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Outline 

 Introduction

 Kinematic variables

 Predicted but Totally Unexpected: Quark-Gluon Plasma

Behaves as Perfect Liquid

 Jet Quenching: created matter is very dense and opaque 

 High pT Azimuthal Correlations

 Elliptic flow: QGP behaves as perfect liquid

 Surprise: QGP-like Behavior in Small Colliding Systems

 Non-zero p,d, 3He + A vn(pT) moments comparable to the A+A ones

 Quarkonia as Probe for Hot and Cold Nuclear Matter (Required Another Lecture)

 J/y and U measurements: centrality, system size and energy Dependence

 From RHIC to EIC Future Project, and Opportunities
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Rapidity
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Rapidity

For RHIC Au+Au at  Eenergy = 200 GeV/n  ybeam =  5.37 
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Transverse Variables
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Pseudorapidity

 Sometimes the energy and momentum of a particle are not known, only its 

angle of emission θ with respect to the beam axis (z) is measured

 For high energy particles, it is possible to approximate the rapidity by the 

pseudorapidity:
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Collision Centrality

- Very simple illustration for Npart and Nbinary

spectators

participants

b

- Centrality characterized by:

 Npart: number of nucleons which suffered at least one inelastic 

nucleon-nucleon collision

 Nbinary: number of inelastic nucleon-nucleon collisions
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Collision Centrality

 How far do the centers of the two colliding nuclei pass each other?

 Usually expressed in terms of:

– b (impact parameter) 

– Number of participants Npart(b) 

PHOBOS

Using models like HIJING model for Au+Au
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Hadron pT Spectra in Au+Au

High pT: Small cross section, short wavelength

Low pT: Measure Bulk/Global Properties (99% of particles)

“Intermediate” pT: soft/hard interplay, surprises?

Different Regions to Study
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19.6 GeV 62.4 GeV 130 GeV 200 GeV

Cu+Cu

d+Au

Au+Au

Particle production is large: 

Total Nch ~ 5000 (Au+Au s = 200 GeV)   ~ 20 in p+p

Nch/Nparticipant-pair ~ 4  (central region)         ~ 2.5 in p+p

Global Properties: Particle Density Distributions
We define the mid-rapidity region:  |h| < 1 
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Under these simplifying assumptions,  ~ 5 GeV/fm3

 well above critical energy density ~1 GeV/fm3 from LQCD

Global Properties: Bjorken Energy Density

- Relativistic hydrodynamics in Bjorken model (boost invariance   h ~ 0) :

h


d

dN
p

Rdy

dE

R

ch
T

T

2

311
22

 (R ~ A1/3,  = 1 fm/c)
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Grand-canonical ensemble of particles in local equilibrium

– Assume all distributions described by one temperature T and

one ( baryon) chemical potential m :

– One ratio (e.g.,   p / p ) determines m / T :

– A second ratio (e.g., K / p ) provides T m

Then predict all other hadronic yields and ratios:

Global Properties: Particle Yields

pdedn E 3/)(~ Tμ

Tμ

Tμ

Tμ
/2

/)(

/)(
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e

e

p

p
E

E

Hadrons yields: 

 chemical equilibration across u, d and s quark sectors
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What’s next?

• We measured thousands of particles… 

What do we want to see?

– Macroscopic behavior

• QGP is thermodynamic in nature

– Gas or Fluid?

• Look for collective flow…
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The Collaboration of the four 
experiments:  PHENIX, 

BRAHMS,  
PHOBOS and STAR at RHIC 

CONCLUDED 
that strongly-interacting 

matter

has been created in 

most central Au+Au 
collisions 

at 200 GeV 

RHIC Discoveries in the Press
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If no “effects”:

 R < 1 in regime of soft 

physics

 R = 1 at high-pT where 

hard scattering dominates

Suppression ?

 Is R < 1 at high-pT ?

h

h

ddpdT

ddpNd
pR

T

NN

AA

T

AA

TAA
/

/
)(

2

2



<Nbinary>/inel
p+p (Nuclear Geometry)

Jet Suppression - Nuclear Modification Factor
We define a nuclear modification factor, RAA, in terms of the ratio of the pt

spectra in nucleus-nucleus collisions divided by the pt spectra in p+p collisions
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Au Au sNN=200 GeV-QM 2005

PHENIX, arXiv:0801.4555 [nucl-ex]

 Suppression of 0 is the major discovery at RHIC. 
Energy loss in medium?

 Suppression is unique at RHIC-different from low sNN (22.4 < sNN < 62.4GeV)

PRL 88 (2002) 022301

0 suppressed by a factor of 5 compared to point-like scaling for 3< pT< 20 GeV/c!

Non-identified h and 0 are different for pT < 6 GeV/c  particle ID is important.

CuCu central 10% 0RAA vs sNN

AuAu
(quenched) jet

(quenched) (jet)

pp

dη/dpσd (b)T

dη/dpNd
b)y,,(pR

T

NN2

AA

T

AA2

TAA 

RHIC: Jet Quenching “Major Discovery” 
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SPS - RHIC - LHCRHIC Eur. Phys. J. C (2012) 72:1945

AuAu
(quenched) jet

(quenched) (jet)

pp

dη/dpσd (b)T

dη/dpNd
b)y,,(pR

T

pp2

AA

T

AA2

TAA 

Suppression of 0 is the major discovery
at RHIC as well at LHC

RHIC: Jet Quenching “Major Discovery” 
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Suppression of Leading Hadrons

The data from p+p, Au+Au and d+Au collisions establish 

that a new effect (a new state of matter?) is produced in central Au-Au 

collisions

Au + Au Experiment d + Au Control Experiment

Suppression in central Au+Au due to final-state effects
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Near-side: 

• partons fragment outside the medium

Away-side: 

• partons are absorbed by the medium

“Surface” or “Skin” emission

High pT Azimuthal Correlations (2-particle Azimuthal Distributions)

Adler et al., PRL90:082302 (2003), STAR

“Near side” jet identical! “Away side” gone!

Background subtracted

STAR event display of pp event

Clear correlation of particles 

in azimuth 

 = 0

In central Au+Au collisions:

“Trigger”
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Near side D  0: p+p, d+Au, 

Au+Au similar

Back-to-back D   : 

Au+Au suppressed relative to p+p 

and d+Au

Correlation of 

trigger particles 

4<pT<6.5 GeV with
associated particles 

2<pT<pT,trig

Associated particles

Near side jet
Trigger particle

Away side jet

D

Again, can we get more information?

Again, d+Au versus Au+Au collisions
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Au+Au @ 200 GeV (central): Suppression

Discovery of

high p
T

suppression

(one of most significant 

results @ RHIC so far)

Suppression in central 

Au+Au due to 

final-state effects
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Elliptic Flow a Unique Probe!

The reaction plane

- Spanned by the beam direction 

and the impact parameter b

The almond shape of the created quark gluon plasma in non-central 

collisions leads to an azimuthal dependence of the observables sensitive to 

the medium properties

Momentum 

space

Coordinate 

space

b

z

x
zy

Fourier transformation of the produced 

particles azimuthal distribution
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Why is elliptic flow interesting?

 Provides reliable estimates of pressure & pressure gradients

 Can address questions related to thermalization

 Gives insights on the transverse and longitudinal

dynamics of the medium 

 Provides access to the properties of the medium 

- EOS, viscosity, etc

Flow correlations provide an important probe
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Elliptic flow => sensitivity to early system

“Elliptic flow”

• evidence of

collective motion

• self-quenching

 sensitive to early pressure

• evidence for

• early thermalization

• QGP in early stage

• Fluid cells expand with collective 

velocity v, different mass particles 

get different Dp

PHENIX

Ideal hydrodynamics: (QGP equation-of-state)

viscosity/entropy~0.1

 near-perfect fluid!

Elliptic flow at RHIC: 

Magnitude, mass and pT-dependence 

are in good agreement with ideal hydrodynamic 

flow, for the first time in HIC
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Elliptic flow => sensitivity to early system

“Elliptic flow”

• evidence of

collective motion

• self-quenching

 sensitive to early pressure

• evidence for

• early thermalization

• QGP in early stage

• Fluid cells expand with collective 

velocity v, different mass particles 

get different Dp

PHENIX

Ideal hydrodynamics: (QGP equation-of-state)

viscosity/entropy~0.1

 near-perfect fluid!

Elliptic flow at RHIC: 

Magnitude, mass and pT-dependence 

are in good agreement with ideal hydrodynamic 

flow, for the first time in HIC

Major Discovery at RHIC



African School of Fundamental Physics and Applications Rachid Nouicer 36

Evidence of QGP Droplets in Small Systems 

Lower v2 in p+Au

Higher v3 in 3He+Au

Importance of initial 

state geometry

Nature Physics 15, pages 214–220 (2019)

Results in Small Systems: Flow
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Excellent agreement between data and hydrodynamic predictions 
Only hydrodynamic models reproduce the data

Models indicate the temperatures achieved in small systems sufficient
for QGP formation: QGP Droplets!

Central Collisions: 0-5%

Results in Small Systems: Flow

Evidence of QGP Droplets in Small Systems 

Nature Physics 15, pages214–220 (2019)

https://www.nature.com/nphys
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From RHIC to EIC Future Project, 

and Opportunities
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2000-

to present

2000-2016
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2016-2023 

construction

2023 – 2029 

(when EIC start)
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sPHENIX: Importance of Tracking

Physics Goal Detector Requirement

Fragmentation Functions Excellent Momentum Resolution: 
dp/p ~ 0.2%p to > 40 GeV/c

Jet Substructure Excellent track pattern recognition

Distinguish Upsilon States Mass resolution: σM < 100 MeV/c2

HF jet tagging Precise DCA resolution σDCA < 100 μm

High Statistics Au+Au 200 GeV Handle multiplicity and full RHIC luminosity

TPC

MAPS

INTT
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- 3 layers Si sensors

- Based on ALICE ITS

upgrade

- DCAxy < 70 μm

- |zvtx|< 10 cm

sPHENIX: Tracking Subsystems

MAPS

- 4 layers Si strips

- Use PHENIX-FVTX

electronics

- Pattern recognition, 

DCA, connect 

tracking systems, 

reject pile-up

- Trigger

- Radius 20–78 cm

- ~ 250 μm effective hit 

resolution

- Continuous (non-gated)

readout

- Pattern recognition,

momentum resolution,

pT 0.2-40 GeV/c

INTT TPC
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RHIC collider at BNL has a bright future Electron-Ion Collider (EIC)

Electron-Ion Collider (EIC) News
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Glimpse on EIC Physics
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Glimpse on EIC Physics
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Two 

experiments

Electron-Ion Collider (EIC) News
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EIC Concept
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Courtesy of 

Abhay 

Deshpande
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Courtesy of 

Abhay 

Deshpande
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Thank You

End of Lecture 2


