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Outline

Heavy-ion collisions: Little Bangs

gt - Experimental program at the LHC, ALICE

Global characteristics

Bulk particle production

\ Quark-gluon plasma tomography with hard probes

Research plans for near and further future
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Outline

e Historical view: experimental opportunities, first theoretical ideas

e Thermodynamics of strongly interacting matter and phase diagram
e QCD matter under extreme conditions in nature and in the lab

e Global characteristics: centrality, energy density, multiplicities

Bulk (soft) particle production
e Thermal model, particle yields and chemical freeze-out
e (hyper-)(anti-)nuclei

e Hydrodynamics, flow and correlations
e Particle spectra, Blast-Wave fits and kinetic freeze-out
e Small systems

e Hard probes
e Jets, heavy quarks, heavy quarkonia

e Future
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Reminder:

o0k 0=

Expansion and cooling (t

T~0fm/c T~1fm/c T~10 fm/c T>10"fm/c

Experiment

Freeze-out

Chemical Kinetic
Lorentz-contracted Lumpy initial

nuclei collide energy density

QGP phase:

H A
M quark & gluon
Pre-equilibrium degrees of freedom
fluctuations

Fluid description

Free
streaming
to detector -

Multiple scattering,
equilibration
Expansion & cooling

Initial conditions, pre-equilibrium, hard scattering processes
. Thermalization: equilibrium is established (teq <1 fm/c)

<10 -15fm/c) ~1022 g

QGP

Hadronization (quarks and gluons form hadrons)
Chemical freeze-out: inelastic collisions cease, yields are defined
Kinetic freeze-out: elastic collisions cease, spectra are frozen

(t_,~3-5fm/c)

Measurements can only be performed at stages 5 and 6
From those, we want to deduce information on phases 2, 3, 4
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T~0fm/c T~1fm/c T~10 fm/c T>10"fm/c

Reminder:

Experiment

Freeze-out

Kinetic

Chemical

Lorentz-contracted
nuclei collide

QGP phase:
quark & gluon
degrees of freedom

‘ Free
~  streaming
5 to detector

Pre-equilibrium
fluctuations

Fluid description

Multiple scattering,
equilibration

gP& cooling

Initial conditions, pre-equilibrium, hard scattering processes

. Thermalization: equilibrium is established (teq <1 fm/c)

Expansion and cooling (t ., < 10 — 15 fm/c)

Hadronization (quarks and gluons form hadrons)
Chemical freeze-out: inelastic collisions cease, yields are defined

>or W NP

Kinetic freeze-out: elastic collisions cease, spectra are frozen (t. ., ~ 3-5 fmic)

Evolution of system from equilibration to freeze-out can be described
as motion and interaction of fluid cells, as collective system

— use of fluid dynamics
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Fluid dynamics

Good applicability to large systems, as in heavy-ion collisions:
e [ong distances, long times, strong fields

e System described by macroscopic medium properties:
e Equation of state P(T)
e Shear viscosity n(T)
e Bulk viscosity {(T)
e Heat conductivity k(T)

e Relaxationtimes 7 __(T), 7,,(T), etc

bulk

S. Floerchinger
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Relativistic fluid dynamics

Assumption: local equilibrium condition

Ingredients:

u
e Streaming fluid described by velocity field u" = dx

dt

e ¢, p: energy and pressure in co-moving frame of fluid cell

e Energy-momentum tensor: T =(e+p)u'u"—pg"”
e Charge current: j =nu"
e.g. baryon number e =ng(x)u’(x)

e Equations of relativistic hydrodynamics:
Equation of motion from energy-momentum conservation:

Charge conservation, e.g. baryon number:
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Relativistic fluid dynamics

Ingredients

Equations of relativistic hydrodynamics
need proper formalism (e.g. Isreal Stewart
theory) to have stable and causal equations

Equation of State (EOS)
relates thermodynamic variables ¢(p,...)
generally taken from lattice QCD computations

Transport coefficients: bulk and shear viscosity, their relaxation times, heat
conductivity, ... Y

Initial conditions: energy density distribution

MC Glauber, IP Glasma, MC-KLN, TRENTO ... &
Final hadron phase (interactions) .\

e R
UrQMD, SMASH o R

xxxxx
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Hydrodynamic frameworks

4 A

s T — \ Hydrodynamic evolution 4 MODELS of final ™\
of initial « Relativistic hydrodynamics hadronic phase
conditions equations (fragmentation,

Jnitial energy density,  Equation of State \scattermg, decays) )

I » Transport coefficients

Different realizations:
e Simulation codes (very CPU intensive!):
VISHNU, MUSIC, ECHO-QGP, etc

e Analytic, mode-by-mode: elegant and fast!
FLUIDUM (+FastReso for final phase) . %|
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Radial expansion

Central collisions, transverse plane

—
o
™

—
(@)
w

—
o

Internal pressure gradient —
fluid velocity in radial direction

Depends on bulk viscosity ¢(T) ‘ b, Bmg
L x 300 0-5% central A =

1/(2np.) d°N/dp_dy (GeV/c)*

O e mt AAAAA
: - O mKEx0.1 Ap
Demonstrated by particle spectra A A p+px0.01 Ao
10_5_I 11 1 | 11 1 1 I 11 1 1 I 1 1 1 1 I 1 1 1 1
0 1 2 3 4 5
P, (GeV/c)
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Thermalized source + radial flow boost

Transverse momentum spectra described as sum of two components:

e Thermal distribution:
m;>T

_ \/mi_r e— m./T

1 dN

m; dm;

&
T

o« m;K,

e Additional component due to common
transverse velocity from radial expansion

Boltzmann-Gibbs Blast-Wave:

simplified hydro model, with parameters:
o T, :kinetic freeze-out temperature

e <B.>:transverse radial flow velocity

E. Schnedermann et al., Phys. Rev. C48 (1993) 2462

my K(m /T)
=T =150 MeV|
— T = 80 MeV

1/m+ dN/dm+ (arb. units)

I .
02 04 06 08 1 12 14 16 18
m, (GeVic)

S 107, T =130 %3 MeV
é‘ - % Bf 0.46 + 0.01
S ., e,  A/NDF=153/55
[
S
S~
=
o
©

K+

* b (x0.01)

~ A (x0.002)

 (x0.01)

- NA49.JPG31, 56 2005).

10

1 I -

0 0.5 1 1.5 2

m;-m, (GeV)

30 AGeV
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|dentified particle spectra at the LHC

Perform a simultaneous fit of pion, kaon, proton spectra in given centrality range,
in the low (hydrodynamic-dominated) region
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Blast-wave fits: Pb-Pb, Xe-Xe

—_— 0.2 ) | ) | ) ] 1 ] 1 ) 1 ) 1 ) | | | ) | ] ] 1 ] I ) 1 1 |_
% - o | l ; .
¢ 018 o _ =
\-:E C oz 1 g ]
= 016 i %% e
0.14F 4 SINORNRR ) =
0.12 ot RIS =

- 007=——5E 06z 064 066 MR .

0.1 e =

. Global Blast-Wave fit to U

0.08— =(0.5-1GeV/c),K (0.2-1.5 GeV/c), p (0.3-3.0 GeV/c) —

- ALICE Preliminary =

0.06 = m Pb-Pb, \{ST\JN =2.76 TeV v Xe-Xe, \f% =5.44 TeV =
0.04 A Pb-Pb, |5, =502Tev  —
0.021 -
T R A R A B

% 01 02 03 04 05 06 07

(6.)

o <B.>:transverse radial flow velocity increasing with centrality

Order of 0.6 — 0.66 at the LHC
e Pb-Pb and Xe-Xe consistent
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Blast-wave fits: all collision systems
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= 140
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A. Andronic, arXiv:1407.5003
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central collisions (Au,Pb)
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https://arxiv.org/abs/1407.5003

Hydro-models

dy) (GeV/c)"

iEbyE + VISHNU + Trento/AMPT: 4
viscous hydro with different initial
conditions

[arXiv:1703.10792v1, PRC 92,
(2015) 014903, PRC 92 (2015)
011901(R)]

1/N,, &N/(dp

107"

McGill: MUSIC viscous hydro with 1
IP-Glasma initial conditions

[PRC 95 (2017) 064913]

1

EPOS-LHC: core (hydro) + corona
[PRC 92 (2015) 034906]

Data/Model
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A flow coefficients
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Non-central collisions

-

b

S T —
/ Reaction piane

Initial spatial asymmetry
Pressure gradients larger in one direction
— larger fluid velocity in that direction

— more particles fly in that direction

Particle distribution:

dN _ N — "
9 = 21T[1—|—22n:vncos(n(cl) Wr))]

In case of homogeneous initial energy density, for symmetry reasons
(® — P+): v.=Vv,=v,=...=0
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Elliptic flow: v, coefficient

N _ N
do¢ T

(1422 v,cos(n(¢p—wg))]

In non-central collisions, the second component (coefficient v, elliptic
flow) is the dominant one

Anisotropy in geometry —  Anisotropy in momentum space
e. o

AR

f— ®e

Reaction plane

o®

.H
QO
@ m—p.

l%.
33

Depending on the collision energy, particles prefer to be “in plane” or “out
of plane”
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Elliptic flow: v, coefficient (semi-central collisions)

0-1 T TTTTI I T TTTTI I T TTTTT I T
-_"g mid-central collisions (<b>=7 fm) - A. Andronic,
= 'y (Npa>=160, <ep,>~0.3) ; ] arXiv:1407.5003
% 005 + ;
= 0.05 0 :
© v :
=" A ]
0 - in-plane |
v X out-of-plane Y FOPI (Z=1) ]
I A E895 E877 (p) |
CERES (h) ]
: NA49 () ]
-0.05 % STAR (h) -
\ » PHOBOS () .
- % ALICE (h%) -
[ CMS (h9) -
SISAGS RHIC LHC
_01 - I | I 5 L1 3
10 10 10
Vs (GeV)

Very low energies: in-plane, rotation like emission. Low energy density and long reaction times.

SIS region: competition between increasing speed of expansion and decreasing passage time
of the spectators (hindering expansion in reaction plane) — squeeze-out

High energies: unhindered collective expansion of the initially-anisotropic fireball
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https://arxiv.org/abs/1407.5003

Elliptic flow: v, coefficient (semi-central collisions)

Comparison between RHIC (200 GeV) and the LHC (2.76 TeV)
e p.-integrated v, at the LHC ~30% higher than at RHIC

 as a function of the charged-particle p_: practically identical

=" — 3
0.3 E— | % v.(2} 4050 (a)_:
— 43 40-50% =
oizs B | 7 Ftiraesnx i E 3 % —
— sz{zt} (STAR) - =
0.2 — *x e
0.15 — —
0.1 E- ==
0.05 |— =
= — —— e e e e e e e e T
= = ® 10-20% (b) —]
= = —
0.25 |— H 20-30% S—
— A 30-40% 3
o.2 B 10-20% (sTAR) ]
0.15 :— N T e =
o.1 | —
0.05 |—
= R M 1
(8] 1 2 3 at

5
P, (GeV/c)

PRL 105 (2010) 252302
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Elliptic flow: v, coefficient (semi-central collisions)

|dentified particles: mass dependence and  baryon/meson grouping

ALICE 40-50% Pb-Pb \'s,,, = 2.76 TeV

V,{SP,|An| > 0.9}

4 6

>
P (GeV/c)

JHEP 06 (2015) 190
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Elliptic flow: v, coefficient (semi-central collisions)

|dentified particles: mass dependence and  baryon/meson grouping

Mass ordering of v, (combined effect with radial flow)

T T T T

0.4 T T T T T T

o i _ P
o Pb-Pb | 5,y = 2.76 TeV 20-30% Pb-Pb | sy=2.76 TeV 20-30%
A e mtJHEP106, (2015) 190 0.3 . .
g « K" JHEP106, (2015) 190 ALICE  iEBE-VISHNU
" 0.3~ & p+pJHEP106, (2015) 190 7 o Tt —m
) el ! FK K
N 0.2+ = =
> o R a $ o = p+p
02} |
: :
“ 5 @ 0.1
Xl
01 — .- ** :: E—
e % H
*
[ ]
.***l.-a U |
O—U | L 1 L L -1 ~ 0.01F .'- -
1 2 3 4 5 6 4 o 0(;: """"" *::: :I.'I.-.'I’. -----------
V/ e . , * ‘ * o x :
pT (GeVic) 0.5 1 1.5 2 25
p_ (GeV/c)
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Comparison to hydro models

Example from 2013 Mass Qrdering =
sign of collectivity
< 10° 0.25— —
3 4 Pb-Pb m =2.76 TeV, 10-20% > " particles + antiparticles (incl. K;) ]
g-). ' 1 31;"' Q T
S Data, ALICE cr = oo I % H %.
3> . p g ' ]
Q_'_ 10°F 4 = f 1
CH: Yo & ﬂ
b 015 I% m
5 - %H{,% ;
10F E 0.1F L
e 0.05 -
1 | lines: hydrodynamics 94 i I
E VISHNU, lyi<i.2 RV -7/ &
_l 111 I 1111 | 1111 I 1111 | 1 111 | 1111 I 111 |_¢: 0 __é JII I 11 1 1 I 1 1 1 1 | 11 1 1 I L1 1 1 I |
05 1 15 2 25 3 35 0 1 2 3 4 5
p. (GeV/c) [ (GeV/c)

Figure from A. Andronic, arXiv:1407.5003
Hydro: VISHNU, from arXiv:1311.0157
MC-KLN, VISHNU with constant n/s, UrQMD
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2-particle correlations

Most central events (0-1%): 2-particle azimuthal correlation

F T T L L | L I L | 1T 1771 I T 19

Centrality 0-1%, n| < 0.8 ]
e |An|>1 ]
Vos4s(2, [AN| > 1}

sumofv,, v,, v,, v. harmonics

V,, V., hon-zero!

1 1 1 | | 11 1 1 1 1 1 | 11 1 1 | 11 1 1 | 1 1 1

1 0 1 2 3 4

% A0 (rad.)

aLTce PRL 107, 032301 (2011)
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Initial state fluctuations

Lumpy energy density profile of initial state

e Fluctuations of the complex
structure of the energy

i density profile of the initial
state produce non-zero
contribution to all harmonics

n=2 n=23 n=4 n=>5 n==6
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V,, Vg, V,, e f & B & »
c
> 2.76 5.02 TeV
- ALICE Pb-Pb
015 R o o p <3 Gevie
' © ° v{4}
i ml <0.8
° °  vy{2,Ani>1}
o © v 2,AnI>1}
i o v{2,Ani>1}
i ve(2,IAn>1}
0'1 B H_--; ‘o5 i
So . Egﬁqqggg
)
#
0.05
&
.....000000.0..ooo.¢ ¢ e $ * + +
.'.I.\.‘.|.!.II'|iI\.|:\III\Il‘I+IIIIII|\III‘
0 10 20 30 40 50 60 70 80

Centrality (%)

6

The energy dependence of
anisotropic flow provides
additional discriminating power
over initial-state models and
temperature dependence of
transport coefficients.

JHEP 07 (2018) 103
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E
S
0.1
i v.{2}, v.{4}, v, {6}, v,{8}
a The energy dependence of
anisotropic flow provides
0.05— & B additional discriminating power
o'y 2.76 5.02TeV ALICE Pb-Pb over initial-state models and
o o v, {2} 0.2<p_<3GeVic temperature dependence of
g o e v 8 — transport coefficients.
o] ® V2{6}
i o ° V2{8}
0 I I | I I | I | | I I | | I I | | I I | | L1 1 1
0 10 20 30 40 50 60 70

Centrality (%)

JHEP 07 (2018) 103
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- IP-Glasma + MUSIC 5_1 0°/0

AMPT-IC +iEBE-VISHNU

Comparison to hydro models *

0.15

88 SHEE dE/dx~L2
B sHEE derax~L

TRENTo-IC + iEBE-VISHNU

0.1

Results: 2018, ALICE and CMS

“II|IIII|IIII

0.05
Charged particles
. . 0
V., ..., V. with 2 particle cumulants 5
2 6 0.3 ALICE, Inl<0.8 20-30%
—— v, {2 |An|>2}
—o— v, {2 |AnI>2} CMS, <1
. —o— v,{2|AnI>2} —-v{2,|An|>3}
Hydro models: 02 iy /, d_;-ﬁ'““‘ﬂ-..,,_ v 2 Ani>3)

v{2,1AnI>1}

e MUSIC with IP-Glasma initial
conditions, UrQMD

e iEbE-VISHNU with initial |
conditions from either AMPT or 2 e s
Trento, UrQMD G i

e n/s constant or parametric function

0.1

0.3

0.2

0.1

;“ T T | 1T 1T 1 | T T 1 ‘ T

JHEP 07 (2018) 103

¥
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Evolution of the hydro description

n/s near Tg

N
A
0 T—-g * kinetic theory n ¢ =
s = lattice QCD —(T), =(T)
- = -- AdS/CFT limit S S _
S = viscous hydro
o 0 viscous hydro + flow data
o :
* ideal hydro
o
Hot and Dense QCD White Paper (2012)
Tremendous evolution over the last years
Hydro implementation more and more refined ...
... however still depending on much modeling!!

High-precision data challenge the hydro computations
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The “perfect liquid”

. Ultra-Cold Heli Wat Quark-Gluon
jo?l.  Atoms 2L o Plasma
s F Compelling need
° - to establish
2 I this dependence!
Q
- -
§ -
= i
1 String Theory Limit
4 8 " 4 8 12 4 8 12 "1 2 3
x107 x10° x10? x10"2
AT 1 Temperature (K)
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Local contribution within ISOQUANT (SFB1225) I

Transport coefficients: compute their temperature and 15:}
density dependence with first principle QCD

e Functional renormalization group approach - gﬁ;ﬁ%
e Lattice QCD
IP-Glasma IC, MUSIC, UrQMD

[ 0-5% Pb-Pb, {5, = 2.76 TeV 30-40% Pb-Pb, |5, = 2.76 TeV

0 15*\ 1T ‘ TT T ‘ T TT [ L ‘ TTTT ‘ TTTT LI TTT ;
0.5+ :
F ‘ ‘ ] L IP-Glasma+MUSIC+UrQMD ]
0.45 F Ws(T) E - 1/s(T) default
0.4F Phys. Rev. Lett. 115, 112002 (2015) - [ mmmmenm 1/s(T) min at 0.08
0.35F = " o ALICE +
E | n/s(T) —n/s(T)+d, d € [-0.06,0] 3 0.1— o — ¥
0'3:_ E r e —n 7R Tal e Vy 2 1 ! ! | [ | | T [
3 ~ Pb-Pb, s, =2.76 TeV o T t T T 1
0.25 Q F L 1
r = - o —+
0.2 2‘ > 0-2»_ 0-5% Pb-Pb, VSNN =2.76 TeV r
015F ™, 0.05— [ ALICE  |P-Glasma+MUSIC+UrQMD I
0.1F 0.151- ”IL_ — -
E ] -~ * —K
0.051 3 & [ =p o
E > - p I
0 L1 ‘ 111 ‘ 111 J 111 ] 11 1 | 111 | 111 | 111 0.1_
160 180 200 220 240 260 280

J\ll\
T MeV) Q510 15 20 25 30 35 40
Centrality (%)

Dubla, S.M., Pawlowski, Schenke, Shen, Stachel, Nucl. Phys. A979 (2018) 251
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Local contribution within ISOQUANT (SFB1225)

* Fluid dynamics of heavy ion collisions with Mode expansion (FluiduM)
Analytic solution of hydrodynamic equations
 Resonance decays (FastReso)

Speed and flexibility: opens new doors and opportunities!

de(T, r)/E(T,O)

0.4f
[ 7=0.4 fm/c ideal _
0.3} 1=2. fmlc — n/s=0.1 & bulk-
% 5(1‘:10. fm/c — n/s=0.2 & bulk
O 0.2 -‘XHB. fmic ' |
i | / /
0.1F \k
0.0k a N —— —

0 5 10 15 20 25 30
r [fm]

Floerchinger, Grossi, Lion arXiv: 1811.01870
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Local contribution within ISOQUANT (SFB1225)

== Tranto+Fluiduf+FastRaso

25

P

Data/Hydro

Devetak, Dubla, Floerchinger, Grossi, Masciocchi, Mazeliauskas, Selyuzhenkov, arXiv:1909.10485

' .

E ALICE ¥ norm = 50.6

s g g-fgb% (2o’ s =0.177

o -10% = (14 o

- A 10-20% = (1/2)107 -+ Us =0.026

& o 20-30% x (1/2)107 1 Ten =140 MeV

- # 30-40% x (1/2)10° = 1, = 0.37 fm/c

L " _ — F 2 r
1:— a s :E‘!_r..."g'ﬁ'{_r’.-:-..-.‘:.....::.:.::'.'::- .......

;; PR T 1 | llllallj::IIJI.Jlll 'S T W
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Hadrochemistry vs system size

with
a “parenthesis” on “small systems”
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Small systems

Pb - Pb

proton - proton —==eem Reference system, normalization
e.g. denominator in the nuclear
modification factor R,

proton - Pb -0 Control experiment

mostly to address cold nuclear matter,
initial-state effects (shadowing, gluon
saturation, nPDF)
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Small systems: signs of collectivity?

New at the LHC: p-Pb and pp collision data (at high multiplicities) show
features which are suggestive of the collective behavior known from Pb-Pb

105 <N <150

1< ﬁ:.'p p‘:m-e 3 GI\"-'E._

0-20% 60-100% 2P, « 4 Getfic s PP |8, =502 TaV

el ';wluaﬂ\

Two ridges !

ALICE, PLB719 (2013) 29

= CMS, pp
PLB765(2017)193

— examine evolution vs system size < multiplicity of produced particles
Now: look at hadron yields vs charged-particle multiplicity
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Hadro-chemistry vs system size

Smooth evolution of particle & ¢ . -
: : o Q000INE® 008 g _
production yields fromsmall & [ U0 0o pgyp+ (<6)
to large systems, as a o 0 )
\ ’ . 0 o o O OO0 002K
function of charged particle S -y aootrd® 100 ° B
multiplicity at mid-rapidity é* @@)@@@w@w@ 0 DD ODom, «
o 1
3 i 0 D00 0gpopxe)
pp Vs =7 TeV g6 808P 0 e s
p-Pb Vs, = 5.02 TeV
) —
Pb-Pb s, = 5.02 TeV 19 g B bbb e a2
ALICE Preliminary :
ALICE = pp, \s=13 TeV
_ (ﬁ) O pp, Vs =7TeV O Pb-Pb, {syy=5.02TeV 7
Common hadron production O PP, Yo =5.02TeV = XeXe, fsyy = 5.44TeV
. . 10—3 co il R Lol Lol
mechanism in all syster\r/ls’,? 10 102 10° 10°
regardless of type and Vs~ (AN fon),
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Hadro-chemistry vs system size

Smooth evolution of particle &
production yields from small &

. |
to Iar_ge systems, as a | i § B § eIk
function of charged particle S 0 N
multiplicity at mid-rapidity é D 000Domg,, -~

e 2

g 0 B0 W02
pp Vs =7 TeV i a0 GO Y e o)
pp Vs =13 TeV

) e—
p-Pb Vs, = 5.02 TeV 10 g 6 ¥ D @’ (<125
Pb-Pb Vs, = 5.02 TeV -
Xe-Xe \/SNN = 5.44 TeV ALICE Preliminary |
(ﬁﬁ ALICE ® pp, Vs=13 TeV
- O pp, Vs=7TeV 00 Pb-Pb, {Sy=5.02 TeV
Common hadron production O PP, {50 =502TeV M Xe-Xe, fsyy =544 Tev
) ) -3 1l Ll L] L]
mechanism in all systems, 10 10 10° 10° 10°
regardless of type and Vs? (AN dm), o
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Focus on strageness vs system size

. JEEEL IR BEILREEE
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ALICE
pp, Vs =7 TeV Nat. Phys. 13 (2017) 535-539 |
p-Pb, s, =5.02 TeV PLB 728 (2014) 25-38
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Small systems

Same mass ordering in the elliptic flow measured:

= O e U L LA B B BRI B L L B B BB R
= L ALICE IAnl > 0.8 (Near side only) Ji
(‘3‘1 " p-Pb |5, =5.02 TeV :
0 02 (0-20%) - (60-100%) =
= - mh AT ‘ 7 i
0.15 + =

- *K ep Z

0.1~ i U o

: = T

0.0 |  —= —
0'...|....|....|....|....|....|....|....|'

0.5 1 1.5 2 2.5 3 3.5 4

p. (GeV/c)

Phys. Lett. B 726 (2013) 164—177
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Radial flow: a sign of collectivity

The “baryon anomaly” in Pb-Pb: p_-dependent distribution of baryons and mesons
abundances in different centrality classes:

NK ratio

— n 2.2 —
STAR: Au-Au at |s,,=02 TeV Gx E Pb-Pb at {s,,=2.76 TeV, lyl<0.5
B AK05% oK) 0-5% 2 2 C
-5 AK] B0-80% -5 TUK 60-80% 1.8 ;— ++ 365-;; %
ALICE: Pb-Pb at |5,=2.76 TeV 16F " Mt
o 1ok S el
>l + X ¢ A" 60-80% 19 E A —4— ppatys=7TeV, lyl<05
ﬂ} ' _ _ T “m —&— ppat Vs =0.9 TeV, lyl<0.75
3 \. systematic uncertainty 1 r n
Y Theory 0-5% C m A systematic uncertainty
L LN T Hydro VISH2+1 08+ . Wyn .
o % x e 0.6 ooy
A- o 04t ’ x
L ey * E * "
02F 3 ﬁ"ﬂ— ------ $ ‘. 02E e '-i- i # '
r :@: =r
0 1 1 1 | 1 1 1 | 1 1 1 | 1 1 | 1 1 1 | 1 1 1 {] - ) ) ) I ) ) ) I ) ) ) I ) ) ) I ) ) ) I ) ) ) |
0 2 4 6 8 10 12 0 2 4 6 8 10 12
p, (GeV/c) p_(GeV/c)

Effect of radial flow, which makes the spectra harder, with a strength
proportional to the mass of the particle

arXiv:1307.5530
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Small systems: signs of collectivity?

The “baryon anomaly” in Pb-Pb: p_-dependent distribution of baryons and mesons
abundances in different centrality classes:

NKS ratio

STAH: AU_AU at ‘I'S—NDJZOE Tev o U) 2 4 1 1 1 I 1 T 1 I 1 1 1 I 1 1 T 1 I | L) 1 I 1 T 1 I 1
= MKE‘ o *’_TK:S e f 2.2 ;— ALICE, p-Pb, (s, = 5.02 TeV —;;— ALICE, Pb-Pb, |5, = 2.76 TeV—i
T A O o S < 2F Fdomw =+ £ o5% =
ALICE: Pb-Pb at ""S_NNZQ?E TeV 1.8 f_ El 60-80% _Ef_ E 80-90% _E
—4— K2 0-5% 16E =+ =
>l + "'C}. —4— NK 60-80% 1.4 E— —EE— —E
{JI} t. systematic uncertainty 1.2 ;— PELI;MII(ERERY —;;— _;
%0 Theory 0-5% 1E = —
. ‘I - Hydro VISH2+1 = - =
T - K ; —-———— Flimmbinatinn 0.8 = —::— =
' W — e 0.6 F + E
N 0.4F = -
0°2F ¥ e ¢ § - 3 F E
T E :ﬁi: ¢ 0.2F = =
0 1 1 1 | ] ] ] | 1 1 1 | 1 1 i | ] 1 1 | 1 1 1 0 C I P l - M BT T R | -
0 2 4 6 8 10 12 0 2 4 6 0 2 4 6

Effect of radial flow, which makes the spectra harder, with a strength
proportional to the mass of the particle

Also in p-Pb?
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Hydrodynamics

Summary

Anisotropic flow is determined by the response of the system to its initial spatial
anisotropies. Initial state spatial anisotropies come in turn from both the geometry of the
collision and fluctuations in the wave function of the incident nuclei. The significant
magnitude of anisotropic flow is interpreted as evidence of the formation of a strongly-

coupled system, which can be described as s fluid with very low shear viscosity to
entropy density ratio.

e Standard model of heavy-ion collisions

e Provides an overall good description of many features of experimental
data

e Relatively many free parameters: important to follow a much more

rigorous approach to fix some (e.g. with principle QCD input) and learn
about/constrain the others

e Pursue the investigation of small systems to ultimately determine the
true driving physics behind the common phenomena
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