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How we understand matter

electron
<107'%cm

NS
nucleus )

= ~101
atom~10cm 0o
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Few examples of quark content

Proton =
uud (+2/3, +2/3, -1/3)

Neutron =
udd (+2/3, -1/3, -1/3)

Particle K =
u anti-s (+2/3, +1/3)



More examples of quark content...

A~ A° AF n AP
dd AU — U U uu ¢
d d 0 Uu
‘\,, \|. X7/

32 fdd 1 ud/uz 7 ME
S s s

/li

*0




THE STANDARD MODEL

mass - =2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/c? 0 =126 GeV/c?
charge = 2/3 23 213 i 0 I I
spin - 1/2 w 112 3 172 3 1 0
up charm top , gluon l t';g%gﬁ

=4 8 MeV/c* =35 MeV/c? =4 18 GeVic? 0

-1/3 =113 -3 0
12 112 172 1

Some years after the original theory was articulated scientists realised that the same field
would also explain, in a different way, why other fundamental constituents of matter

(including electrons and quarks) have mass.
-1 -1 0
1/2 g 112 1

electron muon tau Z boson l

Higgs field

-1

€

12

GAUGE BOSONS

W <2.2 eVic? <0.17 MeV//c? <15.5 MeV/c? 80.4 GeV/c?
= 0 0 0 +1
E 12 w 2 w 112 w 1
o
electron muon tau
“ ' neutrino neutrino neutrino W boson J




But ...

charge = 213
spin = 1/2 a

up

=4 8 MeWic*

-1/3
102
down

0.511 Melfc?

=1.275C
213

12

ch

=85 MaV
-1/3

12

stri

105.7 Me

Proton = uud Neutron = udd
m, =2.3+2.3+4.8 MeV/c? # 938 MeV/c?

m, =2.3+4,8+4.8 MeV/c? = 939 MeV/c?

~99% of the mass of the
proton/neutron is related to

the confinement energy !ll




Running coupling constants

Electromagnetic force QED Strong force QCD

QCD Asymptotic Freedom
Gross, Politzer, Wilczek 1973

R‘T{ R

v

Confinement
barrier

Color charge

Coulomb
charge

Electron charge

-

Distance from the
High-energy bare ™ charge
probe

f Distance from the bare
quark color charge

High-energy probe
"Asymptotic freedom®




QCD a,
coupling constants

khcr 200 Mev fm

in "Natural units”
1fm =~ 1/ (200 MeV)

0.5

o (Q)

04|

03+

0.2 +

0.1t

fm 0,2

= QCD

o (M) = 0.1184 + 0.0007

July 2009 |

s a Deep Inelastic Scattering
oe ¢'¢ Annihilation
o® Heavy Quarkonia

10 100

GeV
0.022°*Y 9 002



The MIT Bag model (= "70)
First theorethical approach to confinement

Confinement =

bag pressure compensating quark kinetic energy

E = potential + kinetic = ‘
4 3, 204N O O
I formg, =0
dE _ 2.04N 2
i hc + 4mR“B =0
204Ni . 5200 MeV _ 3
B="——hc=1 me4 =127 == 240MeV /fm

hc
—— = 200 MeV = = 0.
1fm e N=3 r=08fm

10



Improving Tc evaluation
(Stefan/Boltzmann limit)

« System of nobjects ( hadrons or q and g) thermalized
* Massless and non interacting
« Zero baryonic number

2 —
Energy density ¢ (T) = %T‘L
—Per degree of freedom !
1 T2
Pressure P(T) = —E(T) = %T‘L

Hadron gas Quark gluon gas ( for 2 flavours)

Gluons : 2.x8, = 16
= +-0.—- S c
NS e et 2Quarks : (7/8) x( 2, x 2 x 3, + anti-q) = 21
Ndf = 37 (> factor 10 w.r.t. hadron gas)

11



Deconfinement at high temperature

0.5

0.25

P, (T) =3 —T*
fhad 357 7~ g (et

PQGP(T)=37_T4_B 0

QGP phase transition

at T =145 MeV

Temperature (MeV)

12




Energy density in lattice
QCD: an even more
precise estimate of Tc

L I ' I I I I | _ 4 | http://www.physics.adelaide.ed
16 RHIC ESEFT“ — &(T) =46 30 T u.au/theory/staff/leinweber/Vis
14 | EfT4 | for 3 flavors ualQCD/QCDvacuum/
12 + I :
10 ¢ : * uc| | NB:includes effects of
8 I 1 | masses and interactions

3 flavour
6 2 flavour )
Light quarks m, /T= 0.4
4 L
T.=(173 +/- 15) MeV
2| e, ~ 0.7 GeV/fm® TiMev; | | 2+1= 2 light quarks +
0 : : . . : 1 massive m,/T=1
100 200 300 400 500 600

13


ActionAPE5LQanimXs30.gif

Quarks and gluons are confined inside hadrons, but what

happens if they collapse in a wide space region ?

00 WP
OO
e 4
O
O o O
O g, O
¥ Os oY - (\ﬁ O P
£ 0 .
030s ©
@O o
OO O O O
o © Q§ OO
o Quark Gluon Plasma

Possible answers
1. Do not care , nothing changes
2. Do care, new phenomena may appear

14
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Temperature decreases

1
atm

0.006

0/ \ 100 374



Energy-temperature

E=Kg T 1/ Kz = 1.16 10* K/eV
LHC E = 5 TeV
T, =5 1012 eV x 1.16 10* K/eV = 6.38 1016 K

= 5 1012 eV

e

-
o
wv
2
=
)
a
a5
=
A%
=
favd
-~
~r
@
=

(;g
Fot
gt

GOAL : probe the sys
1- system consists of many particles

2 - system in local equilibrium

tem at very high density and tempe

Energy-space

Hadrons typically 1 fm = 10-1°m
hc= 200 MeV fm

in "Natural units”

1 fm = 1/ (200 MeV)

Energy scale hadron 200 MeV

16



How to study QGP in Heavy Ions Collisions
( low baryon densities and high temperatures)

The goal is to produce a matter with:

* Energy density >» 1 GeV/fm3
* Lasting for >1fm/c
* In a volume much larger than a hadron

17



Where to look for QGP : The Phase Diagram

* high temperature and low baryon density (RHIC + LHC)
* Very high baryon density and low temperatures (neutron stars)
* Intermediate baryon densities and temperatures (SpS, Fair) -> Critical point

I\
—
=
b of

Temperature [MeV]

100

Baryon Density [in units of nuclear matter density]

Np = Nanti-p 18



RHIC Collider
Protons — 250 GeV

LINAC o) Bl : T
'\Eels, TR oo s b Au — 100 GeV/N

e
BOOSTER

‘g")"

AGS fixed 1'ar'ge1'

Protons — 33 GeV e
Si, Au — 14,6 GeV/N Brookhaven National Labs - USA

NB: Nuclei energy scaled by Z/A w.r.t. protons

19




LHC Collider
Protons — 7000 GeV

ot/ ol o B/

SpS (fixed target)
Protons — 450 GeV
O, S, Pb - 200 GeV/N

CERN Large Hadron Collider

CERN Accelerators

(not to scale)

LHC: Large Hadron Collider
SPS: Super Proton Synchrotron

AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Encrgy Ion Ring

CNGS: Cem Neutrinos to Gran Sasso

Gran Sasso (I)
730 km

Radalf LOY, VS Divisicn, CERN, 0209 6

Revised xad adapted by Astonella Del Rosw, ETT Dis
In collabaracion wich B. Desforges, SL Div., aad

D, Manglueki, P§ Div, CERN, 23,0501

VAV 20





http://urqmd.org/~weber/CERNmovies/alice.mpg




Freeze-out

(~ 10 fm/c)
(no more elastic
collisions)

A Hadronization
particle composition
Is fixed (no more
inel. Collisions)

QGP (~ few fm/c)

Hard Scattering + Thermalization
(< 1fm/c)

space

Pb

23



Future HI at GSI : the FAIR project

CBM/HADES
Protons — 30 GeV
High intensity, Various targets

oo LY
2508

PANDA
Anti-Protons — 1.5 =+ 15 GeV

Various target

24
24



ALICE : A Large Ion Collider Experiment

P
oy

("ABSORBER ) ‘e N
TRACKING )
CHAMBERS ITS : SPD, SDD, SSD

\

ZDC
=y ~116m from I.P,

-

HI event

« Optimized for Heavy Ions Physics — high performances tracking and PID
- Complementary to the other LHC experiments 25



alievent-short-xvid.avi
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25m

RPCs

Barrel

Toroid

Inner Tile
Detector Calorimeter

Solenoid

A Compact

POMMANT

Liquid Argon
Calorimeter

End-cap
Toroid

Solenoidal

ATLAS

Detector for LHC

RYATAL ECAL

CMS



Variables definitions

Centrality : fraction of the total cross section

Phys. Rev. C 88, 044909
R. Glauber, Phys Rev. 100 (1955)

E I I [T T [ I
& + Dat
> ala
W 102 _
— Glauber fit
10 _\M“‘m 1 In this case with
0 200 1000 S
3 the VZERO
WWWWW - .
1 = trigger counter
5|88 | & > 2 -
g 2113 2] 3§ | 3 :
Ll S| @ N - 1) =
10-2 | | | 1 1 | L1l | 11 1 I 11 1 | 11 1 | 11 1 I | 1 | 11 1 | |
0 5000 10000 15000 20000
VZERO Amplitude (a.u.)
Peripheral (high %) Central (low %)

a O

28



Measuring the energy density of the system - I

%
Rapidity differences
are Boost invariant AN /— \
_ 11 E + pZ dy ! b ' L ! 1 I LI L —
Yy = 2 nE —p, -6 -4 -2 0 2 4 6

FromE = ymand p, = yfm
— [ =tanh(y) - for smally -y =~

Physics Letters B 726 (2013) 610-622

2200

[ ALICE (PRL 106 (2011) 032301) ® ALICE symmetrized
2000+ <= ATLAS (PLB 710 (2012) 363-382) — Double Gaussian fit
1A CMS (JHEP 1108 (2011) 141
PSEUdO-Rapldlty 18004 ¢ EMS¢ @UT14Y) )

o/
E-}

1600+
0 1400
y(p>>m)zn=—lntan§ <d_N




Measuring the energy density of the system - II

Region filled with
particles with velocity
0<p < Az/ct
Around y=0
mTz = m?2 +px2+py2 AN = j?;ll_lgldﬁ chc;N
Same transverse energy distribution <m> 0 Y
Total energy density as sum of all contributions
AN<mr> Az dN <mr> 1 dN 1 dE
SAz T dy SAz TS dy TS dy

Bjorken Phys. Rev. D 27, 40 (1983) 30



Measuring the

Nucleon 0,13 GeV/fm3

From Bjorken we get

1 dEr
TnR? dy DI

RHIC

=600/ (6.5% ) = 4.6 GeV/fm3
LHC

e =2100/ (6.5% 1) = 15 GeV/fm3

=3 times RHIC
[J. Phys. G 38:124041]

energy density of the system - IIT

—
"= [ @ PbPb(0-5%)ALICE A pp NSD ALICE
810~ = PbPb(0-5 %) NAS0 O pp NSD CMS
P - A AuAu(0-5 %) BRAHMS + pp NSD CDF
B [ * AuAu(0-5%)PHENIX ¢ pp NSD UA5 o< §%13
o 8 [ AuAu(0-5%)STAR * pp NSD UA1
>~ | ¥ AuAu(0-6 %) PHOBOS x pp NSD STAR
=
S 6 AA
= i
T 4
-, *L
2
0_ wl 1 | 1 1 I T |
3
10? 100\ s, (GeV)
I ] I 1T | I
- o (-2 5% |
2000 —— 7
%\1500: :
g | ]
5 N
E_'l 000} =
o
- CMS Praliminary ]
500} PbPb\s,,=2.76 TeV .
[ [P B |
0 0 1 3 4 5

[
2
M 31



Measuring the Temper'a'rur'e of the system

[ —

Thermal photons

C? I 1 I I I I | T T I T I I 1 1 I I T I | I I |
3 10 0-40% Pb-Pb, (s, = 2.76 TeV =
3. 1% FILICE E
(o} - . PRELIMINARY ]
“b'g,_ - —¢— Direct photons
5 = —— Direct photon NLO for n = 0.5,1.0,2.0 P, (scaled pp) F = . T T ldear
. g1 0 v (e
|z 107 —— Exponential fit: Ax exp(-p/T), T=304+ 51 MeV F . e s
ST = 7 oF A o
10'25_ *. 10301072012 ;}_:T']); ([ﬁ‘ﬁ; 0’;‘3)
109 " cocktail" deca 1 Py &y
_g 1
10@—
105}
- 0-40% Pb-Pb, {8y = 2.76 TeV
10_6:5 E: msoal“zl.'r‘l"IélHéll'1lu"'1|2p‘r(sevgcx;
10-?_5 1 1 I 1 1 | | 1 1 1 I 1 1 I 1 1 1 I 1 1 1 I 1 1 | 1;
0 2 4 6 8 10 14
p. (GeV/c)

Temperature LHC-HI 304+51 MeV
=21 .4 x RHIC
% 10° x T at Center of the Sun
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y(m) @
M Ap, E
v ()

/
long

Define proximity of two same-sign
particles

q=DP1-DP2
Measure

C(q) = Signal (q)/Background(q)
Fit with
C(@) =N[A =D + K (qinp) (1 + G(@)]

Gla)=e™ )"

r effective radius source
L Strenght of correlation
K Coulomb wave function
N normalization factor

& d-u.:l

C(a

out
Observe (co-moving) volume
h via QM interferometry
v (Bose-Einstein)
Used also by astronomers to
measure sizes of stars
(Hanbury---BrownTwiss HBT)
- |
: 4:_ o mr0-5% vt 30-40%
B o m'rt5-10% v rrt 40-50%
13E+74 . iy
A " opn 10-20% i o 50-80%
1265ade o n'n’ 20-30%
SO
1.1 o
- %—‘fﬂﬁ""ﬁ I s
|=g i
[]9:_ [ N R B (R NN NN N N NN RN NN N NN SR NN SR |
0 0.05 0 0.15 0.2
Qe (5BVIC) 3



Measuring the volume of the system - II

e Phys. Lett. B 696 (2011) ge ‘E -+ pp Vs=7 TeV ALICE © -
E [ A E89527,33,38,4.3GeV ] ~ 10 o -
= 350F A NA4987, 125, 17.3 GeV E N p-Pb |s,,=5.02 TeV .9
5 [ m  CERES 17.3 GeV ] g | L
@, 300F % STAR624,200 GeV + E q']g: - o Pb-Pb \ SNN=2.?6 TeV 1} .
2 L O PHOBOS 62.4, 200 GeV | _ 8 -0~ B
C% 250F @ ALICE 2760 GeV E o - 0.16<K; ;<0.3 GeV/e | t -
= : ; SZ al ' 8° ]
00 ; e 6[70.2<k<0.3 GeVie e .
- i
o I3 - | :
100f _ & : 4= é_$ L Two-Pions
: E ] n o O oo @ i
50t - e o am omm ome e— e= em e E! ) -
oE ] 2 g p O Three-Pions—
R STy [ R || | S Sy | L o r - -
0 500 1000 1500 2000 L & L .+ _
i K,=0.1, k,=0.5 _
(chh/dn) o | I L , il

ALI-PUB-14 1 0 1 02 1 03

N )

LHC ~ 2 x RHIC ~ up to 10 fm
Notice the comparison with p-Pb
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Thermal Model of particle production - I

A, Abdronic et al.: http://arxiv.org/pdf/hep-ph/0402291v1.pdf

Produced system in thermodynamical equilibrium.

Using the methods of (Grand Canonical) statistical mechanics, it is
possible to deduce particle yields on the assumption of zero total
strangeness and isospin of the system.

N; gi / - p'dp
n; = - — : ' f
V22 )y exp[(E; — i) /T) £1

g; is The spin-isospin degeneracy factor and p; = 1 is the baryon
chemical potential (related to the baryon number conservation).
Three parameters can be derived from minimization procedure: V,
Tand u.



Thermal Model of particle production - II

< 10*

103

) [(GeV/c)?

How to measure the particle
yields ?

From spectra of identified
particles +extrapolation fo pt=0.

Use various functional forms
Blast-wave

E. Schnedermannet al. Phys. Rev. C
48,2462 (1993)

Tsallis
C. Tsallis, J. Stat. Phys. 52 479
(1988).

ded

/Ney 1/(2mp_) &N
S 9o

—
<
w

—
Q
IS

—
<
)

=

—h
o
ik

—
£

3

o Range of combined fit T
107 o 4
EE’- -_ L ?:

< positive N

/I\I\IIIIIIIIIIIIIIIIIIIIIII

E .
F —&— negative
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Thermal Model of particle production - III

dy
2

dN/

10

107

102 k

10"

imod.-data)/mod.
- o
= in

=
tn

(mod -data)/o .,
- I =T T

n | K=|K°

K'.l'

o|p

Ll

>0

Al=]a]dBH]He

P -~
:
3

O Mot in it
E & Exirapolated

E s s -

- ALICE Preliminary

Pb-Pb Is,,, = 2.76 TeV, 0-10%

Lo

Model

= SHARE 3
=+ SHARE 3

== SHARE 3

T (MeV)
156 + 4
155 = 3
138 £ 6

+8

v (im’)

364 £+ B4B
406 + 766
064 + 1319
4445 + 743

Yi
1 (fix)

Yy

1 {fix)

1.07 £ 0.05 1 (fix)

1.98 = 0.68
1.16 = 0.20

1ZNDF]

12.4/6 | |
965 |-

163038 3.1/4 | s o
106+0.12 9.07 |: Lol

E' «o SHARE 3 (with nuclei)

e

—_—— : _ —
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: . PRI SIS . : HI r
;‘lﬁ'{:i'” ...... GanRiahnan.: ¢._¢_. .:] ¢¢u::' l:][:]n %Ml% % L[‘{’ -
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Thermal Model

From these fits to
particle yields it
is possible to fill
the Phase diagram
changing the
different
energies

Hadron Gas Model parameters

02

My (CeV)

and Phase diagram

'II'|I|'IT'II'|I1I'||TIF1

-+

.m

10y

W5

NN

100
(G

|

temperature

NB : Additional energy goes into heating of
QGP which cools down again to the critical

J. Cleymans et al. Hep-hp/0511094

Temperature [MeV] |,

1004

0.2

Freeze-out curve

0
0 0.2 04 06 08 |
i, (GeV)
= ey N e — T - B
e e e I
%‘ .« —;; o P N - = 3 >
% ¢ _ Quark Gluon Plasma
g& . :k.?’itjcfl p(:im e ,S :‘ _:_, -?

1 Baryon Density [in units of nuclear matter density]



Modelling High Energy
Heavy Ion collisions

Relativistic hydrodynamical models
describe reasonably well particle
production validating the assumption of
a matter which has reached thermal
equilibrium after the collisions

VISH2+1 is a viscous hydrodynamic model where the
yields are thermal ( but bad protons).

HKM is an ideal hydrodynamics model, in which after
the hydrodynamic phase particles are injected into a
hadronic cascade model (UrQMD), Antibaryon-baryon
annihilation is an important ingredient for the
description of particle yields .

Krakow model uses an ansatz to describe deviation
from equilibrium due to bulk viscosity corrections at
freeze-out.

EPOS (2.17v3) model, the initial hard scattering
creates “flux tubes” which either escape the medium
and hadronize as jets or contribute to the bulk matter
(includes UrQMD)

T

p, dp,dy) ((GeV/c)]

®N/ (N,, 2n

Data/Model

10°
10°

10°

10
10
10°

1.5

1.5

1.5

- e T
[ & ALICE, Pb-Pb USNN=2.76 TeV _|
B —#— STAR, Au-Au|s,, =200 GeV |
if —&- PHENIX, Au-Au fsNN =200 GeV 7
i s -
; - s Tt + 1 (% 100)
e h o
L VISH2+1 D;’“”"’*oﬁ-f K'+K (x10)
- = =HKM Opp TCenp+P(x1)-
— = Krakow = B E =
— «*EPOS  0-5% Central collisions " =
]
3 v 4+
'Q..,,_,, A oy TR
- R T 4 t L e
- N -
- K'+K -
Ly o
e LTI AT U T
S B S e e e o S e S e B S e e
- b P+p
Lid Laid L | - I‘.l-l_-l‘L-.l— -1 l - - 1 | SN

0 1 2 3 4 5

[ (GeV/c)
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Conclusions I

* Heavy Ions collisions allow to study the matter (Quark Gluon Plasma)
as of few tens of microsecond after Big Bang

 The critical temperature for deconfinement of matter is around
150-170 MeV from lattice QCD.

« Experiments at AGS, SpS, RHIC and LHC ( and in the future at
FAIR) allow to study QGP formation in several points of the phase
diagram.

 The study of the global parameters of the matter in Heavy Ions
collisions allow to set for LHC an energy density of 15 Gev/fm3
temperature above 300 MeV and radii up to 11 fm

* Thermal models reasonably describe particle yields and spectra with
a temperature around 155 MeV.

* Relativistic Hydrodynamical models reasonably describe the global
properties of the final states indicating a thermalization of the hot
dense matter created.
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Not only Heavy Ions ..

A complete analysis of HI collisions
should go beyond global
statistical/thermal analysis.

p-p collisions are required to compare
Pb"Pb WlTh NCO” X p-p

Pb-p collisions are required to
understand the effects of the cold
nuclear matter
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Not only HI ! Nuclear gluon shadowing factor vs x

. J_ ) IIIlIIIl 1 IIIII!II ] IIIIIIII T IIIIIIII ] ) J
J/y production 14 === E£pspo
in untraperipheral collisions ~ 1oF W HKN
> F nDS
S JE
2
~ 08
D06
£, 04
= =4
0.2
0™
10°
Cross section sensitive to Gy 2 at low-x
— N\ 5 10— —
5 f w:ampm.uw (s =2.76TeV  a) € [ = ALICE(p-Pb) .
O o ALICE Coherent J/ = [ ¢ ALCE -~
> 7F---- css v Q : o -
S F ABHKNOT e, _ o Reflected ks B Power law fit to ALICE data :
8 gF. — — STARLIGHT . Z o HIi ¥y
- - GM ) v ZEUS
F LM-fiPSat *
5F---- AB-EPSO® .  __...
C RSZATA .~ ,-° .. -
= AB-EPSOB ./ ¢ T \\
45 i ,"/'_':*""' LN % 10° -
3 | 5
2F- JMRT LO :
= Y i -~ JMRT NLO i
= . -— b-Sat (eikonalized)
o o, - — - - b-Sat (1-Pomeron) 1
, e STARLIGHT parameterization
10 el ' A
Preference of Lo-pQCD models 107 10°

with gluons shadowing W, (GeV)




Elliptic flow v2 / I

Hot medium with thermal equilibrium reached
in very short time, not to modify the
geometry. Very high pressure gradients.

Very important
to compare the
two regions

z '
y Z
x,b
Pb

Define the reaction plane from tracks and
measure ¢ with respect to this plane

e
Py

px
Momentum space
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Elliptic flow v2 / II

-
1549 ¥ 159 ¥ y 159 ¥
f E-“I-: 10 % T

N _dNp 50, cos(24) + 20, cos(dg) +...]

dp,d¢ dp,

v; will depend on
p; the higher the pt the less
important the anisotropy observed

Centrality : the overlapping region changes
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| ALICE Preliminary, Pb-Pb events at \Syy = 2.76 TeV
0.1F
0.051
I r v, in 1% and 2% centrality bins
Py O v,{2}(|An| > 0)
"W . = v,{2} (1an] > 1)
.' = v.{4}
oF =1 v,{6}
L IE IIIlIE{E‘}
[] 1 I L1 1 | I L1 I | I 11 I | | 11 I | | 11 1 | L1

Elliptic flow v2 / IV

11 1 1 1 | 1 1 1
0 10 20 30 40 50 60 70 80

@ centrality perce?filf

v; will depend on centrality : the lower the
centrality the less important is the anisotropy
observed. Maximum around 50-60%.
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Elliptic flow v2 / III

Muller et al Annu. Rev. Nucl. Part.
Sci. 2012.62:361-386.

T T T T T T T T T T T T T T T T

i 7 | | | i

L Fi -

025 — Pb+Pb 2.76-TeV centrality 30-40% =

: m  v,{EP} ALICE preliminary + v3{SP} ALICE (|A]y > 1.0) preliminary :

i v 1,{2P} CMS 4 va{2P}CMS -

:lt: . o \{EP} ATLAS * v3{EP} ATLAS preliminary -

- 02 — ! Hydro (Glauber) ]

H e -

: L ' == v7(n/s=0.0) == V3 (/s =00) -

L === V; (n/s=0.08) == V3 (1/s =0.08) -

Y C % J ’ i
W

= 015 - ]

7 _ L ]

W = v “ -

o . r f } -

TH - -

F 3 -

0.05 * -

' -

o ]

i * i

1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |

0 5 10 15
pr(GeV/c)

P
o

Pb+Pb 2.76-TeV centrality 30-40%



Why Elliptic flow is important

boundary plate 4

(2D, moving)

Viscosity

v dimension

velocity, u

Wikipedia. Laminar shear of fluid between two

T

shear sfress, 1

boundary plate (2D, stationary)

Date

plates. Friction between the fluid and the moving
boundaries causes the fluid to shear. The force
required for this action is a measure of the fluid's
viscosity

Duration Duration

Event

(months)| (years)

1027 |Hot pitch poured

October
Stem cut 0
1930
December
1st drop fell o8
1938
February
2nd drop Tell a9
1947
April 1954 |3rd drop fell 86
May 1962 4th drop Tell arF
August
5th drop fell 99
1970
April 1979 |6th drop fell 104
July 1988 | 7th drop fell 111
Movember
&th drop fell 148
2000
17 April
9th drop touched 8th drop (156)
2014
24 April|9th drop separated from funnel during Q=

2014 |beaker change

(13.4)

a4 http://enwikipedia.org/wiki/Pitch_drop_experiment
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Why Elliptic flow is important

Data can be compared with relativistic hydrodynamic
models and allow extraction of the medium viscosity

Fluids : viscosity decrease with temperature
Gas : viscosity increase with temperature

approximate range of by LHC
maximal initial temperatures
probed by RHIC
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0.1

0.05

Why Elliptic flow is important

40,1

| | | ] I | | | | 1 | | | | 1 | | | | 1
B I
B I Pb+Pb 2.76-TeV centrality 30-40%
025 » m  v,{EP} ALICE preliminary + v3{SP} ALICE (|A|y > 1.0) preliminary
R NER N R E s s e e R R B ¥ v{2P} CMS 4 vy{2PFCMS
® 10-20% - B e v,{EP} ATLAS * v3{EP} ATLAS preliminary
u 20-30% a B
A 30-40% - L
= 10_20%‘; (STAR) 5 3‘2 - ! Hydro (Glauber)
i B s = v, (1f/s =0.0) === V3 (/5 =0.0)
- L == V; (/s =0.08) == V3 (1/s=0.08)
1.15 __ [

—i—
_ —
i
—
——=
o ool o g s gl v v aal

i
r-l | | 1 | 1 1 | | &
005 1 15 2 25 3 35 4 45 50° N
P, (GeV/c) F S
0 (| (| 1 I (| (| (| il I (| (| (| (| I (| (| (| (|
0 5 10 15 20
pr(GeV/c) ALICE Citation 407

Results consistent with

* No change w.r.t. RHIC

* Presence of a perfect liquid ( /s small ), NOT a gas of free
quarks and gluons
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Now available precise modelling initial state
fluctuations to compare with flow measurements

Nucleons

-
& (std Glauber Model)
8

5
8 -4
6 -2
- » 0
0 2 om ,
o %o 74 MC-KLN
Glasma ] (CGC Color fields)
(Classical color fields)
-8
8 -6
5 4
4 8 6 2
2 “
yfém) : yltm]
x[fm) -4 6
6 88

Schenke et al PRL 108 , 2523901
http://quark.phy.bnl.gov/~bschenke/

The initial chromo-~£ and ~B8 fields form
longitudinal “flux tfubes” extending between
the projectiles.
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Trigger
Particle

Flow and correlations

Associated
Particle

Ap, An

R(An,A¢)
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CMS Preliminary
N " o (1}
PbPb: known 30-35% The "double ridge

pPb: not know
S — -

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

Collective phenomen
related to multiplicity

\
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Sy~ oe e 0-10%

2< p: <25GevVc
1.1_ S
§ 1.054 T
S l

4709'4”\\\ S

Two particle correlations in
the 0-2% central collisions are
fitted with Fourier analysis.
First five harmonics describe
shape at 10-3 level

C(A9)

ratio

Flow and correlations

Physics Letters B 708 (2012) 249-264
Pb-Pb 2.76 TeV, 0-2% central

1.015

1.01

0.99

1.002f

2 < ptT < 2.5 GeV/c

- ¢
FA 1.5<pl<2GeVic
- * * 0.8 < |An| < 1.8

0.998

LY b
- ¢ ¢ v2ndf = 33.3/ 35
F fih, ‘o
I * LN 7 T f
o 2 4
Ao [rad]
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WMAP Cosmic Microwave Background

P i

Yi+1)c, /2w [uk®]

Angular scale

90° 2° 0.5° 0.2°
6000 [ T T T 3
: ~ WMAP ]
f\ Acbar 3
5000 i \ Boomerang
‘-"‘I ‘1‘ CBI 3
[ \ VSA 3
4000 ;;' \ E
3000 F \ E
4
/ L H ] 3
2000 ¢ - . -
E / ! er * ‘ 3
Ml
3 b3
OBl vl 1 1 1 1 T N T ] .

10 100 500 1000 1500

Multipole moment [

Understanding universe structure

107

102

HI collisions QGP

- d)  ATLAS Preliminary -

- o® J-Ldt'B b :

i ® o :

I 2<|An|<5

| - ® 2<p?, p:-:a GeV

B e _

SR | b PO
5 10 n

Understanding initial QGP
conditions and transport theory




If Ncoll so high why not
search for Higgs in Pb-Pb?

participants

before collision after collision NO I N ev = L (@)

Number of nucleons
participating to the collision
Npar‘f

— PbPb-o_ =21 mb
— PbPb -:TI__!:.’S'Z‘.I mb
— POPD -o,_ =42 mb
— PbPb -a__=60 mb

1l

Average number of binary

a
z
*
wn
=
=
3
z
collisions between nucleons N, /7 4
NB: usually independent collisions 3

II'II|'IIII|IIII|IIrI|IIII|IIII|III[|II

11 PRI [T U T N T T N U T T T SO A T A
0 50 100 150 200 250 300 350 400

part
NB . Example:
Soft physics related to Nt Centrality 0-1%
Hard physics related to N, Npar = 403
Ncoll = 1681
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Variables definitions

Nuclear modification factor

Yield ., (pr)
NCOLL >AA YIEId pp( pT )

RAA(pT):<

R4 =1 simple scaling
Expected at high p;

Raa <1 absorption by
medium
Expected at low p;

Indicates if in HI collisions the yield of

particles, compared with pp yield , scales with

the number of collisions or not

1 Expected

RAA

Which expectations Pt
fory,Z , W?
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¥ Inclusive h* [STAR]
iy a® [PHENIX preliminary]
@® 1 [PHENIX]

W [ Direct y [PHENIX], y* [PHENIX Preliminary]

GLV parton energy loss (ngfdy -

1100) {

photons

”ffé**ﬂ ki

PHENIX

p-Pb collisions do not show
suppression in cold matter

Peripheral collisions show
a smaller suppression

.5 s sugr

Nuclear modification
factor

Photons do not show suppression
since they do not participate in the
strong forces

_IllIIIIIIIIIIIIIIIIIIIIIIII lIlIIIIIIII_|
_ ALICE, charged particles -

" e p-Pb s, =5.02TeV, NSD, | ﬂnTEI =03

- = PDPb \Ey = 2.76 TeV, 0-5% central, | 1| < 0.8
- 4 Pb-Pb |5, =2.76 TeV, 70-80% ceniral, | | < 0.8

HHHHEMHEHHHHH }1@)

e, O,

DI24BE‘ID‘IE14‘IB1EED

p, (GeVic) 59



RAA

15+

0.5

Nuclear

modification fac

tor :

LHC vs RHIC

|
|
P~ ’%
OODCCETE
v g

SPS 17.3 GeV (PbPb)

n° WA98 (0-7%)

RHIC 200 GeV (AuAu)

o x° PHENIX (0-10%)

= h* STAR (0-5%)
LHC 2.76 TeV (PbPb)
® h' CMS (0-5%)

+ h' ALICE (0-5%)

I | I T T I

GLV: dljlgldy =400
GLV: dN /dy = 1400
GLV: dN /dy = 2000-4000

— YaJEM-D

—— elastic, small P__

—— elastic, large P___

— YaJEM

— ASW

PQM: <G> = 30 - 80 GeV/fm —

l

CMS preliminary -

10 20 30
P, (GeV/c)

100 20



Nuclear modification factor: a compilation

Muller et al Annu. Rev. Nucl. Part. Sci. 2012.62:361-386.

2 [ T T T T I T T T T I T T T T |
18| .
16 .
141 -
1.2 ] .
1B — % ——————————————
0.8 -
0.6 .
04 f\ .
0.2 -
J- t S 5 F : 4 i
I 1 1 1 1 | 1 1 1 1 1
Go 5 10 15 20
pr(GeV/c)
Pb+PbVsyy = 2.76 TeV Theory (charged particles)
—&— (Charged particle 0-5% (CM5) 3 JEM-D
—e— Charged particle 0-5% (ALICE) — JEWEL
—4— J/y from B 0-10% (CMS) = m+K+p (VISHNU)
== D%0-20% (ALICE) HT-W
—h— il |I(CE) l GLV
A 0-5% (ALICK) HT-M

2
181
1.63—
14F S

12}

1

08f

06

02
ol | | I |
] 20 40 60 80 100
pr(GeVic)
Pb+Pbvsyy = 2.76 TeV Theory (charged particles)
—e— (harged particle 0-5% (CMS) m— Y3 JEM-D
—e— Charged particle 0-5% (ALICE) = JEWEL
atod photon 0-10% (CMS) HT-W
MS) ml GLY
o (CMS) HT-M

Parton traversing a hot and dense medium loose substantially more energy
than in cold nuclear reaction, both via gluon radiation and elastic scattering
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Baryon enhancement in PbPb collisions

ow 2.27

% 5 3 Pb-Pb at \s,,,=2.76 TeV, |y|<0.5
18} T
16F ~— % 4060 %

—&#— 60-80 %
—e— 80:90% @D

—d— ppatis =7 TeV, |y|<05
—db— ppatyvs =09 TeV, |v|sb

14F
12}
i
0.8
0.6F
0.4}

0.2} *

0 : (I N TN N TN T T [N TR TN TR N T T TR (TR S AN N T T
0 2 4 6 8 10 12
P, (GeV/c)
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Hadronization models in medium

u
) -~ ©
( ‘ \Q 0 &) () ©
- 9. 0.0 o %
d e- . ,’0 @ -~ O
% 23 \"“‘96 ©
(SS ©o © ® Oe (&)
.. -
Coalescence

Lund fragmentation

+ Small baryon/meson ratio * higher baryon/meson ratio

. pfinal hadron s pfr'agmenﬁng parton

. pfinal hadron ¢ pfragmen‘ring parton

23 Z:
o~ E o E
N E s E
[} £ o N
o o
S Ok S 0
Fe) E .g F
€ f
~ 3% . ~ 10k
£ i ° £
o r _af
S 9'F o S 0k
w2 E - E
° b
Wyt “ et
F of
16°L 10°F
107 0L
S T N P BT PR P T B S PN WU P FUTE PET I PETE P,
o t 2 3 4 65 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10

pr (GeV/c) pr (Gev/c) 63



How to characterize the hot medium from inside

C: Hot medium tomography
using hard probes produced in
the collision

A: Via measurements of the bulk
properties of the particles produced:
Spectra , hadrochemistry

B: elliptic flow , particle correlations

Heavy Flavours ,Jets
high pt particles: we can
calculate how many :




." = = Partons energy loss in medium

Depends on:

Casimir factors related
to flavour

Cr%=3 Co9%°=4/3

Mass ( dead cone effect)
- lower gluon radiation
forcand b

Mass ordering expectations:

AEg>AEq>AEC> AE ,
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ALICE D production

- ALICE
ﬁverage Dﬂ, [)"‘1 D'+

—=— p-Pb, {5,,=5.02 TeV
-0.96<y__<0.04

Pb-Pb, {s,,=2.76 TeV
lv_..l<0.5
—e— centrality 0-20%

| ] —o— centrality 40-80% —;

i + j( n | .
g
T @D
00 S-SR R R R |
p_ (GeV/c)

=T 2_I TT | T'TT | T TT | T'TT | T TT | T'TT | T'TT T 1T T T I_
< I ALICE Preliminary .
8" pp-P, \‘ Sy = 276 TeV E
161 _OAverage D".D".D"",Iy0.5 TAMU elastic —
= 30-50% centrallty Djordjevic .
14l —--—----- Cao, Qin, Bass 7
A WHDG rad+coll
- sisimme MC@sHQ+EPOS

P v Vitev, rad+dissoc 7
23 =+ = POWLANG ]

- -i==i== BAMPS el. ]
1=f e e BAMPS eltrad |
0.8 -
0.6[ e
0.2 — =
D_I 1 1 | 111 | 1 11 | 111 | 111 | 111 | 111 | 1 |1 | 1 11 | L
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(Ge‘u’f C)

66



HF production : indications for mass ordering

a
2 | |
181 .
(] F ]
— 1.6 _
Q r 1
S 1.4 —
o 1 C i
< 121 7
s -
o1 C ‘
Ran 1 — - = = = = — — = — — — 7
1 i :
08 } -
0.6 .
0 . ]
04 + .
o] B ——
’ Y HEST 4 ]
0 ol ]
0 5 10 15 20
0 pr(GeVic)

b+PbVsyy = 2.76 TeV Theory (charged particles)
harged particle 0-59% (CMS) Y3 lEM-D
Charged particle 0-5% (ALICE) — JEWEL

Jiy from B 0-10% (CMS5) = a+K+p (VISHNU)

== [?0-20% (ALICE) HT-W
—— K% 0-5% (ALICE) m GLY
—*— A 0-5% (ALICE) HT-M

1.2

0.8

0.6

0.2 & CMS Preliminary Non-prompt Jhy

- Pb-Pb, |5, = 2.76 TeV

-§1.4IIII|IIII|IIII|IIII|IIIIIIIIIIIIIIII

m ALICE Preliminary D mesons
8<DT<1B GeVic, lyl<0.5

[ Correlated systematic uncertainties
[ Uncorrelated systematic uncertainties

- - - Djordjevic Non-prompt J/y (6.5< p_< 30 GeVic)

mimmn Djordjevic Non-prompt Jiy (with ¢ guark energy loss) 2
== =. Djordjevic D mesons (8 < pT < 16 GeVic)

If—llllll

Ty

@,

- -

6.5<p_<30 GeV/c, ly|<1.2 |i| B E

[] Systematic uncertainties CMS-PAS-HIN-12-014 7]

nIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
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s.'
I

]
|

Hints for an energy loss in medium with mass gerarchy R™,, < R4, < R,




(1/N ayent) dN/dA;

Jets quenching in PbPb

E+(GeV)
400
200 Jet 1 p;: 739 GeV
et 2 p.: 686 GeV
; : | ’:\”:“;’"‘\‘ N
. R N
3 2
0
40-100% 20-40%
) L L R LN I L L L L U

(1/N gyane) dN/dA,

0 02 04 06 08 1 0

02 04 06 08
A, A,

_.,IIIIIIIIIIIIIIIIII

I 3
C A\> deb Experiment at LHC, CERN

unvEvent. 151076 1 1328520
K/ ymi.section: 249 ‘

ata recorded: SunNov 14

19:31:39 2010 CEST.

Always?

Jet 1, pt: 70.0 GeV

_ Pr1 — Pr2

Aj
Pr1 t P12

10-20%
4 _I TT I TTT I TTT I TTT II T I_
< .
= .
E i
- ]
5 =
g .
= =
L ]

D-II
0

02 04 06 08
A

=0 if jets almost equal
>0 if jets have different pT

0-10%
4III|III|III|III|III

(1/N ayent) dN/dA;

v b brr b

0 02 04 06 08
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Jets quenching in PbPb

:m""l 'I""I""I_l:I{E}"'I""I""I""I_l:I{":}"' T 1
1':E_CM Preliminary = R=0.2 E3 Bayesian PbPb\[s, =2.76 TeV} E
16 = = ¥ 3
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Quarkonia in Q6P

V(r)=—Z +kr
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Color Screening —
Charmonium

production suppressed

Matsui T, Satz H (1986)
PHYSICS LETTERS B 178(4): 416-422. 70



f Debye screening

The screening radius Ap(T) (i.e. the maximum distance which allows
the formation of a bound QQ pair) decreases with the temperature T

vacuum Temperature T<Td Temperature T>Td
s JAY, 1 o
? ? )/ v C|
@ @
| | — :
I"J/q; I‘J/\If rJ/W
_ if resonance radius if resonance radius
At a given T: < Ap(T) > Ap(T)
- resonance can be - NO resonance can

formed be formed
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Production of J/psi :

a thermometer of the initial QGP temperature
R. Arnaldi

state J/y  x. w(2S)

state Y(s) Y(@s) Y(3s)

(Digal Petrecki,Satz PRD 64(2001) 0940150)
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Production of J/psi

a thermometer of the initial QGP temperature

Events / { 0.1 GeVic®)

BOO prr [ e P T N T T [N RARAS RARAS ARRE B ool RN WAL RRARE
. 4 C@: 2,76 TeV J - @.?s TeV -
700 — -] [ 1
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500 = — [ 3 g
- +1 ] G a3 ]
C = dala 1 = i ) * dala ]
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r . o ]
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Conclusions - II

* More specific analyisis have been performed to understand the QCD
properties of the matter produced in HI

« Elliptic flow indicates that the matter produced looks more like a perfect
fluid than a free gas of quarks and gluons

* Two particles correlations indicates the presence of collective phenomena
(ridge) not only in Pb-Pb collisions but also, unexpectedly, in p-Pb and high
multiplicity p-p events indicating possible universal properties in particle
formations

* The nuclear modification factor RAA is < 1, indicating a suppression for
particle production due to energy loss inside the QGP whose properties can
then be studied by hydrodynamical models.

* Hard probes ( jets and Heavy Flavour) are like projectiles crossing the QGP
and thus allowing a careful check of the QCD energy loss mechanisms

* Production of quarkonia is a thermometer for the initial QGP tmperature.



« LHC and RHIC Heavy Ions programs have plans through the end of
2020ies.

* High luminosity will allow more detailed studies using hard probes
(charm, beauty, jets) and low mass leptons pairs. An e-Pb collider
will improve our knowledge of the Nuclei PDF.
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