n
‘a
O
(D
=1
-
(P
i
-
D)
(:
.
-
D)
(0
o
.
O
-
|
()
-
-
(P

Raimond Snellings

La Villa Clythia, Frejus
| (France) 29-09-2013



Content (lecture |-3)

Heavy lon Collisions
2) Thermal Model and Collective Flow

3) Current results



Matter
particles

The Standard Model

Electron

Nucleus

Electron
Responsible for electncity
and chemical reactions;

it has a charge of -1

FIRST FAMILY

Electron neutrino

Particle with no electnic
charge, and possibly no mass,
bilkons fly through your body
every second

Neutron

Up

Has an electnc charge of

plus two-thwds; protons contan two,
NEUlrons Contain one

Down

Has an electnc charge of minus

one-therd; protons contain one, O
neutrons contan two

Force
particles

| Muon

A heavir relatve of the
| electron; it lives for two
melbonths of a second

SECOND FAMILY

THIRD FAMILY

Gluons
Carrers of the

between quarks

The explosive release of nuclear
energy is the result of the strong force

Muon neutrino
Created along with muons
when some particles docay

Tau neutrino

¢ ceved | X

Photons
Particles that
make up hght;

they carry the

Electricity, magnetism and chemistry
are all the results of electro-magnet

Charm
A heawer relative of the up;
found in 1974

Intermediate
vector bosons

Carners of the

o -

Sk 3 leplor

Some forms of radio-activity are the
result of the weak force

Strange
A hoawer relative of the down
found in 1964

Bottom

Heave

Gravitons

Carners of

All the weight we experience is the
result of the gravitational force

QCD the theory of the strong force




What is the universe made of?

SM Higgs: 0.1%
QCD: 4%

® FElementary particles make up
0.1% of the mass of the universe

® SM Higgs mechanism

® Composite particles can account
for ~4%

® QCD chiral symmetry breaking Dark Energy: 72.9%
® Dark Matter 23%
® Dark Energy 72.9%

® The ~4% are still not understood
very well, and the other 95% a
complete mystery!

r’f\\

palls




QCD:; Quarks and Gluons

In the world around us quarks and gluons do not exist as free
particles

e confined in hadrons by the strong interaction (QCD)

At T — oo asymptotic freedom tells us that quarks and gluons are
the relevant degrees of freedom and this phase of QCD 1s called
the Quark Gluon Plasma

We think that this state of matter permeated the early universe
until the first microseconds after the Big Bang

After expanding and cooling down the universe goes through a
phase transition in which the quarks and gluons become confined

This phase transition 1s poorly understood from first principles
but some theoretical understanding of the complex features can
be obtained from lattice QCD

5



The QCD vacuum

“In high-energy physics we have concentrated on
experiments in which we distribute a higher and
higher amount of energy into a region with smaller
and smaller dimensions

In order to study the question of ‘'vacuum’, we
must turn to a different direction; we should
investigate some

b

T.D. Lee
Rev. Mod. Phys. 47 (1975) 267.



How!?

collisions at high energy allow us to create new heavy
particles and in collisions of heavy-ions a “little bang”

7



How!?

collisions at high energy allow us to create new heavy
particles and in collisions of heavy-ions a “little bang”



History of the Universe
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Quarks and Gluons

Tl
Q
=i
NS
=
%.
@
%
®

Ciritical point ?

Q
\C;L Color Super-

S
Density

QCD phase diagram

Te
o
2
O
)
Q
=
QD

Nuclei

heavy-ion collisions provide
experimental access to the
properties of the QGP

better understand the
evolution of our universe

better understanding of
QCD in the non-
perturbative regime

355 00 K, 2.216 GPa

#=272.99 K, 632.4 MPa
axy 256.164 K 350.1 MPa

Critical point |1 kbar

. " 647 K, 22.064 MP
Liquid 2

¥
Solid/Liquid/Vapour triple point
273.16 K, 611.73 Pa

phase diagram of water



rough estimate: EoS and degrees of

freedom
, , 1 T
ideal gas Equation of State: p=—e=90—T
3 90
2
£ _ g”_ = energy density of g massless degrees
T* 30 of freedom
£ 77_2 = hadronic matter dominated by lightest
T* 30 mesons (TT*, TT-, and TT9)
= deconfined matter, quarks and gluons
7
8= 2spin X 8 gluons + g X 2ﬂav0rs X 2quark/anti—quark X 2spin X 3color
c 2 = during phase transition large increase

' v
7 30 in degrees of freedom !

9



rough estimate: QCD phase
transition temperature

® confinement due to bag pressure B (from the QCD vacuum)
e B'4~200 MeV

® deconfinement when thermal pressure is larger than bag pressure

1 2
— —e=qg—T%
b 3~ 990
908
TC p— 1/4 — ].40 M V
(37W2) y

crude estimate!

10



QCD on the Latice

T~170 MeV, ¢~ 1 GeV/fm3

4 )
at the critical temperature a

strong increase in the
degrees of freedom

v gluons, quarks & color!

not an ideal gas!?

100 150 200 250 300 350 400 450 500 550 v residual interactions
T [MeV]

at the phase transition dp/de

1 ™™ .
p = —e=g—T \decreases rapidly

J

3 90
g ~ 3 gqap =~ 37

7
2Spin X 8gluons =+ g X 2ﬂavors X 2ch X 2Spin X 3(:010r

S
|



Temperature

R A hadrons

2
5 nuclear
> ..
iz collisions
=
=
=
<
(]

RHIC
Gluon Plasma

critical point

nuclei neutyon stars

2

density

Experiment!?

-

study phase transition in
controlled lab conditions
by colliding heavy-ions

- J




CERN and BNL

Alter*natmg
Gradient

~.—_Syqphr*ottr*on

Booster

Acceler*ator*

Tandem
Van de Grasff

Tandem-to-
Booster line




SPS detector example: NA49

Vertex
TPCs -

Vertex
Magnets

Forward
Calorimeter




NA49 event display
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Alt:er*natlng

Booster M e K Gradient

™
Accelerator 2\ { Syqphr*ot:r'on

L_JP o G
.‘. Tandem
Van de Graaff

Linac

Tandem-to-

Booster line
= = >
<" 219/2007 Y Raimond.Snellings@nikhef.nl N |EQE F 16




120 bunches/ring =~
106 ns crossing time

200 GeV for Ay-Au
(per N-N collision)
500 GeV forp-p

Au-Au: 2 x10%6cm2st
p-p :2x 1032 cm=2 s
(polarized)

BSooster

2/19/2007

=&

BRAHMS

STAR

KIH



SVT

STAR

coils

|7

FTPC

2]

platform

RHIC detector example

STAR
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STAR online event display

Online Level 3 Trigger Display

|18
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LHC - B CERN

=== axl AS ALICE
Point 1 === Point 2

— o POINt 8

D

CcMs
Point 5

E540 - V10/09/97




The ALICE Detector

1) L3 MAGNET
2) HMPID
3) TOF

4) DIPOLE
MAGNET

S5) MUON FILTER
6) TRACKING &
TRIGGER

CHAMBERS
7) ABSORBER
8) TPC
9) PHOS
10) ITS

ALICE Collaboration:
~ 1200 people, 30 countries, ~ 100 Institutes

)

e S s e e g s

pA
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The first Pb-Pb collision!

23

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46

Fill : 1482

Run : 137124

Event : 0x00000000D3BBE693



Event Characterization
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Impact Parameter

* impact parameter b

e perpendicular to beam
direction

e connects centers of the
colliding ions

200

150

100

50

W '

1

llIllllllll

25

4 6 8 10 12 14 16 18

do

b (fm)
= 2t bdb



Centrality Determination (l)

spectators

iR EEEEEEEEERERERERER

centrality characterized by:
1. Nparts Nwoundeg: NUMber of nucleons which suffered at
least one inelastic nucleon-nucleon collision

2. N.oi, Npin: number of inelastic nucleon-nucleon collisions

26



Glauber Model Calculations

¥ nuclear density from Wood- |
Saxon distribution VS (GeV) Cin,pp (MD)
20 32
Do (1+wr2/R2)
JAE T 200 42
te 2700 ~64
Nucleus A R a
Au 197 | 6.38 | 0.535
Pb 208 [ 6.68 | 0.546

v nucleons travel on straight lines,
no deflection after NN collision

¥" NN collision cross section from
measured inelastic cross section

in p+p

° ° 1 L1ALl 1 1 0Ll 1 1LAhlU 1 1148
¥ NN cross section remains r “"—"""“‘“'—"“““‘“107 '3
ConStant I.n.dependent Of hOW \\\/§ (GeV) 1 I 1| IR I /B I [ ] [ I [
many collisions a nucleon o 2 0 02 e i
suffered



Wounded nucleons and binary collisions

wounded nucleon scaling

Ayz00f T T TTITTITTTTITTIITT
: . [ "o MMC Glauber 200 GeV (Gyy = 42 mb)

.9 1000 e ®  Number of binary collisions

% e - Number of wounded nucleons

O 800 -

S -

number of participating nucleons scales
with volume ~ 2A 600

d
g

binary scaling

A 2 Rt <
0 "-l...l...|...|..Jlf¥jﬁu4ﬂrlvm
8 10 12 14 16
Impact parameter (b)

number of NN collisions, point like, scales
with ~ A%3

III|III|JL|III|III|III|III

A
1
| | |

—
o
=
N

28



Centrality determination (1I)

spectators

Zero-Degree-Calorimeter
(ZDC) measures energy
of all spectator nucleons

N,...=E;./(E,

spec

an ! 4),
N,..~2(4-N,)

29

Zero-Degree-Calorimeter
(ZDC) measures energy

of all unbound spectator
nucleons

= charged fragments (p, d,

and heavier) are

deflected by accelerator
magnets

= E_,c small for very

central and very

peripheral collisions,
ambiguous




g ‘ :
AN / 8/ 5 g
7t V- -‘--,'rL P I
. ¥ L4 B PR .
l‘ % ‘; 1 L] £, i“
q L . v /

STAR
Peripheral Event . .
v peripheral collisions,

largest fraction cross
section

From real-time Level 3 display

v many spectators

v “few” particles produced

30



Centrality determination (I1V)

v impact parameter b = 0

v central collisions, small cross
section

Y no spectators

v many particles produced

31



Centrality determination (ALICE)

Pb-Pb N pin
Au-Au N pin

Pb'Pb N part
Au-Au N part

40% - 50%
20% - 30%
10% - 20%

500 1000 1500 2000 2500 3000
Multiplicity

%0 0 <N <b>

v Determines the magnitude of the 05 386 248
Impact parameter 20-30 177 7.85
60-70 25 12.66

32



The Reaction Plane

d3 d3
5 N N

d’p  pdpdyd(gp-W,)

[determine the angle of the reaction plane \.I)RJ

33



How do we study these collisions?

C. Cao et al, Science 331,58 (2011) ultracold strongly interacting Fermi gas
e = final detected
Accelerateg;g‘piggifgx Relativistic Heavy-Ion Collisions - B iclas ettt ions

Afterglow Light
Pattern  Dark Ages Development of freeze-out

380,000 yrs. Galaxies, Planets, etc. Hadrenization
Initial energy
. density
[ bt -
-,;‘;“ o :,:' & 5 ;:' . K N—
i ok [y WMAP .
3000 L £ i e - 1£r'. ! )
i Paln
v o R 1B
410 oy "] -
Fluctu SN D ey o YWl | . .
N
1st Stars
about 400 million yrs. Fi["g-_
urthbrium i i
| Big Bang Expansion | ynamics viscous hydrodynamics o free streaming ‘
' 13.7 billion years | | collision evolution
U A T T ~ 10 fm/c T ~ 1015 fm/c
our ovniverse . . .
a heavy-ion collision

e What are the properties of the expanding hot and dense QCD matter?
34



Time Evolution

freeze-out
hadronization
QGP?

thermalization?
hard scattering

35



Time Evolution

freeze-out

hadronization

QGP?
thermalization? #f Parton transport
hard scattering # . pQCD )

CGC?

35



different observables

freeze-out

A

hadronization

QGP?
thermalization?
hard scattering ¢

pQCD

<

! CGC?

36



Stopping and Energy

Density

37



dN/dy net-protons

e~ o) oo
S S S

\»
-

Available Energy: Baryon-stopping

" A AGS
| * (E802,E877, E917)
- W SPS

| * (NA49)

. ® RHIC

" * (BRAHMS)

Rapidity loss <0 y>

4

LI

[\

[R—

/
- F /
L of dN/dy net-Baryons /
r 305— —pol6 F //
[ 6OE ....... momgaus ///
3 /
= 4of
r 20: ........... :-.
: :(|) ..... lél’; ..... 4....‘.'3.5.. v
z /
C p é
/ 7 .oo"“’ :
h— / // .D‘.
i /// R ..“ A
/ o
- > / o8
C QE A\ E917 V' BRAHMS maximum
- / '
L W ES02/E866 A BRAHMS minimum
/
p— / o' -
e | |NA49 () BRAHMS estimate
e | | | | |
“ [ [ [ | ] [ [ [ | [ | [ | ] ] [ [ [ [
| 2 3 4 5
yp

® |n pp collisions 50% of beam energy available for particle production

® |n AA collisions 70-80% of beam energy available for particle
production (in accordance with expectations from pA)




Transverse Energy and Energy Density

Lo -
© 10°lL TN
Bjorken energy density estimate 10 PH3$ENIX
10F
1022— )
10 -
‘o""1id"5'd"éd"h'd:"éid!”é'd”'7o
EL(EMC) [GeV]
dz =t dy 0 100 200 300 400 500 600
dE /dn|, _, [GeV]
1 1dE dE
EBj = —s5 — —— =503+2 GeV
mR= 71 dy dy

epj = 4.6 GeV/fm

Much larger than the critical energy density!
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Do we produce a QGP?

/G&R\
d ii“v \ \’~ “~

_

are there smoking guns?



Strangeness Enhancement

41



Strangeness Enhancement

QGP signature proposed by Rafelski and Muller, 1982

The masses of deconfined quarks are expected to be about 350
MeV lower compared to confined

m (constituent) ~ 500 MeV — m (current) ~ 150 MeV

T.~ 170 MeV strange quark should be a sensitive probe

42



Strangeness Production in a QGP

I'=m_ =150 MeV

N(S)ocexp(_”;s)

Copious strangeness production by gluon fusion:

In a system which is baryon rich (i.e. an access of quarks over anti-
quarks), the enhancement can be further enhanced due to Pauli blocking
of light quark production

43



Strangeness abundances in a QGP

The QGP strangeness abundance is
enhanced

The strange quarks recombine into g
hadrons (when the QGP cools down and
hadronizes)

The abundance of strange hadrons should E(¢2)> |E(Z) > |E(A)

also be enhanced
(sss) | (ssd) | (sud)

This enhancement should be larger for

particles of higher strangeness content

44



Strangeness abundances in a hadron gas

In a relatively long lived strongly
iInteracting hadronic system
strangeness can also be enhanced

These hadronic processes are
relatively fast and easy for kaons and
A, but progressively harder for

particles of higher strangeness

The production of multi-strange
baryons is expected to be sensitive to
deconfinement

45

Tn+n ® K+ K
T+N—=A+K

E(¢27) < |E(=) < |E(A)
(5ss) | (ssd) | (sud)

only 2—2 processes considered!!



Strangeness measurement at the SPS

(v, /(N

wounded > )Pb +Pb

T (Vo (Vo))

p+Be

Enhancement: yield per participant
relative to yield per participant in p-
Be

The Q yield is more than a factor 20
enhanced

Relative order follows QGP
prediction
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Canonical Suppression of Strangeness

I IIIIIIII 1 LI I IIIIIIII

e Successful description of
strangeness production in
heavy ion collisions with a
thermal model using a grand
canonical ensemble

f—
-

e [or small systems exact
strangeness conservation
becomes important, canonical
ensemble, reduces available
phase space

Enhancment of strange baryons

| Y ol Ll Ll

1 10 100 1000
VAA

Strangeness enhancement is not necessarily a smoking gun
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Charmonium Suppression

48



Charmonium Suppression

® a QGP signature predicted by Matsui and Satz, 1986

® In the plasma phase the interaction potential is expected to be
screened beyond the Debye length A5 (analogous to e.m. Debye

screening)

e Charmonium (cc,,) and bottonium (bb, ) states with r > A, will
not bind; their production will be suppressed

49



Charmonium Suppression

Ap depends on temperature, thus which states are suppressed depends
on temperature

Charmonium suppression key signature of deconfinement

cc,,, and bb, . bound states are particularly sensitive probes because

the probability of combining an uncorrelated pair at the hadronization
stage is small

In fact, at the SPS the only chance of producing a cc,_, bound state is

shortly after the pair is produced. Debye screening destroys this
correlations

50



Sources of Suppression

Q
© o @
¢ O © hadron
S © I
@)
o o T
Hadron approaches the J/v.
QQ ‘ m Hadron's
O Q ........ O color
e .. @ O field
6, ;O disrupts
the J/y.
........ Mateui & T e J/y /. .
1 Satz (1986) ;Tp;l:« :emnan‘rs move

51



The J/\Y measurement at the SPS

Measured/expected J/¥

suppression versus estimated
energy density

Anomalous suppression sets in at
e~ 2.3 GeV/fm3

Double step was interpreted as
successive melting of the x and

of the J/¥
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The J/ measurement at RHIC

NA38/50/60 syst =+ 11%
PHENIX syst =% 12%

xS

Suppression pattern almost the same
as at the SPS???

J/W production at RHIC is more

complicated due to possible

contributions from coalescence
NA38, S-U
NAGBO, In-In
NASO, Pb-Pb (ZDC)
PHENIX, Au-Au y=0

50 100 150 200 250 300 350N 400

part

See lectures PBM
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highlights at SPS

p({450 GeV/c)-p,d (NAS1)
p(450 GeV/c)-A (A=C,Al,Cu,W) (NA3B)

¥25(32x200 GeVic)-U (NA3R)

208 " s » 2778 ” . .
~ Pb(208x 158 GeV/c)-Pb (NASQ) 1996

Measured / Expected JAY suppression

ol —— DS S 8 e .
Pb(208x 158 GeV/c)-Pb (NASO) 1996 with Minimum Bias

208 A O NI \ » siels R - 1R
pB(.’ [lph PbPb Pb{208x 158 GeV/c)-Pb (NAS0) 1998 with Minimum Bias
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highlights at RHIC

E Vl D E N C E F 0 R A D E N S E |_ | 0 U | D M. Roirdan and W. Zajc, Scientific American 34A May (2006)

Two phenomena in particular point to the quark-gluon medium being a dense liquid state of matter: jet quenching and elliptic flow.
Jetquenching implies the quarks and gluons are closely packed, and elliptic flow would not occur if the medium were a gas.

Jetof particles
/ ELLIPTIC FLOW

Fragment of

JET QUENCHING

b s 'l gold nucleus
Inacollision of protons, hard : Off-center collisions
scattering of two quarks produces L between gold nuclei
back-to-backjets of particles. o produce an elliptical

region of quark-
gluon medium.

Elliptical quark-
gluon medium

.
®e - s .
° o8 '.g.’.’ The pressure gradients

Inthe dense quark- 2®0e .. L) o'..  ad inthe ellipticalregion
gluon medium, the jets ... ¢ .“* o cause itto explode

hed. lik 070 000088, —~—a outward, mostlyin
ol b LLEX LIy .‘2 the plane ofthe
bullets fired into water, oYY "... P!
and on average only YL #—— Quark-gluon collision (arrows).
single jets emerge. - medium
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Particle Yields
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Particle Yields

e (Chemical freeze-out

e “sharp” end of inelastic collisions

® particle yields are fixed

e entropy of the system stays constant
e Chemical temperature

e if system is in local equilibrium the chemical temperature is
the temperature of the system at hadronization

59



E

nsembles of Statistical Mechanics

Microcanonical Ensemble
describes and isolated system
Canonical Ensemble
describes a system in contact with a heat bath
T is constant, Energy can be exchanged
Grand Canonical Ensemble

describes a system in contact with a heat and particle
bath

T is constant, Energy can be exchanged, number of
particles can change

For these systems we can define
Ps: probability of observing the System in energy state Es

Z: the partition function which describes how the
probability is distributed among the states

S: entropy of the system S = k log(Z), Boltzmann law

We use a Grand Canonical Ensemble
60



Canonical Ensemble

www.physics.udel.edu/~glyde/PHYS813/Lectures/chapter_6.pd
No+Ni=N=10", Eo+E, =E 1

_BE, probability to see a state with energy Es

Fo= e B= 1/(kT)

7 — E :e—BEs Z = Canonical partition function
S

F = U - TS Helmholtz free energy, maximal energy that can be converted into work

F(T,V,N)=—kTlog Z(T,V,N) = Z = e’*

— P, = ePE=Es)  and ZPS =1

61


http://www.physics.udel.edu/~glyde/PHYS813/Lectures/chapter_6.pdf
http://www.physics.udel.edu/~glyde/PHYS813/Lectures/chapter_6.pdf

Grand Canonical Ensemble

We build the GCE from the CE
P, = Z le Bbs = (BF-ES)

Es — Esa(Na) + Esb(Nb)

www.physics.udel.edu/~glyde/PHYS813/Lectures/chapter_6.pdf

F(T7 V7 N) — Fa(T7 VCL7NCL> —l_Fb(T)‘/baNb)

PS p— 6_5E3a(NCL) X e_BESb(Nb) X eﬁF(T,V,N)

now lets look at the probablity of observing a subsystem N, with energy Es(Na)

PSa (NCL) = 6_BEsa (Na) X GB(F—Fb) W/I/th Fb p— _k'T logze_BEsb(Nb)

Sb

62


http://www.physics.udel.edu/~glyde/PHYS813/Lectures/chapter_6.pdf
http://www.physics.udel.edu/~glyde/PHYS813/Lectures/chapter_6.pdf

Grand Canonical Ensemble

Psa (Na) p— 6_/8E8a (Na) X GB(F_Fb) WZth Fb — _k.T 10g26_5E8b (Nb)

Sb

since N, << N and V, <<V

OF OF
p— — p— _— _— a — a — PaVa
F.=F_F (8N> N, + <8V> % - Ny — poV

PSa (Na) — e_ﬁpava e_ﬁ(ESa (Na)_MNa)

—B(E,s. (Ng)—uNyg) The probability depends on the number of
PSa (NCL) X € ! and on the
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Grand Canonical Ensemble

PS (Na) X e_ﬁ(ESa (Na)—pNg)

Fa — MNCL — pava
N, — dF, _ dl'In Z,
dp dp

now more general
(without subsript a):

P,(N) o B(Es(N)—=puN)

Z — Z X G_B(ES(N)_FLN)
s,IN
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in general given he total number of

states N

we can write the total particion

functions as:

Z(T,V,u) = Z e~ B2 (Ei—p)n;

2. 1le

ni,n2

11

1

ni.nog,...
—B(E;—p)n; sum in exponential

geee 1

Z e B(Ei—p)n;

n;

goes to product

each exponential
only depends on
one of the n;



Example

Z(T,V,u) = Z e~ B2 (Ei—p)n; Hi(e—ﬁ(Ei—.u) € e—Qﬁ(Ei—M)) —

ni,na,...

— Z HG_B(Ei_N)ni A (e_B(El_'u) - Q_QB(El_M)).
n1,M2,0 e _ (6—5(]—'*72—#) 1 6—25(E2—M))
— G_B(Ei_,u)ni B
e 3
ni=1,2 and no =1,2 A=B

—Bl(E1—p)ni+(E2—p)n2] _ 4 = H )
> |

ni,n2

e BB =) +2(Ea—p)] 4 o=BR2(E1—p)+(E2—p)] partition function of whole system

4o BlE1—p)+(E2—p)] | o—B2(Er—p)+2(E2—p)] factorizes in products of partition
functions of single particle states

65



Grand Canonical Ensemble

For Fermions (n; = 0,1) and Bosons (ni = 0,1,2,3,...)
we get respectively:

|
_ —B(E;— _
Lp = H(l e ’u))’ 4B = H (1 — 6—5(Ez'—,u))

1 7

In Z transforms the product into a sum, The sum runs over the
number of states and if we include the phase space density

d>p
(27h?3)
we get:
d>p

an(T, V, ,LL) — ::gV/ (27Tﬁ)3
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Grand Canonical Ensemble

d3p
InZ(T.V = =1 In(1 + —B(Ep—p)

With this we can define the usual way pressure, N and energy:

:aTan N_(?Tan

P —
ov '’ )7
d>p E
E=V .
/ (27h)3 1 4 e B(Ep—n)
For an ideal gas E; = |p|, u=0:
fermions bosons

7 7° 1 T2 1
EZQF§%T4, P:§e 6:93%T4, Pzge
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ldentified Particle Yields

O - 1+t + 1t 1 17 © 1 1]
5 1 BBy o-o- \f5,=200 GeV E
e (N
_1_ ET;E :@Tg} i)
10 F _ 0D =
- O STAR T L C
L[ PHENIX |
10 E A BRAHMS - E
- —— T=164,p,=24MeV ‘;'—ﬁ_ ]
N T=152.5, u =24 MeV -
10 & -S- =
N I R N 1 [ 1t~7 1 1 [ 1 | A
n‘l(ﬁ]\.éled P AZEQdd ¢ KA AT
TKp AEZEQan g pp KKAGP

the thermal model (T, g, mass) fits very well

Works rather well in e* e- and proton-proton collisions as well, except for strange
particles
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Chemical Temperature T, [MeV]

250

200

150

100

50

=

early universe

A

RHIC

I SPS
I Lattice QCD

Phase Diagram

P. Braun-Munzinger, nucl-ex/0007021

onfinement
estauration

atomic ndc\lei

| 1 | A

0 200

400 600 800 1000 1200

Baryonic Potential ug [MeV]
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Collective Flow
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Collective Motion

=160 | | | | e
140 f
2 oP 120
° Oe 100 3p/1
80 |
. VHP ¢z Ve 6.0 |
ILL/'L — —
e+ P 14c¢ e 4.0 |
270 F E.Liéaf%,(gb(l)_g)eZT?nn and A. Peikert,
0.0 5 - - - - -
1.0 1.5 2.0 2.5 3.0 3.5 4.0
measurements of the o,
collective eXPanSion for a noninteracting gas of massless quarks
constrain ¢s and thus b, - % _ gg_;T4
the EoS gn ~ 3 gqap ~ 37
g = 2spin X 8gluons + < X 2ﬂavors X 2qq X 2spin X 3color

8
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Collective Motion

only type of transverse flow in central
collision (b=0) is radial flow Integrates
pressure history over complete
expansion phase

elliptic flow (v2) , v4, vs, ... caused by
anisotropic initial overlap region (b > 0)
more weight towards early stage of
expansion

directed flow (vi) , sensitive to earliest
collision stage (b > 0), pre-equilibrium at
forward rapidity, at midrapidity perhaps
different origin
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Collective Motion

explosive
mp = \/(m?+p;) purely thermal _ light source light
source £ =
dN © S
x e~ mT/T Z ‘ 2
demT g& gh
pT%pt%l+m<UT> My My
baryons, K anti-baryons, K, ¢
in p-p at low transverse . ey
Br=0.48 % 0.01

O T=122 +2 MeV
=048 0.01
%*/NDF=118/43 ) X*/NDF= 46/41

yields are well described

momenta the particle g
by thermal spectra (m+ N%

scaling) i

10" p( x0.5)
'boosted thermal spectra - _3 o
give a very good 10 I o
description of the particle N
distributions measured Iin 10"kl L B
heavy-ion collisions ) 0 05 1 15 2 0




Collective Motion

S)

p (P) (< 100 &

[ —®— CMS (n+,K",p).pp \S,,, = 2-76 TeV

- —©— STAR (Tc-sK-sms PP V?W =
I

®
—=— CMS (7,K',B), pp|s,, = 2.76 TeV
STAR (1+,K",p),pp |8, = 200 GeV

200 GeV

T =1 VISH2+1
T = ' HKM & ALICE, Pb-Pb m =2.76 TeV
= Krakow #STAR, Au-Au,\/sTlN = 200 GeV

I =+ MUSIC + UraMD  &PHENIX, Au-Au,\'s,,, = 200 GeV

1 2 0
m; - m, (GeV/c®)

2 3
m; - m, (GeV/c?)




Collective

baryons, K

anti-baryons, K, ¢

T=127 + 4 MeV
B,=0.48 = 0.01
x*/NDF=118/43

T=122 +2 MeV
B,=0.48 £ 0.01
**/NDF= 46/41

- . T
N K+
p( xO.S) \ X
v ( x0.05 ¢

5( %0.1)

\
& = O
A{ x0.00)

—

s\~~‘~ Q( K,@‘,z}
E { x0.01)

o d ¢ x0.01)

llllllllllllllllllllll llllIllllIllllIllll Ll

~Q( x0,05)

0 0.5 | 1.5 2 0 0.5 1 1.5 2

m,-m, (GeV)
mT cosh nr

Motion

E. Schnedermann and U. Heinz,
PRC 50, 1675 (1994)

“Blastwave fit”
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Collective Motion

104 LI L L LI L L L L L L LN L LB LB LB

E Blast-Wave

B Fohi . = NA4O & WA98 A PHENIX
O EOS O & NAM W STAR ¥ BRAHMS

10
STAR Preliminary

o (100x)

-2 z=7.8 St
0 pp INEL V7 Tev p+p(1x) PIQLI;EI(EHERY
10°

ARY
o4 ol

1/Ney 1/(2mp.) d2N/(dedy) [(GeV/c)?]

R NN R R P SRS NS S I N

K/\‘ T T T T T T T T
T+

data / model

IIIIIIIIIIIIl lIllIIIII||I|| ||lllllllll|l

o =] - o =
G aooaom

o IIIIIIlIIIIIl lI"IIlIIIIIII II""I”"II

LI I I [
I I I I I I I I I

0.2 —=— PYTHIAS pp Vs = 7 TeV (with CR) Boltzmann-Gibbs blast-wave fit _|

—=— PYTHIA8 pp (s = 7 TeV (no CR) 72 05-1.0 GeVie
a ; K":0.3-1.5 GeV/ic |

O 1 8 - s : p(p): 0.5-2.0 GeVic _|

0.16f L 3

0.14F - : PRELIMINARY |
1 q -
;

= =

0.12f

—=— pp Vs =7 TeV

0.1 —— p-Pb sy, =5.02TeV

—e— Pb-Pb \s\, = 2.76 TeV
74 global fit error

0.08 total error

e o Lo b L b b b b

0.2 0.25 0.3 0.35 0.4 045 0.5 0.55 0.6 0.65 0.7
B




- -
o o
N w

dN/(2r dy p, dp;) (GeV”)

—
S
X

Collective

0%~5%*1

40%~50%/10"

50%~60%/10°

60%~70%/10°

70%~80%/10°

+  PHENIX
STAR
—— MC-KLN
MC-Glauber

0%~10%* 6% Qjﬁ%

T

JIT 1
A4

1o%~2o%*%T)“*@’j@frﬁm\gi&;‘:7

B
20%~40%

-

40%~60%/10 =8l ;-

-3 160%~80%/1

n/s = 0.0
(ideal hydro)
n/s =0.08
n/s =0.16
n/s =0.24
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Viscous
hydrodynamics does
a good job explaining

the observed soft
particle spectra



Elliptic Flow

Ollitrault 1992

Animation: Mike Lisa




Elliptic Flow

Ollitrault 1992

Animation: Mike Lisa < 9 2>




Elliptic Flow

Ollitrault 1992

Animation: Mike Li
nimation: Mike Lisa <y2 o $2>

1) superposition of independent p+p:
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Elliptic Flow

Ollitrault 1992

Animation: Mike Li
nimation: Mike Lisa <y2 o $2>

1) superposition of independent p+p:
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Elliptic Flow

Ollitrault 1992

Animation: Mike Li
nimation: Mike Lisa <y2 o $2>

1) superposition of independent p+p:
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Elliptic Flow

Ollitrault 1992

Animation: Mike Li
nimation: Mike Lisa <y2 o $2>

1) superposition of independent p+p:

momenta pointed at random
relative to reaction plane
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Elliptic

1) superposition of independent p+p:

momenta pointed at random
relative to reaction plane

2) evolution as a bulk system

Flow

I




Elliptic

1) superposition of independent p+p:

momenta pointed at random
relative to reaction plane

2) evolution as a bulk system

Flow

“zero” pressure
in surrounding vacuum

I

>




Elliptic Flow

1) superposition of independent p+p:

momenta pointed at random
relative to reaction plane

2) evolution as a bulk system

pressure gradients (larger in-plane)
push bulk “out” 2> )

“zero” pressure
in surrounding vacuum

I

>




Elliptic Flow

1) superposition of independent p+p:

momenta pointed at random
relative to reaction plane

2) evolution as a bulk system

pressure gradients (larger in-plane)
push bulk “out” 2> )

HE

more, faster particles
seen in-plane

“zero” pressure
in surrounding vacuum

I

>




Elliptic Flow

1) superposition of independent p+p:

momenta pointed at random
relative to reaction plane

| | |
0 mt/4 7t/2 3n/4 g
¢-Wrp (rad)
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Elliptic Flow

1) superposition of independent p+p:

momenta pointed at random
relative to reaction plane

80

vy = (cos2(¢p —VR)) =0

| | |
/4 t/2 3n/4 g
¢-Wrp (rad)



Elliptic Flow

1) superposition of independent p+p:
) superp P TP N| ve = {cos2(¢p—V¥g)) =0
momenta pointed at random
relative to reaction plane

| | |
0 /4 t/2 3n/4 g
¢-Wrp (rad)

2) evolution as a bulk system

pressure gradients (larger in-plane)
push bulk “out” > “flow”

e

more, faster particles
seen in-plane

80



Elliptic Flow

1) superposition of independent p+p:

momenta pointed at random
relative to reaction plane

2) evolution as a bulk system

pressure gradients (larger in-plane)
push bulk “out” > “flow”

e

more, faster particles
seen in-plane

Normalized Counts

N| vo =(cos2(¢—V¥g)) =0

| | |
0 /4 t/2 3n/4 g
¢-Wrp (rad)

q)lab - \Pplane (rad)



Elliptic Flow

g = 2;‘/’; :r iii vo = (cos 2¢)

in non central collisions coordinate
space configuration is anisotropic
(almond shape). However, initial
momentum distribution isotropic
(spherically symmetric)

%

Interactions among constituents
generate a pressure gradient which
transforms the initial coordinate space
anisotropy into the observed
momentum space anisotropy —

Time
Time

anisotropic flow )’A Py
self-quenching — sensitive to early [ (RN
stage "X Ny

i N - j PX

8l



Flow at RHIC

Aoqi Feng

STAR Phys. Rev. Lett. 86, 402-407 (2001)

r

-

ideal hydro gets the magnitude for more central collisions

hadron transport calculations are factors 2-3 off
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Anisotropic Flow

0.8 1
Nep/Mpax

R.S., S.Voloshin, A. Poskanzer
STAR Phys. Rev. Lett. 86, 402—407 (2001) (Berkeley 2001)

-

-

For an ideal gas (pertubative QGP) the predicted elliptic flow is
negligible

Against naive expectations the measured elliptic flow agrees with an
ideal liquid (negligible specific shear viscosity n/s~0)
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v,(p,) and particle mass

® on what variables does it depend
(simplification)?

® the average velocity difference in and out of plane
(due to Ap)

® but also
® the average freeze-out temperature
® the average transverse flow

® the average spatial eccentricity
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Hydro Motivated Fit

J.Oh dq)b COS(z(l)b )]2 (at )Kl (Bt )(1
Jozn do, 1, (o )K, (B, )(1+2s, cos(20,))

Vv,(p,) =

o, (0,) = (£1)sinh(p(©,)) B, (®,) = <—f>cosh<p<<t>b>>

p(©,) =Py —Q+Qcos<2¢b>

STAR Phys. Rev. Lett. 87, 182301 (2001)
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The effect of freeze-out temperature and
radial flow on v,

— T =0.08 GeV
- — T=0.12 GeV

-1
J
D
(o
@)
)
Q)
Q
-
o
=
>
.
T
QL
-
>
<
v
o)
o
<
@)
~
Q
o
=
N
NG)
o
N
N
o
o
=

o light particle v,(p;) very sensitive to temperature

e heavier particles v,(p;) more sensitive to transverse flow
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The effect of the azimuthal asymmetric
flow velocity and shape

— R/R, = 1.05
=== R/R, = L1
- — R/R, =115

* larger value of the difference in collective velocity in and out of the reaction
plane leads to larger slope of v,(p,) above ~ <p.> of the particle

e larger spatial anisotropy leads to larger v, with little mass dependence
(transverse flow boosts more particles in the reaction plane)
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boosted thermal spectra

the observed
particles are
characterized by a
single freeze-out
temperature and a
common azimuthal
dependent boost
velocity

centrality: 0-80%

o T+ 1T T =100 MeV, §, = 0.54c, B,= 0.04c and s, = 0.04
* K(S) Common freeze-out curves
Ap+p

A+ A
v Cascade

RHIC preliminary

N
.
= W
o
“r‘
oW
1}
v et
W
' v

0O 02 04 06 08 1 12 14 16 18 2
p, [GeV/c]

Fits from STAR Phys. Rev. Lett. 87, 182301 (2001)
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centrality: 0-80% .
o T+ 1T T =100 MeV, (3, = 0.54¢c, $,= 0.04c and s, = 0.04 HydrO curves HllOVlneIl

— EOS with phase transition
--=-= Hadron gas EOS

Common freeze-out curves

®tt+ T
Ap+p

/ 8
b KN
p .
et
J
w
W
R
e

0 02 04 06 08 1 12 14 16 18 2
p, [GeV/c]

0 0.1020304050.6070809 1
p; [GeV/c]

Data: STAR Phys. Rev. Lett. 87, 182301
(2001)

[The species dependence is sensitive to the EoS ]
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New state of matter more remarkable than predicted --

raising many new questions
April 18, 2005

L -73847-2005
Formal Report

Hunting the Quark Gluon Plasma

RESULTS FROM THE FIRST 3 YEARS AT RHIC

ESSMENTS BY THE EXPERIMENTAL COLLABCRATICNS

April 18,2005

S
PH ENIX

- (RHIC) « Brookhaven Nationa

Office of
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change description from a

weakly coupled to strongly
coupled system

Early Universe Went With the Flow
Posted April 18, 2005 5:57PM

Between 2000 and 2003 the lab's Relativistic Heavy lon Collider
repeatedly smashed the nu
that their energy briefly generate dt illion-degree te mp eratures.
Physicists think of the colli d a time machine, bec

extreme temperature conditio I st pre

100 millionths of a second after the big bang

Early Universe was a liquid

Quark-gluon blob surprises particle physicists.

namare

The Universe consisted of a perfect liquid in its first moments,
according to results from an atom-smashing experiment.

Mark Peplow

Early Universe was 'liquid-like’

Physicists say they have
created a new state of hot,
dense matter by crashing
together the nuclei of gold
atoms.

The high-energy collisions
prised open the nuclei to reveal
their most basic particles,
known as quarks and gluons.

The researchers, at the US
Brookhaven National
Laboratory, say these particles
were seen to behave as an
almost perfect "liquid".

The impression is of matter that is
more strongly interacting than
predicted

Universe May Have Begun as Liquid, Not Gas

@he Washington Post

at the universe behaved like a

s that was thought to have

clei of gold atoms together with such force

Allows for using
‘AdS/CFT’-
correspondence to
calculate transport
properties like the
specific shear

viscosity 1‘

AdS/CFT
calculations

established a strong " ,p |

coupling lower limits
to the specific shear
viscosity which seem
to be very close to
the maximum
allowed by the
elliptic flow data
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“ A test of this prediction comes from

“The lllusion of Gravity” J. Maldacena

SCIENTIFIC
"AFERICAN

PANSPERMIA:
Martian Cells
Could Have

Reached Earth

NOVEMBER 2005 409
WWWSCIAM.COM

~ O L UkioN
OSRAVITY

Holographic physics might explain
nature’s most baffling force

the Relativistic Heavy lon Collider
(RHIC) at Brookhaven National
Laboratory, which has been colliding
gold nuclei at very high energies. A

¥ preliminary analysis of these

experiments indicates the collisions
are creating a fluid with very low
viscosity. Even though Son and his
co-workers studied a simplified

, version of chromodynamics, they

seem to have come up with a
property that is shared by the real
world. Does this mean that RHIC is
creating small five-dimensional black
holes? It is really too early to tell,
both experimentally and theoretically.



AdS/CFT

4tm 200 AR
1 : !
hs — Helium 0.1MPa I =
-~ Nitrogen 10MPa 1 !
150 ----- Water 100MPa I| "
'. :
1 - 1
1 - |
1 : ,’
100 L ‘ : ]
\ !
\ y |
\ r-
\ ] -
\ II :
50 |- v
\ Y4
\ Y 4
\ V4
.’
() | - I 1| I 1 1 | I I
! T 100 T
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T, K
Kovtun, Son, Starinets, PRL 94 (2005) 111601




QCD properties are in principle calculable from the
QCD Lagrangian using Lattice QCD

g
v not an ideal gas!!!!

small difference in €/T4, still a
very different system

v ideal gas — strongly
coupled liquid

v AdS/CFT reaches indeed also
0.75 of the SB limit

100 150 200 250 300 350 400 450 500 550 \

T [MeV]

1 2
= —e=g—T*
P 3¢~ 990

JgH ~ 3 QQGP ~ 37

g = 2Spin X 8gluons =+ g X 2ﬂawors X 2ch X 2spin X 3color
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How to measure flow!

the event plane method

(multi)-particle correlations and cumulants

ALICE Preliminary, Pb-Pb events at \'s,, = 2.76 TeV

|
HUEIIIIE]E]

W
=R
EF

Vv, (charged hadrons)
o Vy{2} (| An| > 0)

[= ] vu2} (|An] > 1)

=] vo{4}

(=] v,{6}

=] v{8}

60 70 80
centrality percentile




Anisotropic Flow

Azimuthal distributions of particles measured
with respect to the reaction plane (spanned

by impact parameter vector and beam axis)
are not isotropic.

d°N 1 d°N

— 1+ ) 2v,cos(n(¢p—Y
d°p 27 prdprdy ,Z‘l (¢ = *re)

v, = (cosn(¢—Frp))

harmonics vn quantify anisotropic flow

S.Voloshin and Y. Zhang (1996)
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Azimuthal distributions

T
L Z Ty, cos(ny) + yy, sin(nyp)]

r(p) = o

n=1

symmetries reduce the number of parameters

1) particle yield at ¢ and -¢ should be equal ->
yn = 0 (nO sin terms)

AN 1 -
T = o 1+ Z 20, cos[n(p — VR

n=1

2) particle yield at ¢ and ¢+t should be equal ->
cos(ng) = 0 for odd n

only even harmonics at mid-rapidity, v, v4, ve, etc
un = (cos[n(p — Wr)|)
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The Event Plane
Method



Event Plane Method

the event plane is an experimental estimate of the reaction plane

Qnaz — Z w; COS (TLQSZ)

Qny = Z w; sin (ng; )

pEP — ltzm_1 <Qny>




Event Plane Method

weights to optimize the Q-vector

(b)

- SMJ = 200 GeV (PHENIX)

—@— \[5,, = 62.4 GeV (PHENIX)

—m— \[s,, = 17 GeV (CERES)

weights are in general p; dependent
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Event Plane Method

weights to optimize the Q-vector

STAR:\g, = 200 GeV |
NA49: \g9. = 17.2 GeV !

NA49: shifted by Ay, ...}

weights are in general 1 dependent (in
magnitude and for odd harmonics in sign)
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Event Plane Method

weights to correct for detector asymmetries

__ o O weights (NESD inCut)

—e— O weights (N’ESD inCut)

50 100 150 200 250 300 350
¢ (deg)

requires two passes over the data
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resolution and subevents

® due to the finite number of detected particles there
is a limited resolution in the event plane angle

pOPs = (cosn (¢p; — \IISP)>

n

obs

Un

(cosn (WEP — Wg))

Unp —

® one can correct for that with subevents

(cosn (U5 —WR)) =C x \/<cosn(\11,j‘; — o))
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resolution and subevents

® when dominated by
flow the event plane
resolution scales with
M2 x v5 (when not too
close to |)

® gives very characteristic
dependence on
centrality

01 02 03 04 05 06 0.7 08 09 1
N /N max

® nonflow will scale very
different: the red line
was first STAR estimate
of nonflow

STAR, PRL 86, (2001) 402, Nucl. Phys. A698 (2002) 193
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Methods using directly
(multi)-particle
correlations



measure anisotropic flow

— <6in(so—\IfR)>

® since reaction plane cannot be measured event-by-event,
consider quantities which do not depend on it’'s orientation:
multi-particle azimuthal correlations

<€m(¢1—¢2)> _ <€ifr;¢1> <€—z‘7¥bz> 4 <6m(¢1_¢2)>

zero for symmetric detector when averaged over many events

e <<ei”l(¢1—¢2)>> _ <<ein(¢1—‘l’Rp—(¢z—‘PRp))>>
_ << ein(¢1—tpRp)> <e—in(¢2—‘PRp)>>

(va)

® assuming that only correlations with the reaction plane are
present

COrr
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Intermezzo

¢ Why do weE deﬁne the <<$>particles in single event>
correlations like this:

over events

® casy to relate to v << oi1(91-92) >>
° vani§hes for independent <<€in(¢1+¢2—¢3—¢4) >>
particles

® do not depend on frame @
+ X (shifting all particles by
fixed angle) gives same
answer for the correlation
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nonflow

® however, there are other sources of correlations between
the particles which are not related to the reaction plane
which break the factorization, lets call those 0, for two
particle correlations

<<ein(¢1—¢2) >> _ <V,%> + &

>\T

v2>0,v2{2} >0 v2=0,v2{2} =0 wv,=0,

|07



nonflow
<<ein(¢1—¢2) >> _ <V;%> + &

particle | coming from the resonance. Out of
remaining M-| particles there is only one which is
coming from the same resonance, particle 2.
Hence a probability that out of M particles we will
select two coming from the same resonance is ~
|/(M-1). From this we can draw a conclusion that

for large multiplicity: 52 ~ I/M

® therefore to reliably measure flow:
> 1M = v,>>1/MY?
® not easily satisfied: M=200 v, >> 0.07
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can we do better!

® use the fact that flow is a correlation between all
particles: use multi-particle correlations

(o)
<<ein(¢1+¢2—¢3—¢4) >>

® not so clear if we gained something

v,%—|—52

V428 4+ 285 +04
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Cumulants

JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN, Vol. 17, No. 7, JULY 1962 (Xipe=( X5
. {XDe=({ X)) —< X5)*
X Xipe={ X; X0)— L X5 Xv)

" | . XXX =L X; Xu X1y
Generalized Cumulant ExpanSJ.on Method* 1 6300 03N0.00.0.0 2 R0.0.0.0))

F 2 X XX X

Ryogo KUBO . | (XXX Xnyo={ Xi X X1 X
. . . — XM XX XmD L X X5 X1 Xm) L Xi){ X5 X Xonp +{ X XX X X XD}
Department of Physics, University of Tokyo — U X XX X Xom> L X X K Xom L X XD X XD}

(ReceiVed April 11, 1962) + 2 XX XX X1 X p L X X)X Xom )+ X)X X XX X X 1)

H{X i XX X Xom ) L X X Xiepd Xom )+ X X )} Xiep{ XD}
The moment generating function of a set of stochastic variables defines —6X X)X Xom)
the cumulants or the semi-invariants and the cumulant function. It is
possible, simply by formal properties of exponential functions, to gener-
alize to a great extent the concepts of cumulants and cumulant function.
The stochastic variables to be considered need not be ordinary c¢-numbers
but they may be ¢-numbers such as used in quantum mechanics. The
exponential function which defines a moment generating function may
be any kind of generalized exponential, for example an ordered ex-
ponential with a certain prescription for ordering 'q-number variables.
The definition of average may be greatly generalized as far as the
condition is fulfilled that the average of unity is unity. After statements
of a few basic theorems these generalizations are discussed here with
certain examples of application. This generalized cumulant expansion
provides us with a point of view from which many existent methods in
quantum mechanics and statistical mechanics can be unified.

cumulants allow us to see if there are correlations in the system

between particles (cumulants nonzero only mathematical proof)
|10



Cumulants

The most general decomposition of the 2-particle correlation is given by:
(X1Xo) = (X1)(X2) + (X1.X0),

The 2-particle correlation is the product of the single particle distribution
+ a genuine 2-particle correlation

There is no way to measure the genuine two particle correlation directly
but by rewriting the equation we can obtain them
<..>c are the cumulants

The second order cumulants is rather trivial:

(X1X2)e = (X1 X2) — (X7)(X2)



Cumulants

The most general decomposition of the 3-particle correlation is given by:

(X1X2X3) = (X1)(Xo)(X3)+(X1X2)(X3)+ (X1 X3)(Xo) + (X2 X3)(X71)+
+(X1X2X3),

observables are the three particle correlation, the single particle
distributions and the second order cumulant we already extracted before
from the two-particle correlation and single particle distributions

With these measurements we extract the 3rd order cumulant
<X X2 X3>c:

(X1X9X3) = (X1XoX3) — ((X1)(X2X3) + (Xo)(X3X1) + (X3)(X1X2)) +
2(X1)(X2)(X3)

Following this strategy we can extract also all higher order cumulants
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Yes, We Can!

= e
- >

Can we do better?

® build cumulants with the multi-particle correlations
Ollitrault and Borghini

® for detectors with uniform acceptance 2" and 4
cumulant are given by:

{2} = <<ein<¢1—¢2>>> _ 245,

cp{d} <<ein(¢1+¢2—¢3—¢4) >> 9 << oM (91—02) >>2

VI 428, 4287 —2(v2 +8)% +8.4
—v, +04

® got rid of two particle non-flow correlations!
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Yes, We Can!

Can we do better?

Particle | coming from the mini-jet. To select particle 2 we can

P3x A P4 ) . : : :
make a choice out of remaining M-I particles; once particle 2 is
P2 : - .
selected we can select particle 3 out of remaining M-2 particles
> and finally we can select particle 4 out of remaining M-3
|

particles. Hence the probability that we will select randomly
four particles coming from the same resonance is |/(M-1)(M-2)
(M-3). From this we can draw a conclusion that for large

multiplicity: 52 N 1/M, 54 N 1/M3
® therefore to reliably measure flow:

> 1/M = v,>>1/MY?
vis /M o= vy>> 1/ M

| 14



Yes, We Can!

Can we do better?

it is possible to extend this:
2k—1

vEsS 1 /MY = v, > 1/ MF
for large k

v > 1/M

as an example: M=200 v, >> 0.005 (more than order of
magnitude better than two particle correlations)

to reliably measure small flow in presence of other
correlations one needs to use multi-particle correlations!

15



Calculate Correlations

(using nested loops)

To evaluate average 2-particle correlation

P(P1—02) N o(Pi—¢;)

Pl
(i#])

(2)

1 M
21 (M—2)!

With M=1000, this approach already for 4-particle correlations gives 1.2 x 10?2 operations
per event!

In a nested loop # operations

calculation of average 6-particle correlation requires roughly 1.4 x 10!7 operations, and of
average 8-particle correlation roughly 8.4 x 10%' operations per event

clearly not the way to go
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Calculate Correlations

(using Q-cumulants)
A. Bilandzic, RS, S.Voloshin (201 1)

azimuthal two particle correlations*

<2>_< in(91 - > () Ze n(¢i—9;)

i, j=1
(i#])
definition of Q vector of harmonic n
M
On = Z "
i=1

can write two particle correlation in
terms of Q vector of harmonic n

L ’inz_
(2= M(M —1)
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Calculate Correlations

(using Q-cumulants)

as we saw before in case of only
flow correlations

2
<2>: ‘Qn| —-M 2

MM—1) "

for zero flow, we have a random walk
M—-M
‘Qn‘N VM <2>_M(M_1):O

and as we saw if there is no flow and
only nonflow we get

(2) =0
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Calculate Correlations

(using Q-cumulants)

two particle correlations can be
expressed in Q vectors

(2) = Lenl =

but also four particle correlations (and more)

(/(/nOte the mixed harmonics
Qul' + 1Qonl” T2 Re [@:n0;0;] — 4(M = 2) - |Q, ]

4) = M(M —1)(M —2)(M — 3)
2

(M —1)(M —2)

with this it becomes trivial to make cumulants again
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Calculate Correlations

(using Q-cumulants)

® pros Q-cumulants

® exact solutions, give same answer as nested loops

® one loop over data enough to calculate all multi-
particle correlations

® number of operations to get all multi-particle
correlations up to 8% order is 4 x 2 x Multiplicity

® for multiplicities of ~ 1000 the number of
operations is reduced by a factor 10'8 !!
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nonflow example

Example: input v = 0.05, M =500, N =5 x 106 and simulate nonflow by taking each particle twice

V?{MC} V?{SP} %{%GFC}%{Z'QC} %{{GFC}%{{QC} %{QGFC}%{QQC} %{QGFC}%{QQC} V?{FQD} V?{LyzsU
y m}

as expected only two particle methods are biased

A



Flow Fluctuations

Both two and multi-particle correlations have an
extra feature one has to keep in mind!

® By using multi-particle correlations to estimate flow we are
actually estimating the averages of various powers of flow

(V= {(6)) = (v°
Vs (8) = ()

((2))
4
® But what we are after is: <V>
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Flow Fluctuations

2} = 0y
= -y
e = -y
" = -y

® for O, << <v> this is a general result to order 0%
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Flow Fluctuations

Example: input vo = 0.05 +/- 0.02 (Gausian), M=500, N=1 x 106

I I I I I I I I I I I

Vall VitSpy, %2 an %0204 2l 0 204 0n. 206 an 2060 208 0n 2080~ 20FON. UL
XMey 2Spy 2 ’GFC}? Qcy * 'GFC}" Qcy ° 'GFC}2 Qcy ? ’G/:C}" 'Qcy 21" Qo * yz'Su,,,}

Gaussian fluctuation behave as predicted
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non-uniform acceptance

® TJo correct for the bias on the correlations from a non uniform

detector various techniques have been developed over the
years

® |Initially for analysis (e.g. using the reaction plane method)
approaches such as flattening, re-centering, etc were developed

® they required a second run over the data (bad idea
nowadays)

® some have problems with gaps in the acceptance
® For Q-cumulants we calculate the bias explicitly

® works to high precision and can be done without extra run
over data
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recap Q-weights

® first perform a run over the data to get the azimuthal
distribution in the laboratory (with the cuts on the tracks
which one uses in the analysis!)

® this should be flat for a good detector

® use in the second run the inverse of the distribution as a
weight for constructing the weights

M .
Qn — Z W¢i€ln¢i
=1

limitations: needs second run and cannot handle
big gaps in the detector!
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Non-uniform Acceptance

® remember when we started the derivation for the
multi-particle correlations we removed the terms
which are zero for a perfect detector

<<€m<¢1—¢2>>> = ((eM91)) ((e7in®2)) + <<em<¢1—¢2>>>

zero for symmetric detector

corr

® now we gonna keep track of them

((ememen)) = ({0 = () ()
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Non-uniform Acceptance

for the real part

QC{2} = ((cosn(¢1—¢2))) — ((cosny))* — ((sinng))’
OC{4} = ((cosn(g)+¢r—3— >>> << osn(91—2)))>

— 4-{({cosn@y)) <<COSH(¢1 93))
+ 4-((sinn@y)) ((sinn(¢;—@r—@3)))
— {{cosn(@+¢)))* <<Sln”(¢l+¢’2)>>

- 4-((cosn(¢1+92))) {<<COSV!¢1>>2 - <<Sin”¢1>>2}
+ 8. <<sinn(¢1+¢z)>> <<sinn¢1>> <<COS”¢1>>
+ 8- ((cosn(91-9))) |((cosngn))* + ((sinngr))*

— 6- [((coanbl})z + <<sinn¢1>>2} ’

The yellow terms correct for non-uniform acceptance
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Non-uniform Acceptance

when using @-weight is possible

¢ for RP selection

azimuthal distribution in
the lab frame
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Non-uniform Acceptance

when using @-weight is possible

Average Multiplicity
and
Number of Events:

M= 421, N = 10000

©  QC{2}: Not corrected

% QC{2}: Phi weights used

® QC{2}: Autocorrected

For 2" order both corrections work (and agree)!
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Non-uniform Acceptance

when using @-weight is possible

Average Multiplicity
and
Number of Events:

M= 421, N = 10000

O QC{4}: Not corrected

* QC{4}: Phi weights used

o

B QC{4}: Autocorrected

For 4™ order both corrections work (and agree)!
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Non-uniform Acceptance

when using @-weight is possible

Average Multiplicity
and
Number of Events:

|:| MC ... M =421, N = 10000

O QC: Not corrected

¥  QC: Phi weights

corrections are sizable, but work!
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Non-uniform Acceptance

when using @-weight is not possible

sizable gaps, can be closed by rebinning but
then you have really large bins
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Non-uniform Acceptance

when using @-weight is not possible

SP and FQD are off the plot. {QC,2} and {QC,4} are in agreement
with the Monte Carlo. The projection on fixed angles (GFC and LYZ)
do a good job (but not as good as the full correction)

|34



Cumulants in Pb-Pb

x10°
i 7TV (a) I % (b)
Cp-p7Te af
i — v,=0.05 -
% Data (7 TeV) e B ALICE preliminary

). e N\ 4\ S
=Ny “N
= 5
I S 4
“tmz

L J

p-p

note the

change in

sign from
p-p to Pb-Pb

Pb-Pb

LN )

1000 1500 2000 2500 500 1000 1500 2000 2500
Multiplicity (uncorr.) Multiplicity (uncorr.)

remember QC{2} = v, QC{4} = -v*
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Flow at first sight!

x10

o —

,;'- ALICE performance
2

"l-..h___

1 I...Iﬁ -;....... P T | | |

T 1500 2000 _ 2500 7500 2000 2500
Multiplicity (uncorr.) Multiplicity (uncorr.)

OFl

ALICE performance ALICE performance
>

©
ES

o
[X)

on III|III|III|III

—S—-soreormmpmpannssReEd . o . .

1500 2000 2500 7500 2000 2500
Multiplicity (uncorr.) Multiplicity (uncorr.)

remember QC{2} = v, QC{4} = -v*, QC{6} = 4v®.and QC{8} = -33v®

o

cumulants show strong collective flow!




K. Aamodt et al. (ALICE Collaboration) PRL 105,

252302 (2010)

|8 Selected for a Viewpoint in Physics
PHYSICAL REVIEW LETTERS

week ending
PRL 105, 02 (2010) 17 DECEMBER 2010

S

Elliptic Flow of Charged Particles in Pb-Pb Collisions at ./syy = 2.76 TeV

K. Aamodt et al.*
(ALICE Collaboration)
(Received 18 November 2010; published 13 December 2010)

We report the first measurement of charged particle elliptic flow in Pb-Pb collisions at
2.76 TeV with the ALICE detector at the CERN Large Hadron Collider. The measurement
the central pseudorapidity region (|n| < 0.8) and transverse momentum range 0.2 <
The elliptic flow v,, measured us he 4-particle correlation met!
momentum and pseudorapidity is 0.087 = 0 stat) = 0.003(syst) in the 40%—50% centrality class. The
differential elliptic flow v,(p,) reaches a maximum of 0.2 near p, = 3 GeV/c. Compared to RHIC Au-Au
200 GeV, the elliptic flow inc

h include viscous corrections are in

collis at es by about 30%. Some hydrodynamic model

predictions ement with the observed increase.

DOI: 10.1103/PhysRevLett.105.252302 PACS numbers: 25.75.Ld, 25.75.Gz, 25.75.Nq

'\'\‘ - ’)“
; létv |

A. Bilandzic M. Krzewicky

ALICE
STAR
PHOBOS
PHENIX
NA49
CERES
E877
EOS
E895
FOPI

First LHC heavy-ion physics paper <10 days after first collisions

very low viscosity liquid..

\_

‘CERN, November 26,2010:
‘the much hotter plasma produced at the LHC behaves as a
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v2 in ALICE

v,i2}
V,{2} (same charge)

v,{4}

v,{4} (same charge)
v,{q-dist}

v,{LYZ}

50 60 70 80
centrality percentile

K. Aamodt et al. (ALICE Collaboration)

PRL 105, 252302 (2010)

-

\_

expected difference between two and multi-particle estimates

multi-particle estimates agree within uncertainties as is
expected for collective flow!

~
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v2 versus centrality in ALICE

2} =
4} =
V{6} = . v, (charged hadrons)
o V{2} (|An| > 0)
=] v {2} (|An| > 1)
' =
- Vv
8} = ] = va{8)
60 70 80
centrality percentile
( N

Clear separation between v2{2} and higher order cumulants
Higher order cumulant v, estimates are consistent within
uncertainties
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End Lecture ||



recap lecture | and 2

At high temperatures, ~150 MeV, we expect a phase transition
from normal nuclear matter to a QGP

Properties of this matter teaches us about QCD in the
nonperturbative domain and give some insights in the properties
of the early universe

We saw how we characterize the various collisions
Looked at proposed smoking guns (SPS)

Characterized the properties of the created system in heavy-
ions; energy density, chemical temperature, kinetic temperature,
collective expansion, ....

anisotropy in collective expansion and how we measure this via
correlations
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highlights at RHIC

E Vl D E N C E F 0 R A D E N S E |_ | 0 U | D M. Roirdan and W. Zajc, Scientific American 34A May (2006)

Two phenomena in particular point to the quark-gluon medium being a dense liquid state of matter: jet quenching and elliptic flow.
Jetquenching implies the quarks and gluons are closely packed, and elliptic flow would not occur if the medium were a gas.

Jetof particles
/ ELLIPTIC FLOW

Fragment of

JET QUENCHING

b s 'l gold nucleus
Inacollision of protons, hard : Off-center collisions
scattering of two quarks produces L between gold nuclei
back-to-backjets of particles. o produce an elliptical

region of quark-
gluon medium.

Elliptical quark-
gluon medium

.
®e - s .
° o8 '.g.’.’ The pressure gradients

Inthe dense quark- 2®0e .. L) o'..  ad inthe ellipticalregion
gluon medium, the jets ... ¢ .“* o cause itto explode

hed. lik 070 000088, —~—a outward, mostlyin
ol b LLEX LIy .‘2 the plane ofthe
bullets fired into water, oYY "... P!
and on average only YL #—— Quark-gluon collision (arrows).
single jets emerge. - medium
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New state of matter more remarkable than predicted --

raising many new questions
April 18, 2005

L -73847-2005
Formal Report

Hunting the Quark Gluon Plasma

RESULTS FROM THE FIRST 3 YEARS AT RHIC

ESSMENTS BY THE EXPERIMENTAL COLLABCRATICNS

April 18,2005

S
PH ENIX

- (RHIC) « Brookhaven Nationa

Office of
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New state of matter more remarkable than predicted - ALICE
raising many new questions - April 18, 2005

Hunting the Quark Gluon Plasma
RESULTS FROM THE FIRST 3 YEARS AT RHIC

April 18,2005

¥ STAR

< PHOBOS
[1 PHENIX
B NA49

' CERES

+ E877

¥ EOS

A E895

Y FOPI

llllI
10°

\ Sy (GeV)

-t
o
=Y

What to expect at the LHC: still the perfect liquid
or are we approaching the viscous ideal gas!?

| 44




The Perfect Liquid

0.08

0.06

0.04

0.02 ® ALICE
¥ STAR
0 PHOBOS
PHENIX
NA49
CERES
E877
EOS
E895
FOPI

K. Aamodt et al. (ALICE Collaboration)

PRL 105, 252302 (2010)

_ very low viscosity fluid (a perfect fluid)

" The system produced at the LHC behaves as a

J

145
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v2 in ALICE

ALICE preliminary, Pb-Pb events at \/s,,, =2.76 TeV

Pb-Pb \s,, = 2.76 TeV 10-40% (PHENIX data: Au-Au@200 GeV)
o[ [JaK (PHENIX)  -—RHIC hydro

ALICE —LHC hydro

PRELIMINARY I:lﬁ (PHENIX) (CGC initial conditions)
[o]m= v {2, Iagi>1}y  (Ws=0.2)
[a]K%, v2{2, |AnI>1}
[=]P, v.{2, IAnI>1}

V,{SP, |An[>1} V,{EP, |An|>2}
[e]n
arXiv:1205.5761

[¢]p+p
centrality 20%-40%

0O 02 04 06 08 1 12 14 16 18 2
P, (GeV/c)

Stronger radial flow at the LHC
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v2 in ALICE

Pb-Pb |s,, = 2.76 TeV 10-20%
V,{SP, |An|>1} + ' V,{SP, |An|>1}

(&~ [a]x
(=« | b : o
[a]p = [=]p
0 : Bk
[e]a

AIP Conf. Proc. 1441, 766
PRC84 044903 ALICE

AIP Conf. Proc. 1441, 766 ALICE
PRELIMINARY PRC84 044903

PRELIMINARY

Stronger radial flow but pure hydro calculations do not
describe well the most central collisions
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v2 in ALICE

ALICE preliminary, Pb-Pb events at\ /s, = 2.76 TeV
centrality 10%-20% o -
(CGC initial conditions)

@nt, v {SP, |An|>1} (/s=0.2)
mK:, V.{SP, jAn|>1}  —hydro LHC
wP. v{SP, |An[>1}  -hydro+UrQMD LHC

T 1

¥ N

"
 SEETS oo ®

-

Radial flow build up in the hadronic phase has to be taken into
account, models have to be more sophisticated
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IP-Glasma

gluons +
fluctuations

MC-
Glauber

initial conditions

PHOBOS(hit)

hydro+cascade, CGC

hydro+cascade, Glauber

PHOBOS((track)

T. Hirano et al., Phys. Lett. B 636 299 (2006)
T. Hirano et al., J.Phys.G34:S879-882,2007

0O 50 100 150 I\2100 250 300 350 400

part

\_

e ‘ . ) .
limit on how “non-ideal” the system is allowed to be depends on

our understanding of the initial conditions!

~N

J
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v2 fluctuations ..

2 /8583 s
2 Io QP

.: I‘OO:Q‘q """ X
e I‘@.-'-_

I~ = /0 .. "V oloe X
O 05— ey A4 F —| N o) 1

O AN

o N

vvvvv

® measured: v2{2} = /((v2)2 + 02 + 0)

—]
oo
o

using: Vo X €

>
=
O
-
i)
c
(]
o
o
(]

® |f the eccentricity fluctuates
(%) — (&) #0
(va) # V/{(v2)?)

fluctuations change v, estimate
M. Miller and RS, arXiv:nucl-ex/0312008 significantly!

14 16 18 20
Impact parameter (b)
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v2 versus centrality in ALICE

2} =
4} =
V{6} = . v, (charged hadrons)
o V{2} (|An| > 0)
=] v {2} (|An| > 1)
' =
- Vv
8} = ] = va{8)
60 70 80
centrality percentile
( N

Clear separation between v2{2} and higher order cumulants
Higher order cumulant v, estimates are consistent within
uncertainties
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vo fluctuations

ALICE Preliminary, Pb-Pb events at \STIN =2.76 TeV ALICE Preliminary, Pb-Pb events at \/s,, =2.76 TeV

E ALICE f(v)

—— MC-KLN f(g,)

(28 + v{4))

MC Glauber f(e,)

2

I
S
D
q—
-

N

>

1

s

q\|
-

[\

2

o

e e e e e =

———- MC-KLN (2.76 TeV) o /<e,>

o
)V

(v, {2 - v{4¥)/(v

MC Glauber (64 mb) 0'82/<82>

30 35 40 45 50
centrality percentile

Ou (vz{z}—vz{zl})%

25 30 35 40 45 50
centrality percentile

Un vni2} + vn {4}
" For more central collisions the data is between
| MC Glauber and MC-KLN CGC )
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ldeal Shapes

we are not in
Plato’s ideal world

symmetries are not there in single collisions
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Azimuthal distributions

T
L Z Ty, cos(ny) + yy, sin(nyp)]

r(p) = o

n=1

symmetries reduce the number of parameters

1) particle yield at ¢ and -¢ should be equal ->
yn = 0 (nO sin terms)

AN 1 -
T = o 1+ Z 20, cos[n(p — VR

n=1

2) particle yield at ¢ and ¢+t should be equal ->
cos(ng) = 0 for odd n

only even harmonics at mid-rapidity, v, v4, ve, etc
un = (cos[n(p — Wr)|)
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Azimuthal distributions

xo
27T

+ — Z Ty, cos(ny) + yy, sin(nyp)]

n=1

in general can be written as:

Vo 1 —
M) =5 T D _[vn cos(ng — )]
n=1

all harmonics at mid-rapidity; v, v2, v3, V4, Vs, Ve, €tc
vn = (cos[n (¢ — Wn)))

in addition; P, P2, W3, P4, Ps, Pe, etc
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initial conditions and v,

G. Qin, H. Petersen, S. Bass, and B. Muller

o2 dN 2 AN >
N d¢ +n:2,4,6,... mcosnle = W) N d¢ Hn:l%” cosnio =t

initial spatial geometry not a smooth almond (for which all

odd harmonics and sin n(P-YR) are zero due to symmetry)
and fluctuates event-by-event
leads to higher odd harmonics and symmetry planes
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Shear Viscosity

N/s =0
-->
— —
n/s >0
-
—_— —_—

differences which get destroyed more
easily, and which, if measurable, makes

them more sensitive probes to N/s

i > uy > u3 shear viscosity will make
/ ; them equal and destroy the elliptic flow v,
higher harmonics represent smaller
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shear viscosity

7=0.4 fm/c 7=6.0 fm/c, ideal 1=6.0 fm/c, n/s=0.16

Music, Sangyong Jeon

initial conditions ideal hydro n/s=0 viscous hydro n/s=0.16

pions
kaons
protons

larger n/s clearly smoothes the
distributions and suppresses
the higher harmonics (e.g. v3)

Hydro: Alver, Gombeaud, Luzum & Ollitrault, Phys. Rev. C82 (2010) 158



——0-0.2%

" 0-5% Solid: IP-Glasma

0.0 008 Dash—dotted: MC—-Glauber
® ALICE —+—50-60% .
® ATLAS 2 O( Dashed: MC-KLN

0 O CMS
% STAR
& PHOBOS
0.0 [ PHENIX
H NA49
0.04 CERES
+ E877
¥ EOS
; A E895
o ¥ FOPI

|
0.08

Fluctuating initial conditions generate power spectrum of harmonics which are different for
different collision centralities.

Central collisions dominated by fluctuations resulting in a flat power spectrum

peripheral collisions dominated by the 2" order coefficient.

Measurements of the power spectrum allows us to disentangle the various initial state models
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——0-5% Solid: IP-Glasma
+20-30% Dash-dotted: MC-Glauber
—+—50-60% Dashed: MC—KLN

centrality percentile

Currently only the IP-Glasma initial conditions provide a

consistent description of the measurements
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Compared to data

ALICE data v,{2}, p>0.2 GeV
n/s =0.2

centrality percentile

Almost perfect match
between data and theory!

&5 IP-Glasma
Vv, IP-Glasma+MUSIC =~ ——
Vo ATLAS —e—

T pr>05GeV
n| < 2.5

0.5 1 1.5 2 2.5
Vol{Vy), €o/{€0)

€5 IP-Glasma
v5 IP-Glasma+MUSIC =~ ——
Vg ATLAS ——

| < 2.5

0.5 1 1.5
Va/{V3), €3/(€3)

20-25% |e4 IP-Glasma
v, IP-Glasma+MUSIC =~ ——
V4 ATLAS —e—

1.5
V4 V), €4/K€4)
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Angular Correlations

80-90% p 8-15, p: 6-8, 0-20%
Pb-Pb 2.76 TeV

" For very peripheral collisions or"
when triggered with a high-p;
charged particle the dominant

contribution to two particle
angular correlations is due to
jet-correlations

More central heavy ion collisions

look very very different!
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LHC

Angular Correlations
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Angular Correlations

I- Centrality 30-40%

| Centrality 0-5%
I @ v, {2}

A A v

T | L
Centrality 0-1%, Inl < 0.8

e IAnl>1

Vs 34582, 1ANI > 1}

2.0 < pt,trig <3.0

1.0<p

t,assoc

<20

2

3

4
A¢ (rad.)

understood from initial eccentricities
followed by a hydrodynamical evolution
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correlations pA

CMS pPb \s, = 5.02 TeV, N < 35

tr

1<p <3 GeV/c

(IS
XS

5)
2

high-multiplicty pA collisions show in addtion to the jet
correlations also a ridge structure
is this collective flow!?
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correlations

2<p,, <4GeVic p-Pb |'s,, = 5.02 TeV 2< Py, <4 GeVie p-Pb |/s, = 5.02 TeV
TP o <2GeV/C ~ N (0-20%) - (60-100%)

2< pT,trig <4 GeV/c p-Pb V?NN =5.02 TeV
1< pT,assoc <2 GeV/c 60-100%

1< pT,assoc <2 GeV/c 0-20%

(rad™)

Q
83
Fke]
25
ol
J=d
ol RS
=

angular correlation in low- _ . :
— additional angular correlation

angular correlation in high-
- multiplicity events

multiplicity events

® suggestive picture, but should be interpreted with great care

® jets + additional structure, measured in an ensemble of events e.g. not clear structure in on

event or different event types not clear various structures are connected

® additional structure reminds us of collective motion in heavy-ion collisions
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correlations

0.20

g <4 GeVic N PPbysy=502Tev N
<2GeV/c (0-20%) - (60-100%) ~

v, p-Pb |'s,, = 9.02 TeV

O 05<p_ . < 1.0 GeV/c
T,trig

A 1.0< pT,trig . <2.0GeV/c

O 2.0< pT’trig <4.0GeV/c

0.15

0-20% 20-40% 40-60%
Event class

® |arge v; and vz components measured in pA collisions as well

® does it behave as collective flow?
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Angular Correlations (pid)

ALICE h-=n
p-Pb m =5.02 TeV 1.5 < p. < 2.0 GeV/c
0-20% '

ALICE h-=
p-Pb \f% =5.02 TeV 1.5< P < 2.0 GeV/c
0-20% 3
= Data a, + ZZancos nAg fit
'

n=1
==n=1
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perform same analysis using particle identification
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Angular Correlations (pid)

ALICE h-n ALICE T h-p
p-Pb |sy, = 5.02 TeV 2 TN 15 < p, < 2.0 GeVie p-Pb Sy, = 5.02 TeV TN 15 < p, < 2.0 GeVie

a1 oav- ooy NN for pions and
orotons similar
almost
symmetric
ridges are
observed

p-Pb |sy,=5.02TeV  1.5< p_<2.0GeV/c p-Pb sy =5.02TeV  1.5< p_<2.0GeV/c
(0-20%) - (60-100%) 3 (0-20%) - (60-100%) 3
= Data =——a,+ Z2a,,cos nAe fit g = Data =— a,+ Z2a,,cos nAe fit
=1 2] =1

n= 2 n=
- - n=1 - n=2 ~ =3 s - - n=1 - n=2 ~n=3
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Angular Correlations (pid)

ALICE
p-Pb \s,, =5.02 TeV
(0-20%) - (60-100%)

Pb-Pb |S,y = 2.76 TeV 10-40%

[ ]
L}
|l-“¢

]
[ ]
= V,{SP, [An|>1} V,{EP, |An|>2}
n T
E] E] arXiv:1205.5761

[=]p [¢]p+p
=]k

6
P (GeV/c)

very similar trends as observed in AA collisions!
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—e— 0-5% (64x)
5-10% (32x)
10-20% (16x)
20-40% (8x)

—+— 40-60% (4x)

—+— 60-80% (2x)
80-100% (1x)

---- individual fit

—e— 0-5% (64x)
5-10% (32x)
10-20% (16x)
20-40% (8x)

—+— 40-60% (4x)

—+— 60-80% (2x)
80-100% (1x)

---- individual fit

|dentified Particle Spectra in pA

—e— 0-5% (64x)
5-10% (32x)
10-20% (16x)
20-40% (8x)

—+— 40-60% (4x)

—+— 60-80% (2x)
80-100% (1x)

---- individual fit

—o— 0-5% (64x)
5-10% (32x)
10-20% (16x)
20-40% (8x)

—+— 40-60% (4x)

—+— 60-80% (2x)
80-100% (1x)

---- individual fit

very similar trends as observed in AA collisions!



ldentified Particle Spectra ratios

1 | ALICE, p-Pb, |s,, = 5.02 TeV ALICE, Pb-Pb, sy, = 2.76 TeV

e 0-5%

very similar trends as
observed in AA collisions!

ALICE, p-Pb, {syy = 5.02 TeV

e 0-5%
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multiple interactions

(rrrrr1rrrerprrrr T T T ' ' ' [ ' ' ' [ ' ' '
I ALICE, charged particles _ ; ALICE, charged particles
- I9l<0.3, 0.15<p_<10.0 GeV/c ] i Inl<0.3, 0.15<p_<10.0 GeV/c |

pp collisions

®\s=7TeV . ' eppis=7TeV :
*\s=276TeV : i = p-Pb\s,,,=5.02TeV ]

vis=09TeV ; i A Pb-Pb s, =276 TeV
L o Ly |

[
60 80 100
N

ch

proton proton collisions show a very strong increase of <p:
versus multiplicity (no strong energy dependence)
pA and AA look rather different though




multiple interactions

ALICE,charged particles

1<03,0.155p, 10,0 GeVie in proton proton collisions
PYTHIA can describe the data
ne e rather well using color
* R reconnections
in pA and AA rise much
slower, not a incoherent sum
e of pp

O HIJING

pA combination of trends in

» EPOS

" e op and AA
iz using Glauber to check what
happens for independent
superposition of pp

Pb-Pb \/% =2.76 TeV
A Data \- v
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Summary

Produced in AA a system which for bulk observables behaves as a nearly ideal fluid

soft probes (integrated yields, spectra, correlations) are relatively well understood in
term of thermal boosted distributions

clear connection to the geometry of the collision (and fluctuations in the initial
geometry, strong constraints on initial state models)

LHC energies allow us to do detailed studies of the hard probes

® nevertheless much of our understanding of the produced system comes from
soft probes

in (rare) pp and pA collisions “surprising” similarities with AA observed

® also final state effects? or initial state, e.g. CGC!

pp and pA much more interesting than just “boring” reference for hard probes
® geometrical picture in pp and pA theoretically rather unconstrained

LHC ideal testing ground for understanding soft QCD not only in AA but also in pp
and pA
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