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1. Heavy lon Collisions

- What they are and why we study them
- Quark-Gluon Plasmao

2. Anisotropic Flow
- Definition

- Elliptic flow
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cavy lon Collisions

What are heavy ion collisions?

. Collisions of two large, Lorentz contracted, nuclei
(typically Pb or Au) with each other at very high

relative velocities (total collision energy) : _--7  participants
before collision after collision
- The impact parameter (b) determines the
centrality of the collision
. The energy density in heavy-ion collisions is R 10 B IR 2 S
. 3 3 M RHIC
extremely high (> 12 GeV/Tm?), creating conditions R . He

IR 6 [STAR]

where quarks and gluons are deconfined and do
not form individual hadrons
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Q=+79

tensity Proton Source
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cavy lon Collisions
Why do we study them?

Early Universe The Phases of QCD
LHC Experiments °

‘ RHIC Experiments

We want to know: What happens to
matter at extreme temperatures and
densities?

Temperature

Quark-Gluon Plasma
- QCD in Cosmology: Recreate droplets of

matter that filled the universe microseconds | Future FAIR/NICA
after the Big Bang! Understand the core of a S~y EXperiments
neutron star!

« Phase diagram of QCD Hadron Gas
Superconductor

- Understand the properties of Quark Gluon - Vacuum ’X‘jgfjf e S,a(s
Plasma (QGP)

900 MeV
Baryon Chemical Potential
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Quark Gluon Plasma (QGP)

QGP is a state of matter where quarks and gluons are in a
deconfined state!

Lattice QCD calculations show a rapid increase in
energy density around T =190 MeV, indicating the
transition to a deconfined state

QGP behaves like an almost ideal fluid with very low
- i n

ViSCOSity — X

\) 47TkB

The low viscosity and strong coupling lead to hydrodynamic
flow, making QGP a nearly perfect liquid
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Al ICE Detector

The detector covers full azimuth and the

psuedorapidity region | 7| < 0.9

n = —Inltan 6/2]

Key Features

Time Projection Chamber (TPC):
tracking and particle identification

Zero Degree Calorimeter (ZDC):
detects spectator particles

VO, FTO: determines particle
centrality and multiplicity
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he highest center of mass energy per nucleon
pair (4 /Syn) achieved has been 5.36 TeV in Pb-Pb

0 ACORDE | ALICE Cosmic Rays Detector
0 AD | ALICE Diffractive Detector

e DCal | Di-jet Calorimeter

e EMCal | Electromagnetic Calorimeter
e HMPID | High Momentum Particle

Identification Detector

G ITS-1B | Inner Tracking System - Inner Barrel
o ITS-OB | Inner Tracking System - Outer Barrel

0 MCH | Muon Tracking Chambers
9 MFT | Muon Forward Tracker

@ MID | Muon Identifier

m PHOS / CPV | Photon Spectrometer
@ TOF | Time Of Flight

@ TO+A | Tzero + A
@ TO+C | Tzero + C

@ TPC | Time Projection Chamber

@ TRD | Transition Radiation Detector
G VO+ | Vzero + Detector
@ ZDC | zero Degree Calorimeter
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Anisotropic flow is the collective expansion of QGP created during the collision

Result of a direct;

anisotropies in tr
fm)
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Why do we care about anisotropic flow?

ARAS

ure gradients.

't is a physical observable that provides information on
the equation of state and transport properties of QGP!

Flow is extremely sensitive to the early stages of the
collision (at this stage, QGP is the main player)
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Are we sure flow even exists?

Nis occurs it spatial
ne is almond shaped (at b > O

- Yes! Azimuthal anisotropy in production of particles
s the clearest signature of collective flow

Caused by initial asymmetries in the collision

geometry
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To define flow, we can begin by expanding a Fourier series of the particle azimuthal distribution

d°N 1

d*N

E = — + (1 +
d3P 2r prdprdy

Fvent anisotropy is characterized by the coefficients:

g

X

A

Elliptic Flow

X % /
VA,

— (Y

N of

| z
Directed Flow

R
b

@ v, = elliptic flow

v, = directed flow
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Experimental Methods

How do we measure flow?

Event Plane Method

Fstimates the azimuthal angle of the reaction plane from observed event plane angle

Q. = Z wicos(ng;) O,y = Z wisin(ng;)

VY, = arctan2(Q, /0, )/n

Estimates anisotropic flow using two observed particle azimuthal correlations

(cos(n(¢y = $p))) = (™ ™") = (v;) +,
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Two Particle Correlations
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Experimental Methods

How do we measure flow?

Event Plane Method

Fstimates the azimuthal angle of the reaction plane from observed event plane angle

Q. = Z wicos(ng;) O,y = Z wisin(ng;)

Difficult to estimate
VY, = arctan2(Q, /0, )/n *

his angle
Estimates anisotropic flow using two observed particle azimuthal correlations

experimentally
_ /2 Must account for non-
<COS(H(¢1 ¢2))> <em(¢1 ¢2)> <V > T 5 * flow effects
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Published Results
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Published Results

Comparing to models, we see evidence for strongly interacting matter that behaves like a
oerfect liguid
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Summary and Outlook

iptic flow has shown to be a good probe for understanding QGP: its evolution and medium
roperties

O Il

- ALICE is currently planning to run oxygen-oxygen collisions in 2025

. Interesting flow can be observed in small systems!
- Measuring v2 flow with spectator particles to eliminate non-flow effects
- Measuring the neutron skin

- Creating a model to relate v2 to the neutron skin

- Understand the structure of neutron stars
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The colored contours indicate energy density profile

Goes from an almond shaped region -> nearly symmetric
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Measurin
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- Spectators are particles that do not participate in the collision

- The direction that the spectators are deflected are strongly correlated to the reaction plane

- We use the scalar p
far forward detecto

-oduct (mixed harmonics) method when calculating elliptic flow with @

- the ZDC

participants

target spectators y 4 projectile spectators
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Measuring Elliptic Flow using Spectators

K __ K, 6 K __ p
dn = Xn +lyn Il Z WJ e Z WJ
JEK jeK

W) = 2 (X)) \/ 5 xy5) O3yt
3\ G D) (1 x0) (1)



/ero Degree Calorimeters (ZDC)
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