE: the detector concept

designed for handling central A-A collisions with
dN_./dn up to 8000

central barrel with tracking and PID for charged
particles in a 0.5 T B-field (L3 solenoid)

very low material budget = high precision tracking
down to very low p+

photon & jet reconstruction: PHOS & EMCal
forward muon arm with dipole magnet

(very) forward detectors including ZDC’s for
centrality determination and extended rapidity
coverage



central barrel:
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central barrel: Tracking with ALICE

0.9<n<09

'—
% 0.14— ALICE, Pb-Pb, |3y, = 2.76 TeV, Il<0.8
o e  TPCATSp_ resolution
e
[ fit (pr>1 GeV/c)

TPC + ITS: charged
.
track reconstruction

- syst. errors

®

ALICE

PERFORMANCE

[ACORDE }
EMCal |

[ToF

L 1 I L Il 1 L
40 50
P; (GeV/c)

T T T T \III‘ T T
= 300 ]
= L ]
5 250 9 -
R ALICE - 1 allows one to
w r 09/07/2013 7
200- .
£ 2001 . .« pprs =7 ToV 1 | resolve decay
T - : P : “ pPb\s=502TeV | ' vertices of
ITS: High precision vertexing and T 150 _ PBPb\S=276TeV] | o
high resolution on track i "y i ad
i 1000 *y . ron
impact parameter d, r o | | beauty hadrons
50/ Cl, :
L el Ewg, -
[ [lincludes primary vertex resolution] e z?_"" |
Il II‘ 1 1

0 1 1 1 1 1 111 | 1 1 1 Il 1
10" 1 10
P, (GeV/c) I 3



TPC dE/dx (arb. units)

Particle ldentification with ALICE
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more PID with ALICE

high momentum PID with HMPID

electron/pion separation with TRD

TRD dE/dx + TR (arb. units)

dE/dx signal in TPC (a.u.)
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Counts per 50 MeV/c?

Muons with ALICE

single muon p; spectrum

dimuon invariant mass spectra
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ALICE data samples in LHC Run |
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charged particle multiplicity
transverse energy
...as a function of centrality

- GLOBAL PROPERTIES

Pb+Pb @ sart(s) = 2.76 AT:
2011-11-12 06:51:12

Fill : 2290

Run : 167693

Event : 0x3d94315a

ALIC%
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VZERO (scint. hodoscope) ampl. used to determine
centrality percentiles from 0% (most central) to 90%

Centrality determination in Pb-Pb

Phys. Rev. C 88, 044909 (201 3)
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Centrality determination in p-Pb

Glauber + NBD for particle productlon

Glauber + Slow Nuclear Model
for zero-degree energy
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Charged particle multiplicity
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dN_ /dn vs. centrality in Pb-Pb
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* the yield per participant pair has the same shape vs. N, at RHIC and LHC
(with a scale factor of 2.1)

* among 2-component models (pQCD + soft interactions), only HIJING 2.0 tuned
to high energy pp and central Pb-Pb data is in agreement with the ALICE result

* models including saturation [13, 14] reproduce well the centrality dependence

(though [13] overpredicts the magnitude)
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dNCh/dn in p -Pb

Phys. Rev. Lett. 110,032301 (2013)

NSD p-Pb at 5.02TeV |n| <2
dN, /dn : 16.95  0.75

Disentangle

_g 1 - final state effects : hot QCD matter
< L | - initial state effects: cold nuclear matter
s | il
% 10 HIJING: . Probe nuclear wave-function at small x
- = ALICENSD ---- 31 no 8h2<':18d-é6] 1
- Sat. Models: e Sg=0-28 [0] i
C — —IP-Sat [5 BB2.0 no shad. [4] 1 QCD at high gluon density:
5 S BB2.0 with shad. [4 "8
 --- KLN [3] .0 with shad. [4] parton shadowing, gluon saturation?
o e rcBK[7] - DPMJET [32] i
| | 1 1 | l 1 | | | |
00— 0 2
T]Iab

* Models that include shadowing or saturation approximately get right value

* HIJING 2.1 (gluon shadowing tuned to RHIC) : closest to the data
and describes the rapidity shape rather well
* Gluon saturation models: steeper n_, dependence than the data
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Space-time volume of homogeneity region

PLB 696,328 (201 1)

~ 400
= f Ao [E89527,3.3,38, 4.3 GeV ] ) . s E80527 3038 43Gev
= 350F A NA498.7,125, 17.3 GeV ; E A NA49 87,125, 17.3 GeV
5 r ®  CERES 17.3 GeV ] : [ W™ CERES 17.3 GeV
C_ 300F * STAR 624,200 GeV 3 " 10F & STARG2.4, 200 GeV E ]
3 F O PHOBOS 62.4, 200 GeV ] - O PHOBOS 62.4, 200 GeV ]
L. 250F ® ALICE 2760 GeV 3 gl ® ALICE 2760 GeV ]
mO

2002— a zléﬁﬁ
o T S

; ol ]
50F . r ]
O: | | | . ) E N N E N E N N T B
o 500 1000 1500 2000 o 2 4 € & 10 12 14

173
(dN_/eln ) (/i

« identical pion interferometry (HBT) in Pb-Pb
at 0-5% centrality = freeze-out volume and lifetime:
* freezeout volume ~ 2xVpp, ¢
» actual volume of homogeneity region is (21)3x(product of radii)



Source radius in pp, p-Pb and Pb-Pb

: —— GLASMA pp Rinitial

- —— GLASMA p-Pb R

Comparison of source radii can provide
info on the role of:

Radius (fm)
N A D 0 O

| initial e
* initial conditions (p-Pb radii similar to pp) - —— GLASMAPL-PO R, .o
~ o
VS. - E GLASMA pp F{hydro (‘)-
: . - GLASMA p-Pb R -
* hydrodynamics (larger radii, p-Pb more ] GLASMA F;b o gdro £
: - hydro :

similar to Pb-Pb)

— < ALICE pp

. o ALICE p-Pb
o ALICE Pb-Pb

* extraction of radii with 3n cumulants
* for a given N;;:
* p-Pb radii 5-15% larger than in pp
* Pb-Pb radii 35-45% larger than in p-Pb

| { 11 1 { 1 1 | | | 11 1 | 11 1

L ! |\||\|||2| |||||u\3
10 10 10<N

arXiv:1404.1 194 Ch>

p-Pb and pp can be reproduced by initial conditions
from saturation (GLASMA) (p-Pb may accommodate also hydro)
Pb-Pb requires hydro-dynamical phase
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Direct photon spectrum

— S
0-40% Pb-Pb, {5 = 2.76 TeV ﬁ;{q\
ALICE

PRELIMINARY

—+4— Direct photons
—— Direct photon NLO forp = 0.5,1.0,2.0 P, (scaled pp)

—— Exponential fit: A x exp(—prT), T=304+51 MeV

Fit spectrum up to 2.2 GeV/c
with exponential in p

= inverse slope:
T =304 £ 5] MeV (stattsyst)

dZNd}' (GeV c?)
T Ty |||||m]' ""nn_]L—ermqo—rnﬂmﬁmTrm“
Cownd ol vt vl o o ol 10

indicates initial temperature of
500-600 MeV

10°%

0 2 4 B 8 10 12 14

for comparison: PHENIX at RHIC found
T=221+£19+%19 MeV
for 0-20% Au-Au collisions

at Vs, = 0.2 TeV
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Mean p- vs. multiplicity

§ 0.9 _ ALICE, charged particles |
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pp and p-Pb show much stronger increase
than Pb-Pb

* Color reconnection describes data
better in pp

* Glauber MC (sum of indep. pp, pn) fails

* No model can describe p-Pb and Pb-Pb
consistently (EPOS close to p-Pb data)

arXiv:1307.1094 PLB 727,371 (2013)
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identified particle yields vs. p;
yield ratios, comparison to thermal models

" PARTICLE
PRODUCTION
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1N,, 1/(2np,) Nidydp, (GeVic)®

|dentified hadron spectra
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0 5 4 6 8 10 13 14 16 18 20 10'“} 111 111 111 (I 111 1 11 111 1 10-9IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
p_ (GeV/ic) 0 2 4 6 8 10 12 14 0 2 4 6 81012141618
-
p, (GeV/c) P (GeVic)

* combined result of tracking detectors (ITS, TPC,TOF HMPID) = p spectra
in a wide range for all three systems

* input for flavour and mass dependence of particle yields

* evolution of yields with colliding system and centrality
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T

1/Ngy, 1727p_ d>N/(dp_dy) (GeV/c)?

Data/Model

Hadron spectra in 0-5% Pb-Pb

e K +K (x10)

10" = —Blast Wave Fit DDD _p+p(x1)7
| 77 VISH2+1 0o S,

. - — HKM m] 7

10 —_I R Krakd'.n.l! | 0-5% Cemr?l collisionsl_—

2 _I ) ) '/I '+| I_

- 7 nt+n .

0 = : . , . —

2 = N

0= . . : . .

2 _I I ] | 1 o I_

- P+p

1 [ e L ]

0 ! 1 1 Ll 1

0 1 2 3 4 5
GeV/c
PRC 88,44910 (2013) P, (Gevic)

Models:
VISH2+1 (viscous hydro)
HKM (hydro + UrQMD)

good agreement for central collisions,

hydrodynamics give s a good description
(also EPOS 2.17 hydro + UrQMD, bulk + jets)

Blast-wave fits to extract:
* kinetic freeze-out temperature
* radial flow velocity

T, ~ 95 MeV (similar to RHIC)
<B+> ~0.65 c (10% larger than at RHIC)
= larger radial flow than at RHIC
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The baryon anomaly

Pb-Pb

o <0.5 STAR: Au-Au at | s,,,=0.2 TeV
¥ \ Snn
B AK; 0-5% & FK] 0-5%

B AKB0-80% -6~ K] 60-80%
ALICE: Pb-Pb at | 5,,=2.76 TeV
—4— WK 0-5%
—4— VK] 60-80%

systematic uncertainty

Theory 0-5%
—— Hydro VISH2+1
. === Recembination
* | -.= EPOS
- ’ '
-,"""""""“"u
1 | 1 1 I 1 1 1 I 1 1 1
6 8 10 12
p. (GeV/c)
SQM 2013 T

KU

(A+A)/2

'I'h*'lll'ITlT]TTI

0.4

0.2

p-Pb

T I LA AL A B
C p- Pb S —502 Tev ]
[ 0-100%, VOA Multiplicity Class (Pb-Side) —+—inclusive
pe,>10 GeVic, anti-ky ~*Jet R=0.2 ]
h] |<D 75-R, |1'|Vu|-:'[:I 75 —=jet R=0.3 ]

H_-H- —=—jet A=0.4 ]

H -+— stat error
W I:I syst error

A ——

ALICE Preliminary 1
1 I 1 1 L | 1 L 1 I L 1 L I 1 L L I L L 1 I i

10 12
P, o (GeV/ce)

A production is strongly enhanced in central Pb-Pb collisions

» Clear centrality dependence

» Quantitatively the same effect as the one observed earlier at RHIC

+ Ratio A/K% in p-Pb collisions is similar to that in peripheral Pb-Pb collisions

* No A enhancement in jets
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Particle yield ratios in pp

K'+K  p+D oA ZiE 0.0 d ‘He  H+3A 0 K*+KR*
T+T T+ KO T4 4T p+p d T4 K 4K K'+K
g P
T T ) T T ! T
ALICE Preliminary “pp\s=0.9TeV
04 | | : “pp\s=276TeV -
: : *ppis=7TeV .
) O O . - —_
e ° B
0.2 :
I-1 ‘. E
pa S
CIoE0 bos ) E .3
oW . |
I: ()
o Lx1 x3 :© x05 | x30  x250 | x50 . x100 : x410°: x2 | x1

Yield ratios among several hadrons (including light nuclei) show weak
(if any) energy dependence between 0.9 and 7 TeV



Particle yields: pp, p-Pb & Pb-Pb

K'eK P+ oA ZiE Qud d He aH+lA e K+K*
nt4m T+ K‘; AT nh4m p+P d T+ K +K K+ K
ar ] BR = 25% [
F ! ! ! ! ! ! ! ! !
I ALICE Preliminary | * ppIs=7TeV
¢ Extrapolated (Pb-Pb 0-10%) | ®* p-Pb s, =5.02 TeV
04 5 L . 7
& Extrapolated (p-Pb 0-5%) § VOA Multiplicity (Pb-Side) 0-5% m
i | » Pb-Pb sy, =2.76 TeV, 0-10% .
. ol ¢
i - a1 ™ :
=e : ; -
é o L { : : "
0.2 : : S Sl Ak é : : ¢
SECEELE PR R BN T
R & = :oa s P e
L : B z T
$
o Lx1 X3 x05 i x30 i x250 Jix50 J x100 : x410°i x2 | xi

Yield ratios look similar among different systems...
... but in Pb-Pb we see an ehancement of Q2 and a decrease of p and K*
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Particle yields vs. thermal model

- - - 3,8
ex KK 0 KaK pf . EaE Qa0 JHeRog
2 7 K 2 ¢ 2 A 2 2 d z o e

[ .1

0% E ! ! 5 : ! ! ; !
S i - ALICE Preliminary
2 . i i . i

10° p e e . PD-PD 15, =276 TeV,0-10% 3
i i i D enme e sl ; ; E
i i I i ‘ N * i I i i i i A .
10 ; ; ; L ; ; ; : i : 4 Models:

] THERMUS: CPC 180 (2009) 84
T 0] GSI:PLB 673 (2009) 142
e o 2 0 11 SHARE: arXiv:1310.5108

102 k Model T (MeV) W (im’) PNDF | i i i -
- |—THERMUS 2.3 155+2  5S024+543 23609 | : ' : :

£ Mot in fit

3 == 35 156 + 2 5330 + 505 17.4/9 : : :
107 r -+ SHARE 3 156+ 3 4476 + 696 14.1/9 ; e 1:

(mod.-data)/mod.

05

(mod.-data)'o,.

A0S M B

Equilibrium models for Pb-Pb central collisions describe rather
well with 2 parameters (T, volume) the yields of all particles...
... including light nuclei 34



collective flow,
few particle correlations

- COLLECTIVE EFFECTS

35



Anisotropic flow

Isotropic 2C
» Basic idea: space anisotropy of initial fireball
= momentum anisotropy in final hadron
distributions

directed flow
coeff. v,

elliptic flow

Reaction plane xz
coeff. v,

A3 N 1 diN
d®p S 27 prdprdy

v, =0.1 -1_5;

E

20

a4
1+ Z 2upcos(ng)]
n=1

Figures courtesy F. Prino

Several methods to extract v : event plane, cumulants...
... each with different systematics from ‘non-flow’ 36
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Charged particle v,

= —r T3
| 5% vyi2) 0550 (a)_: 0.08
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® ALICE
W OETAR

= PHOBOS
O PHENIX
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0 CERES
+ ES77

= EOS

A& [ER0S

¥ POP

—h

10

T
WSy (GeV)

10°

2

Phys. Rev. Lett. 105,252302 (2010)

The functional form of v,(p;) does not change between RHIC and LHC energies
The overall v, is larger at LHC due to the larger average p;
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Charged particle v,

0.25+ ~ Pb-Pb T T Centrality

@ 9
02t 2ty Vopoeww V3o Vo tTom Vs
Global fit range °
SOIST FoeT o T gttt pemenciew L
G T °* T -+ | == 30-40%
g 0.1 g:.. ® @ : !E!! ' ‘ !a . I ! i == 40-50% I I
0057 Breete T 48 T ET Lt T ‘.
> [ | ’.
R oot SN S NP S P | geet® T .
-0.05+ 1 1 |
-0.1_ | } ! | ] ' ] an ] ] 1 ] ] ] ] I

P, [GeVic]
Phys. Lett B 708,249 (2012) [see also PRL 107,032301 (201 1)]

* higher Fourier components (n>2) arise due to fluctuations in the initial gecometry
* the Fourier components can be extracted via the correlation of produces particles

with the n-th symmetry plane ¥n:

@ o< |4 i 2vy (pT) cos (n(¢ — )
qu n=1

* or via the analysis of 2-particle correlations (trigger and associate particle) separated
by a An gap (typ. 0.8), under the assumption of factorization:
deairs

ang =T L PalPr ) esh0) v (g )= ({23 (PR {2} (P)) | 38




v,{SP,|An| > 0.9}

v,{SP,|An| > 0.9}

|dentified particle v,

ALICE 0-5% Pb-Pb | s, = 2.76 TeV

0.3Fen e
Ki  =p+p
0.2*A4R *=24+F° e
()]
o
A
3
o
0,
hN
ALICE 50-60% Pb-Pb \ s, = 2.76 TeV
0.4_9;";17 Ve
K =psp g
0320  *A4A § [
*TLE AQ40 % § ,?;%L
T <
0.21 TIRRL ¥
% ieg -
® 4 R
8 A ' 1
0.1 LA %’ 2
e A
G&AI
0_| |
0 4

arXiv

ALICE 20-30% Pb-Pb | 5, = 2.76 TeV

B (GeV/e)
ALICE 20-30% Pb-Pb | s,,,, = 2.76 TeV
| B om K =pp
15 53 B ¢ *AATE+E
11—
0.5—

p /g (GeVie)

:1405.4632

mass ordering
— common radial
expansion velocity

¢ meson behaves
like a baryon

v,/n, scaling less
obvious at LHC
as compared to
RHIC
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Correlations: double ridge in p-Pb

High multiplicity

1 p.n < 4 GaVip p-Fh L 502 TeV
1<p = 2 GaVle - . 0-20%
Tmeec . S

{rad")
=

ep

L -
rig AV

1.2-

. PR

. o e J— 2
{? T ;w*‘“

Low multiplicity

gy, =GV p-Pb | 5, = 502 TeV
1<p = 2 Gavle - . &0-100%
Tmaec . T

(rad")

& Wy
Wy iy

L

.

High - Low
icp_” = 4 Gallle
T<p, <3GV

to. PPbisg, = 502 TeV
BB - (B0-100%)

unexpected observation of double ridge

in high multiplicity p-Pb
PLB 719,29 (2013)

double ridge described by both
Color Glass Condensate (initial
state effect) or hydrodynamics

(final state effect)

—— 8, + 28, coe Jhyp + 28, cos Ay
ceeeens @y & P, 0OS 2

projected
on Ag

Data

Bassline for yield extraction

HIJING shifted H__,

o~ T
B 0.881p-Pb |5y, = 5.02 TeV
= F(0-20%) « (G0-100%)
© 086 2<p _<4GeVie
8 L1ep.  <2GeVic
= 0 _ Tassor
% [ '
.;:3 0.62—
= L
o 0.80

0.78

0.76 — Ll

1 0

r
A (rad)
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modification of jets in the hot medium

" JET QUENCHING

jets in ALICE:
charged particles in barrel (|n|<0.9, full azimuth)
EM energy in EMCal (|n|<0.3, I/3 azimuth)
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GeV/c)"

1/N,,d?N/dp_dn

Jet suppression in Pb-Pb

d’N* / dp.dn
Nco//>d2Npp / dprdn

<Nco//>: <TAA>‘G/Io¢oIEL

RAA:<

- i3 | Pb-Pb s, = 2.76 TeV
o _ 0-10% Centrality
i Charged+Neutral Jets
2 .
102 popbys =276 TV i Anti-k; R = 0.2 n|<0.5
: 0-10% Centrality 1F Leading charged track P, > 5 GeVic
I i p >0.15 GeV/c
= 10°%k Charged+Neutral Jets TR0
F . - Biased pp reference
A Anti-k; R = 0.2 [n|<0.5 i
I . , ALICE
10_4 I L:.:adlng charged track P >5 GeV/c - PRELIMINARY
: . P, e > 015 GeVic
- ALICE g
PRELIMINARY %IJ[Illl]11]l]llllll[llllllllll]llllIJIl]Illl
'6 \IIJIIJ\IIJIIIIIII\II\II'\IIJIIIIIILII\IIJ\I 0 40 50 60 70 80 90 100 110 120
1030 40 50 60 70 80 90 100 110 120 chvem (GeV/c)
pstem (GeV/o) Prjet
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Charged jets in p-Pb

2 v .
s, I —e— ALICE charged jets p-Pb 5.02 TeV
ﬁm"& anti-k, jets R=0.4, |7/<0.5
- Reference: Scaled pp jets 7 TeV
1.5 - weses Systematic uncertainty

[ Uncertainty reference +

| Glauber ]

ALICE

PRELIMINARY

h
p;‘ " (GeWc}
No modification of jet cross section in p-Pb relative to pp
= no significant cold nuclear matter effects observed
in jet measurements in p-Pb

pp reference for R p; at the needed energy of 5.02 TeV obtained
by scaling the measured jet spectrum in pp collisions at 7 TeV
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Charged particle suppression in Pb-Pb

Raa

107

e 0-5%
o 70-80%

Pb-Pb \(Sy, = 2.76 TeV

scaled pp reference

15 20
P, (GeVic)

ALICE, Pb-Pb, 'I"S_nu =276 TeV
charged particles, n| < 0.8

norm. uncertainty

® ALICE (0-5%)
| CMS (0-5%)

—— HT (AM.)

HT (Chen et al.) lower density
HT (Chen et al.) higher density
ASW (T.R.) 7
YaJEM-D (T.R.) i
elastic (T.R.) large Pm i
elastic (T.R.) small Pasc i
WHDG (W.H.) =" upper limit |
WHDG (W.H.) 2° lower limit
11 1 1

10

30

50
P (GeV/c)

40

PLB 696,30 (201 1)

E T T T T | T T T T ‘ T T T T | T T T T
+0-5%  Pb-Pb\F,=276TeV

o 70 - 80%

20
P, (GeV/c)

PLB 720,52 (2013)

Strong suppression of charged particles

in central Pb-Pb collisions up to p; of 50 GeV/c
roughly matching the one observed for jets
(beware: different meaning of p; for leading
charged particle and jet)
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Charged particle suppressmn in p-Pb

| [ T T [ TTT ] T ] T T I 7T | T ] T
ALIGE charged pamcles
e p-Pb \s, =502TeV, NSD, |n_ |<0.3

1.6 4 Po-Pb |5y, = 2.76 TeV, 0-5% central, | 1| <0.8
a Pb-Pb \s,, =276 TeV, 70-80% central, | n| < 0.8

* Strong suppression of charged
hadrons in Pb-Pb (wrt pp)
up to very high momenta

* p-Pb results confirm that strong
suppression in Pb-Pb is due
to hot nuclear matter effects

.I
=1 E
r="="

w0

Ill|ll||.ll||.JIlJlILJIIlll.]lLIIII.JII.Ill

0 2 4 6 8 10 12 14 16 18 20
pT(GeV/C)

PRL 110,082302 (2013)
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Charged particles at hlgh b+

181

Rpupo Rpr

1.4}
121

: = H, Pb Pb (ALICE)

TTTTT i
. h p F’b I 502 Te‘v’ NSD I[AI_ICE) i
A K, Pb-Pb (CMS) * 7, Pb-Pb '\'SNN_ 276 TeV, 0-10% (CM3S) 1

I [Bogy = 2.76 TeV, 0-5%| | % W&, Pb-Pb g =276 TeV, 0-10% (CMS

1.6F

v Z' Pb-Pb y5,, = 2.76 TeV, 0-10% ((_ZMS)_:

III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII-
10 20 30 40 50 60 /0 80 90 100

p. (GeV/c) or mass (GeV/c?)

arXiv: 1405.2737

R, consistent with unity
up to 50 GeV/c:

charged particle (jet)
quenching is a genuine
hot matter effect

check of N, scaling in Pb-Pb extended up to 100 GeV/c(? by CMS
using direct photons,W and Z as reference particles
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|dentified particle suppression

ALICE 0-5% Pb-Pb D ALICE 60-80% Pb-Pb

(e ]y
4% 8.8

- arXiv:1401.1250

| T U ST I T

T T .....
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'

$

® T+
vPp+p+ K+ K
e Charged

—

< oo

Y
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...........................
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IIIIIIIIIIIII[III[IIII

> 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
pT(GeV/c)

* pr < 3 GeV/c: ratios K/nt and p/m in agreement with hydro

* pr > 8-10 GeV/c: ratios similar in pp and Pb-Pb = particle composition of
in-medium jets similar to those in vacuum

predictions of significant modifications of high-p; hadrochemistry
induced by jet quenching disfavoured



|dentified particle spectra in p-Pb

g 2r - £ 2F — e 2r
= 1.8; ALICE preliminary o 1.8; ALICE preliminary CCDC-L 1.85— ALICE preliminary
1.6 1.6 1.6F-
1.4 140 1.40
1.2 1.2 120
h M A . -
L= g LA 10 A it Bl B 1if----
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0.6 NSD, p-Pb | 5, = 5.02 TeV 0'6% NSD, p-Pb \s,,, = 5.02 TeV 0'6% NSD, p-Pb |5, = 5.02 TeV
0.4 [= ] mem 05<y_ <0 forp <2.0GeVic 0.4 K'+K,-05<y_ <0 forp <28GeVic 0.4 " | pp05<y,, <0 forp <3.0GeVic
C 03<y " <O.3f0rpT>2.OGeWc E -03<y " < 0.3 for pT>2.BGSVﬂ'C C 03<y " <03f0rpT>S.OGEVf’C
0'2:_ all charged, |q;:\<0.3 0'2:_ all charged, |q;j<ﬂ.3 0'2:_ all charged |;C;S|<03
Covw b v b b v b b by C vl b b e b b Cov v by v by vy P R
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
P, (GeV/c) P, (GeV/e) p.. (GeV/c)
13 . ]
 —— Cronin enhancement” for
S ALICE Preliminary 00 oKK,-05<y<0 = & 2 . _
CE pPbat s, =502Tev Ry aucepreimnary | haryons at p;=3-5 GeV/c
- - 1.6
1.6f— - =
- SR Mass dependence of R, 5,7
1.2 = 1.2
1f_ — 11 i i e T - - -
ook E ¢ meson is similar to r and K
°'6? - os NSD, p-Pb | 5y = 5.02 TeV :
e = 04 e =4E, 05<y, <0 R,pp, =1 for all particles
02F= = 0.2 all charged, |, | < 0.3 . . .
B s e e e S SUCUUUUEEURRRRRIRRN YOV SPeCIeS. suppression
p_ (GeVic)
p.cevi observed in Pb-Pb is a hot

matter effect
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another class of hard probes
Dokshitzer and Kharzeev, PLB 519, 199 (2001)

measured via fully reconstructed decay modes...

...or via semileptonic decays

- OPEN HEAVY
FLAVOURS
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Importance of Heavy Flavours

Heavy quarks produced in initial hard scattering, experience full
system evolution

the number of HQ is conserved = unique tool to characterize
the medium

at LHC HQ are produced copiously = precision measurements
Partons lose energy by:

> medium-induced gluon radiation

o elastic collisions with other partons

Energy loss AE in the medium depends on:

> medium properties (transport coefficients )

o parton properties (mass*, colour charge) q o oot ST
g: colour triple .
o path length L u,d,s: m~0, Cx=4/3 S

(AE > XA SC R éLZ g: colour octet SEEEE I@r‘g

g: m=0, Cg=3

Expectation from radiative energy loss: Q: colour triplet  am—— "
AE > AE > AE > AE c: m~1.5 GeV, Co=4/3
8 s ¢ b b: m~5 GeV, | Cu=4/3

Could be reflected in a hierarchy of meson R, ,:
Raa(B) > RAa(D) > Rpa(m)

* Gluon radiation is suppressed for angles 0<Mq/Eq 50



D-meson Ry, and R,

o 2_| 7T | T T 11 [ 71T 7T 7T [ 71T | T T | 7T I_
a :_ ADD __ | _I LI I T T T I LI I LI I LI I T I_
£ 1.81 ap* N g [ ALICE —=— p-Pb. [Ege5.02 TeV -
o C _lyl<0.5 ALICE 7 8 160 Average 0. 0" O Dy <004 ]
Q 1.6~ eD" PRELIMINARY -] = B g=s e . et -ur:
< [ oD 0-7.5% centrality % 1.4F PE Vet T0 e
@ 141 Pb-Pb,\s,=276TeV | S e cenalty020% ]
C ] = 12 e cenfrality 40-80% |
1.2 _— | Filled markers : pp rescaled reference ™| E r -| —| _ | ]
- 5 Open markers: pp p,-extrapolated reference | E =_ .ﬁ. 1 |_||J H ] ‘E
C T 1 38 08114 I 7
08 | 1 Z ost||f —H_ i _:
0.6/ @ ] | ] E
0.41|[| Bl , - 02f - H-—H-I—H— i E
—.— d | _: :I 11 1 I 11 1 1| I L1 11 I 11 1 1 I 11 1 1 I 1 I:
02 # ﬂ g H - ® 5 10 15 20 25
U_I 11 1 | L 111 | 1111 | L1 1 | | 1L 11 1 [ L1 11 | L1 1 1 | | | I- ﬂT {GEV"IIC}
0 5 10 15 20 25 30 35 40
P, (GeV/c) arXiv:1405.3452
Pb-Pb:

DY D* and D™ R,, agree within uncertainties p-Pb vs. Pb-Pb:

Strong suppression of prompt D mesons

in central collisions, up to a factor 5
for pr ~10 GeV/c

Suppression observed in central
Pb-Pb due to strong final state effects
induced by hot partonic matter

Hint of higher Ry, for D" at low p+
see also (Pb-Pb 0-20% centr.) JHEP 09 (2012) |12



Mass ordering of energy loss!?

D

C 18
16

14

1.2

vs. light hadrons
:IIE‘tIJIFI,tI:II'LIIIEI%IEI-IlLlJ:III IIIIIIIIIIIIII_
N N R

e fyverage DO D, D7 Iyl<0.5, 0-7 5%
owith pp pT-ExtrapDIated reference

« Charged particles, l<0.8, 0-10%

« Charged pions, kl<0.8, 0-102%

0 5 10 15 20 25 30 35 40

P, (GeV/c)

D consistent with 1t within
errors but improved accuracy
needed to conclude (consistency
described by theory taking into
account different p; shapes and
fragmentation functions)

* Charm vs. beauty
§1|47I LI I T LI ‘ LI B | LI ‘ LI | LI | L \7
o B m  ALICE Preliminary D mesons i

i 8<p_<16 GeV/c, |y|<0.5 ]
1.2 Correlated systematic uncertainties —

i [ Uncorrelated systematic uncertainties

! I ]

- ® CMS Preliminary Non-prompt J/y

o 6.5<p1<30 GeVie, lyl<1.2 B
0.8 T [] Systematic uncertainties ]

3 CMS-PAS-HIN-12-014
061 H E| .
04 W[ B -
021 IR

- Pb-Pb, \s,, =276 TeV 8

O-I 11l I L1l J -] J L1l ] -] ‘ L1] | | L1l | L1l L-

0 50 100 150 200 250 300 350 400

N weighted with N
( part ©lg ted wit coll>
e Comparing D with (non prompt)

JIy from B decay with p; ranges
tuned to have same average p
for both mesons, the expected
mass ordering is observed
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Charm vs. beauty

§1.4IIII|IIII|I[II|III1|IIIIIII'IIIIII|III'I
T L Pb-Pb, |5, = 2.76 TeV
1.2 ® ALICE Preliminary D mesons
~ 8<pT<1B GeVie, |y|<0.5
B 0 Correlated systematic uncertainties
B [ Uncorrelated systematic uncertainties
1 | --- Djordjevic Non-prompt J/y (6.5<p_<30 GeVic)
» awen Djordjevic Non-prompt J/w (with ¢ quark energy loss) 4 1 1
| - = = Djordjevic D mesons (ScpT<1GGew::} ] PQCD mOdEIS IndUdlng mMass
0.8 — dependent radiative and
- 1 collisional en. loss predict
0.6/~ ﬁ . -{ adifference similar to the one
- S, HE 4 observed in data
0.4 -.."'-'-.;;; ......................... R
0.2(— ® CMS Preliminary Non-prompt J/y BT f:_ - —
B 6.5<pTc30 GeVlc, |y|<1.2 E E‘ -
[ [J Systematic uncertainties  CMS-PAS-HIN-12-014 ]
GIIII|IIII|IIII|IIIIIIIII|III1|IIII|IIII

0 50 100 150 200 250 300 350 400
(N_, weighted with N

coll)

Results very similar to the ones just shown for D and B mesons

have been obtained from leptons from Heavy Flavour decays,

both in the central barrel (e, i) and in the muon spectrometer (L) 53



Elliptic flow of heavy flavours

e Due to their large mass, b and c quarks should take longer to

e Measurements of HF v, probe:

0.4

0.2

-0.2

Pb-Pb, |Su =276 TeV
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be influenced by the collective expansion of the medium, with
V,P < v,©
2 2

° at low py, collective motion and thermalization of heavy quarks

o at high py, path-length dependence of energy loss

arXiv: 1405.2001

Non-zero v, observed
in semi-central Pb-Pb
collisions

v,(D) similar to charged
particle v,

Significant interaction of charm quarks with the medium — suggest
collective motion of low p; charm quarks in the expanding fireball 54



Heavy flavour R,, and v,: models

Rain central Pb-Pb
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arXiv:

Challenging description,
for theory, of nuclear
modification

and charm flow
measurements
together

v, in semi-central Pb-Pb

Cao, Qin, Bass, arXiv:1308.0617
Aichelin et al.:.PRC79 (2009) 044906,
J. Phys. G37 (2010) 094019
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1405.2001
WHDG: Horowitz et al.,] Phys. G38 (201 1) 124114
POWLANG:AIberico et al.,, EP} C71 (2011) 1666

BAMPS: Fochler et al., . Phys. G38 (201 1) 124152
TAMU: Rapp, He et al., PRC 86 (2012) 014903

UrQMD: Lang et al, arXiv:1211.6912, arXiv:|

212.0696
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the historical hard probe for QGP temperature
Matsui and Satz, PLB 178, 416 (1986)

Digal et al., PRD 64,094015 (2001)
Braun-Munzinger and Stachel, PLB 490, 196 (2000)
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Importance of quarkonia

» Binding of a qq pair is subject to the effect of colour
screening in the QGP

o If the radius of the state is > screening radius A(T)

o the state cannot be formed above a certain temperature

o therefore, J/\y suppression was proposed as a signature of QGP
formation (Matsui and Satz, 1986)

» Differences in binding energies / screenign lengths of
different states = ‘sequential’ melting of charmonium and
bottomonium states

» Suppression of ]/ first seen at SPS in central Pb-Pb collisions
(NAS5O experiment), then at RHIC

e Furthermore, at RHIC/LHC energies, thermal regeneration
of qq pairs becomes important
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Sequential dissociation of 00states

Digal et al., PRD 64,094015 (2001)
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Quarkonia in Pb-Pb and p-Pb (1)

ALICE: PLB 743 (2014) 314

é 1.4 [ ) — — 1 14
[ I Buslve )y — pp’, PR-Pi V8 = 2,76 TeV and Au-Au 1 Bi = 0.2 TeVW é | Inclusive Sy — &%, Pb-Pb V= 276 ToV and Au-du (5, = 0.2 Te¥
1.2 } W ALICE farXiv:1311.0214), 2.5cy<4 <8 Qetic plobal syst.- + 15% ﬁ: @ ALICE (arkiv 1311 0204}, v=04, p =0 Geviz okl syst = 4 13%
O [0 PHENIX [PRC 84(2017) 054312), 1.2¢\/1<2.2, p,>0 GoVic  ghobal syst.= £ 9.2% 1.2 __ 1 PHEMIX [PRC 842011} 154812), [r|<0.35, p =0 GeWie  glabal spsi= + 12%
L 1 [
M ALICE 2.5<y,,<4 :
Wl PHENIX 1.2<|y,,|<2.2 n.s;Ii :
:'. '! . L [ ] | | U.E T H J‘. r‘[‘:-
Ty iy r [ [
) A | g
ﬂ.-’-l '-J.l| +T} *l':| I:]_-l'.'l. = I 3 T
- i : AL]CE |y] | {:U 9 + + §|
- voe 0 02| - PHENIX 0.35
: | y],-"xpl <
i | 1 [ Ml
DD 50 100 150 200 250 300 350 400, Uﬂ Eﬂ 1ﬂU 15ﬂ Eﬂﬂ 250 300 35ﬂ 4ﬂﬂ
(Nt {Npan}

Pb-Pb: clear J/\y suppression with almost no centrality dependence
above N_, .~100.

part
Less suppression at mid-y wrt forward y for central events.

Comparison with PHENIX [PRC 84 (201 1) 054912]: ALICE results show weaker
centrality dependence and smaller suppression for central events
= at LHC the contribution to J/\y from statistical recombination is larger
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p-Pb \s,,= 502 TeV

ALICE (JHEP 02 (2014) 073): inclusive Jhr—su*u’, ﬂ-:p.r.ﬂs GeVie
Loy (-4.46<y__ <-296)= 5.8 nb', L, (2.03<y__ <3.53)=5.0 nb”’
ALICE Preliminary: inclusive Jiw—e*e’, p_r:rﬂ

global uncertainty = 3.4%

0.8

0.6

- [ EPS09 NLO (Vogt)

0.4 9 cGe (Fujii et al.)

~ [ ELoss, q =0.075 GeV'/fm (Arleo et al.)
| [ EPS09 NLO + ELoss, qa=u.055 GeV/tm (Arleo et al.)
02 | = EPS09 LO central set (Ferreiro et al.)

- == EPS09 LO central set + o, = 1.5 mb (Ferreiro et al.)
" ==«. EPS09 LO central set + o, =28 mb (Ferreiro et al.)

D 1 1 | I | - I | - | I 1 1 | I 11 1 | | I I | | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1
4 -3 -2 A 0 1 2 3 4
ycms

R, decreases towards forward rapidity, in agreement
with shadowing and coherent energy-loss models

Quarkonia in Pb-Pb and p-Pb (2)

also in p-Pb, the J/y
L (-1.37<y,,<0.43)= 52 ub" production is heavily
modified due to Cold

Nuclear Matter effects
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forw backw
Ropo X Regg » Repeo

Quarkonia in Pb-Pb and p-Pb (3)

- ALICE inclusive J/y—p*p”

1 4 __ Y Rppb (2.03<ycms<3.53) X Rppb (-4.46<yms<-2.96), \ Spy= 5:02 TeV
(preliminary)
1 2 '_ A Fewes (2.5<yms<4, \S\= 2.76 TeV, 0-90%)

(submitted to arXiv)

i H rough extrapolation of CNM effects,
S hﬁl— """""""""""" evaluated in p-Pb and Pb-p, to the

0.8 —_H_ |I Pb-Pb kinematical range

- hypothesis: factorization of shadowing effects from the two
- nuclei in Pb-Pb and 2->1 kinematics for J/y production

Oillllllllllllll|IlIllllJJlLIIlJIIIIIJIIJ

0 1 2 3 4 5 6 7 8
P, (GeV/c)

= evidence of hot matter effects in Pb-Pb!
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ALICE dataset provides strong
constraint to models
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what next!?

- OUTLOOK
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* Run2in 2015 -2017

Complete geometry for all detectors
Upgraded detectors, readout, trigger
LHC energy up to 13 TeV for pp (~5.1 TeV for Pb-Pb)

Collect 10 pb' with pp rare triggers, 70 nb™" with pp minimum bias
trigger, 1 nb' with Pb-Pb.

* Run3 2020-2022 and beyond:

Major detector upgrade: new ITS and new TPC readout
Improvement in vertexing capability and tracking a low p-
Increase data-taking rate by factor 100! (= 50kHz Pb-Pb)

Precision studies of charm and beauty mesons and baryons and
quarkonia at low pr

Low mass lepton pairs and thermal photons
v-jet and dijets with particle identification in a large kinematic range

Heavy nuclear states
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Jet reconstruction

» FastJet’ is used for jet finding
- anti-k_ algorithm for signal jets
- k; algorithm for background correction

- Resolution parameters R = 0.2-0.6

- Transverse momentum calculated by using Fastdet's p_particle
recombination scheme

« Jets are corrected for background + fluctuations
- depending on collision system

« Additionally, calorimeter clusters are corrected for energy
from charged tracks to avoid double-counting:

corr OI 1g matchod
clus — (_"11,1‘5

" Cacciari, Salam. Phys. Lett. B641(2006), arXiv:0512216 [hep-ph]

67



Jets in pp collisions
PLB 722 (2013) 262

:; 10° anti-k, R = 0.2, |n|<0.5 : :;; 10° anti-k;, R = 0.4, |n|<0.5 :
ok ¥ ALICEpp \s=276TeV:L,=136nb" 5 @ E2 ¥ ALICEpp \s=276TeV:L,=13.6nb" =
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« At 2.76 TeV: Cross sections for R=0.2 and R=0.4 measured and compared to
NLO calculations

» Important reference for heavy-ion collisions

* Good agreement with NLO calculations including hadronization



Radial jet structure in pp collisions

PLB 722 (2013) 262 Full jets @ 2.76 TeV

o 14 anti-ky, T:?cse 276 ToV * Ratio was measured for full
1l N L] pp \s=2. e . . _ _
e L [ Systematic uncertainty JEtS with R=0.2/R=0.4
Ly [ ] LO(G. Soyez)
N [ ] NLO (G. Soyez)
S - [ NLO + Hadronization (G. Soyez) * Best theory-data agreement
e t for NLO calculations taking
o8 hadronization effects into

0.6k A_J_If—!:-E account
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R, A of electrons from beauty decays
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further check of binary scaling (Ncoll) in p-Pb:

also electrons from beauty decays show R, consistent with unity as do:

* charged hadrons for p+ > 10 GeV/c,
* charged jets up to 100 GeV/c,
* D mesons
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R,a of muons from HF decays
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further check of binary scaling (Ncoll) in p-Pb:

also muons from charm, beauty decays show R, consistent with unity as do:
* charged hadrons for p; > 10 GeV/c,

* charged jets up to 100 GeV/c,

* D mesons
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