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Why relativistic heavy-ion collisions?

Strong-interaction matter under extreme conditions & quark-gluon plasma

Hadronic Matter Quark-Gluon Plasma
Confined Deconfined

High Temperature

High Density



The theory of strong-interaction

• Quantum chromodynamics (QCD): quantum field theory of strong-
interaction

• Fundamental fields: quarks and gluons. Both carry “color” charges.

• Two main properties: color confinement and asymptotic freedom
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Color confinement of QCD

Due to the gluon self-interaction, effective color charges increase with distance => 
Coupling becomes large at large distance. 
Quarks are confined within hadrons. No free quarks have been observed. 



Asymptotic freedom of QCD

2004 Nobel Prize: 
"for the discovery 
of asymptotic 
freedom in the 
theory of the 
strong interaction".

David Gross, David Politzer, Frank Wilczek
Long Distance                            Short Distance

Confinement                    Asymptotic Freedom



Heating up the matter (via lattice QCD)

crossover: Tc=155MeV

HotQCD, Phys.Rev. D90 (2014) 094503

A transition (crossover) between 
hadronic matter and quark-gluon 
matter at 𝑇𝑐 ∼ 155MeV

𝑇 < 𝑇𝑐, the thermodynamics of 
the system is described by HRG

𝑇 ∼ 400MeV, not a non-
interacting quark-gluon gas, but a 
strongly-interacting fluid

For a gas of massless particles, 

𝑃 = 𝑑
𝜋2

90
𝑇4, 𝑠 = 𝑑

2𝜋2

45
𝑇3, 𝜀 = 3𝑃

𝑇𝑐 = 155MeV/k𝐵 = (155 ∗ 106eV)(1.6 ∗ 10−19J/eV)/(1.38 ∗ 10−23J/K) = 1.8 ∗ 1012K



How to make QGP?

T. D. Lee, “A possible new form of matter”, AIP Conf.Proc. 28 (1976) 65-81

Relativistic Heavy-Ion Collider (RHIC) Large Hadron Collider(LHC)

3.8km

27km



A relativistic-heavy ion collision



“Standard Model” of RHIC & LHC heavy-ion collisions



Collision centrality

Miller, Reygers, Sanders, Steinberg, 
Ann. Rev. Nucl. Part. Sci. 57 (2007) 
205-243
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Glauber model: Npart and Ncoll

𝑁𝑝𝑎𝑟𝑡 = 7,𝑁𝑐𝑜𝑙𝑙 = 12

Ann. Rev. Nucl. Part. Sci. 
57 (2007) 205-243



Probes of QGP in heavy-ion collisions

Soft Probes: 
Yields/Spectra

Flows
Fluctuations
Correlations

Decorrelations
…

“Internal” probes

Hard Probes:
Jets 

Large pT hadrons
Heavy quark/hadrons

Quarkonia
EM probes

…
“External” probes

central

peripheral



Particle distribution in longitudinal direction
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Particle distribution in transverse plane

ALICE
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Particle production is not azimuthally symmetric.
The azimuthal anisotropy can be analyzed by Fourier decomposition:



Anisotropy: Fourier decomposition
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Strong elliptic flow depends on collision centrality (system size & geometry)

Elliptic flow depends on collision geometry



The origin of elliptic flow

reaction plane
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𝝏𝝁𝑻
𝝁𝝂 = 𝟎

Relativistic hydrodynamics: the interaction among QGP constituents 
translates initial geometric anisotropy into final state momentum anisotropy. 
=> QGP is a strongly-coupled fluid 



Luzum, Ollitrault, NPA 2013

Qin, Petersen, Bass, Muller, 
PRC 2010

Alver and Roland, PRC 2010; GYQ, Petersen, Bass, Muller, PRC 2010; Staig, Shuryak, PRC 2011; 
Teaney, Yan, PRC 2011; Gale, Jeon, Schenke, Tribedy, Venugopalan, PRL 2012; etc.

Initial-state fluctuations and final-state flows

𝑑𝑁

𝑝𝑇𝑑𝑝𝑇𝑑𝑦𝑑𝜙
=

𝑑𝑁

2𝜋𝑝𝑇𝑑𝑝𝑇𝑑𝑦
1 +෍

𝑛

2𝑣𝑛 𝑝𝑇 , 𝑦 cos{𝑛[ϕ − Ψn 𝑝𝑇 , 𝑦 ]}

Event-by-event initial state density and geometry fluctuations are translated into 

final state anisotropic flows via hydrodynamic evolution.

𝑇0 ∼ 470MeV

𝝏𝝁𝑻
𝝁𝝂 = 𝟎
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Fluidity

How the fluid flows depends on its viscosity.



Shear viscosity
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Shear viscosity measures the resistance to shear flow.
Shear viscosity measures the ability of momentum transport between different 
parts of the system. 
From kinetic theory, shear viscosity is related to the strength of the interactions 
among the constituents of the system.



Viscosities of some fluids

Fluid viscosity（Pa*s）

Air 1.8*10-5

Water 8.9*10-4

Milk 1.8*10-3

Olive Oil 0.04

Honey 10

Peanut Butter 250

Pitch 2*108

Quark-Gluon Plasma ???



Pitch Drop Experiment
Time Event Duration (Year)

1927 Hot pitch poured

1930.10 Stem cut

1938.12 1st drop fell 8.1

1947.2 2nd drop fell 8.2

1954.4 3rd drop fell 7.2

1962.5 4th drop fell 8.1

1970.8 5th drop fell 8.3

1979.4 6th drop fell 8.7

1988.7 7th drop fell 9.2

2000.11 8th drop fell 12.3

2014.4 9th drop fell 13.4

2005 Ig Nobel Prize

Guinness World Record
for the longest-running laboratory 

experiment
Edgeworth, Dalton, Parnell, Eur. J. Phys. (1984) 198.



Relativistic hydrodynamics for QGP evolution

• Energy-momentum conservation:

• Equations of motion (Israel-Stewart viscous hydrodynamics):

• Equation of state: 

arXiv:0902.3663; arXiv:1301.2826; arXiv:1301.5893; arXiv:1311.1849; arXiv:1401.0079… 

𝜕𝜇𝑇
𝜇𝜈 = 0

𝑇𝜇𝜈 = 𝜀𝑈𝜇𝑈𝜈 − 𝑃 + Π Δ𝜇𝜈 + 𝜋𝜇𝜈

ሶ𝜀 = − 𝜀 + 𝑃 + Π 𝜃 + 𝜋𝜇𝜈𝜎𝜇𝜈

𝜀 + 𝑃 + Π ሶ𝑈𝛼 = 𝛻𝛼 𝑃 + Π + ሶ𝑈𝜇𝜋
𝜇𝜈 − Δ𝜈

𝛼𝛻𝜇𝜋
𝜇𝜈

ሶΠ = −
1

𝜏Π
Π + 𝜁𝜃 + Π𝜁𝑇𝜕𝛼

𝜏Π

2𝜁𝑇
𝑈𝛼

Δ𝛼𝛽
𝜇𝜈

ሶ𝜋𝛼𝛽 = −
1

𝜏𝜋
𝜋𝜇𝜈 − 2𝜂𝜎𝜇𝜈 + 𝜋𝜇𝜈𝜂𝑇𝜕𝛼

𝜏𝜋

2𝜂𝑇
𝑈𝛼

𝑃 = 𝑃(𝜀)



Initial conditions before hydro

t0=0, σxy=0.3fm t0=0.6fm/c, σxy=0.3fm t0=0.6fm/c, σxy=0.5fm b=8fm
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Hydrodynamic evolution of QGP

The color patches are the QGP, and the balls are the final hadrons emitted from the QGP 
(from Zhi Qiu’s Ph.D. thesis, arXiv:1308.2182)



CCNU-LBNL viscous hydrodynamics (CLVisc) simulation, courtesy of L. G. Pang

Hydrodynamic evolution of QGP



Identified particle spectra

VISHNU

Song, Bass, Heinz, PRC 2014



Hydrodynamic response to initial geometry

Final state v2 and v3 respond approximately linearly to initial state e2 and e3, except 
peripheral collisions
Higher-order harmonic flows can be contributed from the combinations of initial 
eccentricities and lower order harmonic flows (non-linear hydrodynamic evolution)

Qiu, Heinz, PRC, 2011, Gardim, Grassi, Luzum, Ollitrault, PRC 2012, Niemi, Denicol, Holopainen, 
Huovinen, PRC 2013, Fu, PRC 2015, Niemi, Eskola, Paatelainen, PRC 2016, Noronha-Hostler, 
Yan, Gardim, Ollitrault, PRC 2016



Collective flow of QGP => T & η/s

𝑑𝑁

𝑝𝑇𝑑𝑝𝑇𝑑𝑦𝑑𝜙
=

𝑑𝑁

2𝜋𝑝𝑇𝑑𝑝𝑇𝑑𝑦
1 +෍

𝑛

2𝑣𝑛 𝑝𝑇 , 𝑦 cos{𝑛[ϕ − Ψn 𝑝𝑇 , 𝑦 ]}

Gale, Jeon, Schenke, Tribedy, Venugopalan, PRL 2012

Fluctuating IC + Hydrodynamics => Collective Flows and Correlations 
Strong anisotropic flows => strongly-interacting QGP
T0 > Tc =155MeV => QGP is created: T0 = 350MeV @RHIC & 470MeV @LHC
Small η/s => nearly-perfect QGP: η /s=0.12 @RHIC & 0.2 @LHC



Highest Man-Made Temperatures: 
TWO Guinness World Records

• Jun 26, 2012:  
– Highest Man-Made Temperature: 4 TRILLION Degrees (345MeV)!
– “The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National 

Laboratory doesn't have anywhere near the name recognition of the Large 
Hadron Collider (LHC) at CERN. But for the time being, it can lay claim to its 
own impressive achievement: it's just been recognized by Guinness World 
Records for achieving the "Highest Manmade Temperature." Go, RHIC!

– http://www.seeker.com/highest-man-made-temperature-4-trillion-degrees-1765840520.html

• 13 August 2012: 
– Scientists at CERN’s Large Hadron Collider, Geneva, Switzerland, announced 

that they had achieved temperatures of over 5 trillion K and perhaps as high 
as 5.5 trillion K (350,000 times hotter than the center of the sun, 475MeV).
The team had been using the ALICE experiment to smash together lead ions at 
99% of the speed of light to create a quark gluon plasma – an exotic state of 
matter believed to have filled the universe just after the Big Bang. 

– http://www.guinnessworldrecords.com/world-records/highest-man-made-temperature



Most perfect fluid

Bernhard, Moreland, Bass, Nature Physics 2019
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Most perfect liquid

Collectivity! 
Strongly-coupled! 
Perfect liquid!



Flow in small system: mini-QGP?

What is the dynamical origin of the observed collectivity in small systems? 

Plenty of evidences for strong collectivity/correlations in small collision systems



Flow in small system: mini-QGP?

Bozek, Broniowski, Torrieri, PRL 2013; Bzdak, Schenke, Tribedy, Venugopalan, PRC 2013; 
GYQ, Muller, PRC 2014; Bzdak, Ma, PRL 2014; Weller, Romatschke, PLB 2017; Zhao, 
Zhou, Xu, Deng, Song, PLB 2018; Zhao, Ko, Liu, GYQ, Song, PRL 2020; etc.

The flow harmonics can be viewed as the final-state effect due to hydrodynamic 
evolution of small collisional systems with certain amount of initial anisotropy.



Strongest magnetic field

𝑒𝐵 ∼ 𝛾𝛼𝑒𝑚
𝑍

𝑏2
∼ 1018G

1G                           102-105G                        1012-1015G                  1018-1020G



Most vortical fluid

𝜔 ∼ 9 × 1021𝑠−1

𝐽 ∼
𝐴𝑏 𝑠

2
∼ 106ℏ

10-16/s                   10-2-102/s                     1020-1021/s



QGP is opaque to colored hard jets

N+N A+A: jet quenching

Jets provide valuable tools to probe QGP in heavy-ion collisions
(1) energy loss => quenching (3) modification of jet structure/substructure 
(2) deflection => broadening (4) jet-induced medium excitation (response)



Jet-induced medium excitation

Tachibana, Chang, GYQ, PRC 2018



• The produced matter thermalizes/hydrodynamizes extremely fast

• The QGP shows strong collectivity, well described by relativistic hydrodynamics
– QGP is a strongly-coupled liquid (extremely small η/s)

• Quantum fluctuations of initial states manifest themselves in the final states 
correlations
– Can use final state flow to probe initial state nuclear structure

• Detailed study of anisotropic flows can improve our quantitative understanding of 
the QGP in heavy-ion collisions
– The QGP is less strongly-coupled (larger η/s) at the LHC

• Evidence of anisotropic collective flows in small collision systems

• QGP is opaque to colored hard jets (to be continued in next 3 lectures)

• The hottest, most perfect, most vortical and highly opaque fluid on Earth! 

Summary for Lecture I



• How is the QGP formed in relativistic heavy-ion collisions? 
• Why does the system thermalize/hydrodynamize so fast? 
• What is the role of pre-equilibrium stage? 

• How does QCD medium change from weakly-coupled (asymptotically free) 
quark-gluon gas at extremely high temperature to strongly-interacting 
QGP at relatively “low” temperature? 

• Can we see quasi-particles (quarks and gluons) in strongly-interacting QGP? 
(see next 3 lectures)

• What is the nature of color confinement? 
• How does colored QGP turn into colorless hadrons?

• ……

Some questions
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“Standard Model” of RHIC & LHC heavy-ion collisions



Penetrating probes of QGP

Heavy 
quarks

Jet Probes



What are jets? A bit history.

Phys. Rev. Lett. 35, 1609 (1975); Phys.Rev.Lett. 39 (1977) 1436

Hadron production in e+e- collisions proceeds through e+e- annihilation into a virtual 
photon which typically produces a quark-anti-quark pair, each of which decays into a 
jet (collimated spray) of hadrons. 

Jets are proxy of hard partons. Ideally, we would like to measure hard partons directly.
But in reality, we could only measure final state particles produced from hard partons.

𝑒+ + 𝑒− → 𝑞 + ത𝑞



The discovery of the gluon (jet)

Researchers Sau Lan Wu and Georg Zobernik, from the University of Wisconsin, had written an 
extremely efficient program to analyze the collisions in which quarks were formed, and had also 
calculated that it ought to be possible to create gluons in PETRA by means of bremsstrahlung at 
collision energies above around 22 GeV. Finally, in June 1979, a few days before a conference in 
Bergen (Norway), the TASSO scientists identified the first event consisting of three distinctive jets 
in their data, as Event 13177 of Run 447. Freshly analyzed, so to speak, Bjorn Wiik took it along to 
the “Neutrino 79” in Bergen on 18 June and placed it on the overhead projector as the last 
transparency of his presentation “First Results from PETRA”. It was to become the transparency 
with the greatest repercussions: the gluon had seen the light of (the scientific) day. 

Researchers Sau Lan Wu and Bjorn Wiik have a break during the 
cabeling of the drift chambers of the TASSO detector.DESY/PETRA/TASSO

𝑒+ + 𝑒− → 𝑞 + ത𝑞 + 𝑔



Jets as proxy of quarks and gluons
A dijet event @ CERN/LEP/ALEPH A trijet event @ CERN/LEP/ ALEPH

Jets, defined by jet clustering algorithm, are used as a proxy of quarks and gluons. 

𝑒+ + 𝑒− → 𝑞 + ത𝑞 𝑒+ + 𝑒− → 𝑞 + ത𝑞 + 𝑔



QCD jets in vacuum

𝑑𝑃

𝑑𝑧𝑑𝑘⊥
2 =

𝛼𝑠
2𝜋

𝑃 𝑧
1

𝑘⊥
2 ,

𝑑𝑃

𝑑𝜔𝑑𝜃
𝑞→𝑔

=
2𝛼𝑠
𝜋

𝐶𝐹
1

𝜔

1

𝜃

Hard scattering            Parton shower (radiation)           Hadronization

Formation time: 𝜏𝑓𝑜𝑟𝑚 =
𝜔

𝑘⊥
2 =

1

𝜔𝜃2

Given 𝜔 , narrower emission => later time, whereas wider emission => earlier time.



Multiple emissions

Contains all emissions
up to scale µ

Increasing the scale => rebuilding the shower

The shower evolution is governed by DGLAP equations:



Jets in heavy-ion collisions: what to expect?

N+N A+A: jet quenching

(1) energy loss => quenching (3) modification of jet structure/substructure 
(2) deflection => broadening (4) jet-induced medium excitation (response)

QGP is opaque to colored hard jets



Jets in heavy-ion collisions: how to measure?

Where are the jets here? How to measure jets in relativistic heavy-ion collisions?



• Jet is a collection of particles grouped by an iterative algorithm

• Jet works as a proxy to hard-scattered high-energy parton

• With an appropriate jet radius parameter and constituent momentum threshold, 
one hopes to recover the originating parton

• From theoretical point of view, the jet finding algorithm should meet the following 
criteria:

– Infrared safe: jet finding algorithm is not sensitive to the addition of soft parton

– Collinear safe: jet finding algorithm is not sensitive to collinear emission

• In general, jet algorithms can be categorized into two classes:

– Cone algorithms, such as SISCone (Seedless Infrared Safe Cone) 

– Sequential recombination algorithms, which cluster pair of objects relatively close in 
momentum, such as kT family of jet finding algorithms

General idea to find (define) a jet



𝑘𝑇 algorithm

𝑑𝑖𝑗 = min 𝑝𝑇,𝑖
2 , 𝑝𝑇,𝑗

2
Δ𝑅𝑖𝑗

2

𝑅2

𝑑𝑖𝐵 = 𝑝𝑇,𝑖
2

Δ𝑅𝑖𝑗
2 = 𝜂𝑖 − 𝜂𝑗

2
+ 𝜙𝑖 − 𝜙𝑗

2

1. For all particles, compute 𝑑𝑖𝑗 , 𝑑𝑖𝐵
2. Find the smallest of 𝑑𝑖𝑗, 𝑑𝑖𝐵
3. If 𝑑𝑖𝐵, call 𝑖 particle a jet and 

remove it from the list of particles
4. If 𝑑𝑖𝑗, recombine them to a new 

“particle”
5. Repeat from step 1 until no 

particle left

kT algorithm clusters from low 𝑝𝑇 particle. Clustered area has irregular shape.
It is not suitable in heavy-ion collisions due to large soft background fluctuation. 

M. Cacciari, G. P. Salam, G. Soyez: The anti-kt jet clustering algorithm, JHEP 0804 (2008) 063, 
arXiv:0802.1189v2 [hep-ph]



Anti-𝑘𝑇 algorithm

𝑑𝑖𝑗 = min
1

𝑝𝑇,𝑖
2 ,

1

𝑝𝑇,𝑗
2

Δ𝑅𝑖𝑗
2

𝑅2

𝑑𝑖𝐵 = 𝑝𝑇,𝑖
2

Δ𝑅𝑖𝑗
2 = 𝜂𝑖 − 𝜂𝑗

2
+ 𝜙𝑖 − 𝜙𝑗

2

kT algorithm clusters from high 𝑝𝑇 particle. Clustered area has circular shape.
It is now commonly used in heavy-ion (& pp) collisions by ALICE, ATLAS and CMS. 

1. For all particles, compute 𝑑𝑖𝑗 , 𝑑𝑖𝐵
2. Find the smallest of 𝑑𝑖𝑗, 𝑑𝑖𝐵
3. If 𝑑𝑖𝐵, call 𝑖 particle a jet and 

remove it from the list of particles
4. If 𝑑𝑖𝑗, recombine them to a new 

“particle”
5. Repeat from step 1 until no 

particle left

M. Cacciari, G. P. Salam, G. Soyez: The anti-kt jet clustering algorithm, JHEP 0804 (2008) 063, 
arXiv:0802.1189v2 [hep-ph]



What is the role of jet radius R?

Large radius parameter R                Small radius parameter R

R is not an intrinsic size of the jet, but just a parameter to define the energy flow. 
Note that the radiation outside the jet cone can be significant.  

Jet axis is dynamically determined: 
Ԧ𝑝𝑖 + Ԧ𝑝𝑗 = Ԧ𝑝𝑘

WTA: Ԧ𝑝𝑖 + Ԧ𝑝𝑗 = | Ԧ𝑝𝑖 + Ԧ𝑝𝑗 Ƹ𝑝𝑤𝑖𝑛𝑛𝑒𝑟



FastJet package

https://fastjet.fr/

M. Cacciari, G. Salam and G. Soyez, Eur.Phys.J.C 72 (2012) 1896. arXiv:1111.6097 [hep-ph]



Different jet finding algorithms 

M. Cacciari, G. P. Salam, G. Soyez: The anti-kt jet clustering algorithm, JHEP 0804 (2008) 063, 
arXiv:0802.1189v2 [hep-ph]



• 1st type of observables: leading (high momentum) hadron as a proxy for a 
jet

• 2nd type of observables:  fully-reconstructed jet as a proxy for hard-
scattered high-energy parton

Jet observables (measurements)



• 3rd type of observables: looking at particle distribution inside the jet, such 
as jet shape and fragmentation function, 

• 4th type of observables: looking at particle correlations inside the jet, such 
as jet splitting function, splitting angle, EEC

Jet observables (measurements)



Jet quenching: some simple discussion



How to measure medium effect on jets?

N+N A+A: jet quenching

A common practice is to compare AA collisions to pp reference collisions.

Nuclear modification factor: 

𝑅𝐴𝐴 =
𝜎𝑝𝑝
𝑁𝑐𝑜𝑙𝑙

𝑑𝑁𝐴𝐴/𝑑𝑝𝑇
𝑑𝜎𝑝𝑝/𝑑𝑝𝑇

≈
𝑄𝐶𝐷 𝑚𝑒𝑑𝑖𝑢𝑚

𝑄𝐶𝐷 𝑣𝑎𝑐𝑢𝑢𝑚
= ቐ

𝑅𝐴𝐴 > 1 (𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡)
𝑅𝐴𝐴 = 1 (𝑛𝑜 𝑚𝑒𝑑𝑖𝑢𝑚 𝑒𝑓𝑓𝑒𝑐𝑡)
𝑅𝐴𝐴 < 1 (𝑠𝑢𝑝𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛)



Evidence for jet quenching
If AA collisions are a simple geometric 

combination of many NN collisions, 

then RAA=1

Confirmation of Ncoll-scaling: photon & 

Z boson RAA=1

Evidence of jet quenching: hadron 

RAA<1

Due to final state interaction between 

hard partons and QGP (i.e., parton

energy loss), the production of high pT

hadrons (from fragmentation of hard 

partons) is suppressed

Nuclear modification factor: 

𝑅𝐴𝐴 =
𝜎𝑝𝑝
𝑁𝑐𝑜𝑙𝑙

𝑑𝑁𝐴𝐴/𝑑𝑝𝑇
𝑑𝜎𝑝𝑝/𝑑𝑝𝑇

≈
𝑄𝐶𝐷 𝑚𝑒𝑑𝑖𝑢𝑚

𝑄𝐶𝐷 𝑣𝑎𝑐𝑢𝑢𝑚
= ቐ

𝑅𝐴𝐴 > 1 (𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡)
𝑅𝐴𝐴 = 1 (𝑛𝑜 𝑚𝑒𝑑𝑖𝑢𝑚 𝑒𝑓𝑓𝑒𝑐𝑡)
𝑅𝐴𝐴 < 1 (𝑠𝑢𝑝𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛)



Jet quenching: centrality dependence

Larger medium => more suppression               smaller medium => less suppression



Evidence for jet quenching: dihadron correlation

PHENIX

Both per-trigger yield and the shape of angular distribution are modified by QGP.



Leading hadron production in pp collisions
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parton
scattering

pQCD factorization: Large-pT processes may be factorized into long-distance pieces in 
terms of PDF & FF, and short-distance parts describing hard interactions of partons.



Baseline: hadron/jet productions in pp @ NLO
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Leading hadron production in AA collisions



• Nuclear shadowing effect 
– Nucleons in nucleus are 

“shadowed” by other nucleons at 
small x 

– Momentum conservation requires 
anti-shadowing effect at larger x

• Cronin effect 
– Momentum broadening of partons

before hard scatterings 

• CNM effects can be constrained 
using pA or dA collisions 

Cold nuclear matter effect

RdA



Hot nuclear matter effect

Hard parton

Elastic (collisional) Inelastic (radiative)

Hard parton

?,...),(
2

=
⊥

ET
dtdkd

dΓrad


?,...),(

2
=

⊥

ET
dtdkd

dΓcoll



(𝜔, 𝑘⊥)

(𝜔, 𝑘⊥)

Bjorken 1982; Bratten, Thoma 1991; 
Thoma, Gyulassy, 1991; Mustafa, 
Thoma 2005; Peigne, Peshier, 2006; 
Djordjevic, 2006;  Wicks et al (DGLV), 
2007; GYQ et al (AMY), 2008; …

BDMPS-Z:  Baier-Dokshitzer-Mueller-Peigne-
Schiff-Zakharov
ASW:  Amesto-Salgado-Wiedemann
AMY: Arnold-Moore-Yaffe (& Caron-Huot, Gale)
GLV: Gyulassy-Levai-Vitev (& Djordjevic, Heinz)
HT: Wang-Guo (& Zhang, Wang, Majumder)



Jet quenching is the result of energy loss

Nuclear modification factor:

𝑅𝐴𝐴(𝑝𝑇) =
𝑑𝑁𝐴𝐴/𝑑𝑝𝑇

𝑁𝑐𝑜𝑙𝑙𝑑𝑁𝑝𝑝/𝑑𝑝𝑇
=

𝑑𝑁𝑝𝑝(𝑝𝑇+Δ𝑝𝑇)/𝑑𝑝𝑇

𝑑𝑁𝑝𝑝(𝑝𝑇)/𝑑𝑝𝑇

• If AA collisions are a simple 
geometric combination of 
many NN collisions, then 
RAA=1

• Hadron: RAA<1
• Photon & Z boson: RAA=1
• Due to final state interaction 

between high energy partons
and QGP (i.e., parton energy 
loss), the production of high 
pT hadrons (from the 
fragmentation of high energy 
partons) is suppressed

• Jet quenching mainly 
originates from parton energy 
loss in hot QGP  (GeV/c)
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A simple analysis
• For a power law distribution, 

d𝑁

𝑑𝑝𝑇𝑖
=

𝐴

𝑝𝑇𝑖
𝑛 ,

where n is larger at RHIC than the LHC.

• Given energy loss fraction 𝜖 = 1 −
𝑝𝑇𝑓

𝑝𝑇𝑖
, 

𝑑𝑁

𝑑𝑝𝑇𝑓
= ∫ 𝑑𝑝𝑇𝑖

𝑑𝑁

𝑑𝑝𝑇𝑖
𝛿 𝑝𝑇𝑓 − 1 − 𝜖 𝑝𝑇𝑖

=
1

(1 − 𝜖)

d𝑁

𝑑𝑝𝑇𝑖 𝑝𝑇𝑖=
𝑝𝑇𝑓
1−𝜖

= 1 − 𝜖 𝑛−1
𝐴

𝑝𝑇𝑓
𝑛

𝑅𝐴𝐴 = 1 − 𝜖 𝑛−1

• If 𝜖 and 𝑛 are independent of 𝑝𝑇, then RAA is constant. 

• Usually, 𝑛 increases with 𝑝𝑇 while 𝜖 decreases with 𝑝𝑇 , so RAA

first increases then decreases with 𝑝𝑇 (if no other effects).

• For energy loss fraction distribution 𝑃(𝜖),

𝑑𝑁

𝑑𝑝𝑇𝑓
= ∫ 𝑑𝑝𝑇𝑖

𝑑𝑁

𝑑𝑝𝑇𝑖
∫ 𝑑𝜖𝑃 𝜖 𝛿 𝑝𝑇𝑓 − 1 − 𝜖 𝑝𝑇𝑖

= ∫
𝑑𝜖

(1 − 𝜖)
𝑃 𝜖

d𝑁

𝑑𝑝𝑇𝑖 𝑝𝑇𝑖=
𝑝𝑇𝑓
1−𝜖

= ∫ 𝑑𝜖 1 − 𝜖 𝑛−1𝑃 𝜖
𝐴

𝑝𝑇𝑓
𝑛

𝑅𝐴𝐴 = ∫ 𝑑𝜖 1 − 𝜖 𝑛−1𝑃 𝜖

LHC
RHIC



Similar quenching at RHIC and the LHC

Similar RAA in different colliding energies: larger QGP & energy loss at higher colliding 
energies.
Smaller RAA at higher pT: parton energy loss and power n of parton spectrum depend 
on energy/momentum.

𝑅𝐴𝐴 ∼ 1 − 𝜖 𝑛−1



• For a power law distribution of jet spectrum, 
d𝑁

𝑑𝑝𝑇𝑗
=

𝐴

𝑝𝑇𝑗
𝑛 , where n is a 

large number, the leading hadron spectrum is given by

𝑑𝑁

𝑑𝑝𝑇ℎ
= ∫ 𝑑𝑧𝐷 𝑧 ∫ 𝑑𝑝𝑇𝑗

d𝑁

𝑑𝑝𝑇𝑗
𝛿(𝑝𝑇ℎ − 𝑧𝑝𝑇𝑗)

= ∫
𝑑𝑧

𝑧
𝐷 𝑧

d𝑁

𝑑𝑝𝑇𝑗 𝑝𝑇𝑗=
𝑝𝑇ℎ
𝑧

= ∫ 𝑑𝑧𝑧𝑛−1𝐷(𝑧)
𝐴

𝑝𝑇ℎ
𝑛

• While D(z) is usually a deep-falling function, the leading hadron is 

actually produced from the large z region of D(z), i.e., the leading 

fragment of the jet.

• Putting energy loss and fragmentation together

𝑑𝑁

𝑑𝑝𝑇ℎ
= ∫ 𝑑𝑝𝑇𝑗

d𝑁

𝑑𝑝𝑇𝑗
∫ 𝑑𝜖𝑃 𝜖 ∫ 𝑑𝑧𝐷 𝑧 𝛿 𝑝𝑇ℎ − 𝑧 1 − 𝜖 𝑝𝑇𝑗

= ∫
𝑑𝜖

1 − 𝜖
𝑃 𝜖 ∫

𝑑𝑧

𝑧
𝐷 𝑧

d𝑁

𝑑𝑝𝑇𝑗 𝑝𝑇𝑗=
𝑝𝑇ℎ

𝑧 1−𝜖

= ∫ 𝑑𝑧𝑧𝑛−1𝐷 𝑧 ∫ 𝑑𝜖 1 − 𝜖 𝑛−1𝑃 𝜖
𝐴

𝑝𝑇ℎ
𝑛

⇒ ∫ 𝑑𝑧𝑧𝑛−1𝐷(𝑧)∫ 𝑑𝜖 1 − 𝜖 𝑛−1𝑃 𝜖,
𝑝𝑇ℎ

𝑧(1 − 𝜖)

𝐴

𝑝𝑇ℎ

𝑛
𝑝𝑇ℎ

𝑧 1−𝜖

Where does the leading hadron come from?

Phys.Rev.D 75 (2007) 094009



Elastic/collisional energy loss

• From kinetic theory, the elastic scattering rate:

• The collisional energy loss rate:

• It is infrared logarithmic divergent, screened by 
plasma effects which are incorporated by including 
HTL corrections for soft momenta of order gT

Bjorken 1982; Bratten, Thoma 1991; Thoma, Gyulassy, 1991; Mustafa, Thoma 2005; Peigne, 
Peshier, 2006; Djordjevic (GLV), 2006;  Wicks et al (DGLV), 2007; GYQ et al (AMY), 2008



Medium-induced radiation
• Single gluon emission kernel: 

– The starting point or central goal in most jet quenching calculations

• PQCD-based formalisms:
– Multiple soft scatterings (BDMPS-Z, ASW, AMY)
– Few hard scatterings (GLV, ASW, HT)
– BDMPS-Z:  Baier-Dokshitzer-Mueller-Peigne-Schiff-Zakharov
– ASW:  Amesto-Salgado-Wiedemann
– AMY: Arnold-Moore-Yaffe
– DGLV: Djordjevic-Gyulassy-Levai-Vitev
– HT: Wang-Guo-Majumder

• Some later developments:
– AMY: finite L (Caron-Huot, Gale 2010)
– GLV: finite dynamical medium (Djordjevic, Heinz, 2008)
– DGLV: non-zero magnetic mass (Djordjevic, Djordjevic, 2012)
– Higher Twist (HT): multiple scatterings (Majumder, 2012)

• Various approximations:
– High energy & eikonal approximations; soft gluon emission approximation (ASW, GLV); collinear expansion (BDMPS-Z, 

HT); gluon emission induced by transverse scatterings

• More recent improvements:
– Include non-eikonal corrections within path integral formalism (Apolinrio, Armesto, Milhano, Salgado, 

arXiv:1407.0599)
– Reinvestigate the GLV formalism by relaxing the soft gluon emission approximation (Blagojevic, Djordjevic, Djordjevic, 

arXiv:1804.07593; Sievert, Vitev, arXiv:1807.03799)
– Generalize HT formalism by going beyond collinear expansion and soft gluon emission approximation, including both 

transverse and longitudinal scatterings, for massless and massive quarks (Zhang, Hou, GYQ, PRC 2018 
arXiv:1804.00470; PRC 2019, arXiv:1812.11048; Zhang, GYQ, Wang, PRD 2019, arXiv:1905.12699)



• Neglect logarithmic and numerical factors of O(1) [hep-ph/0002198]

• (1) Mean free path 𝜆 for soft scatterings 

• (2) Coherence length 𝑙𝑐𝑜ℎ for induced radiation 

• (3) Size 𝐿 of the medium

• Consider a gluon with energy 𝜔 is emitted by a jet parton after 𝑁𝑐𝑜ℎ coherent soft scatterings. 

Assuming each soft scattering contributes a momentum kick 𝜇, then the total transverse 

momentum squared 𝜇𝑐𝑜ℎ
2 after 𝑁𝑐𝑜ℎ coherent scatterings is

𝜇𝑐𝑜ℎ
2 = 𝑁𝑐𝑜ℎ𝜇

2

• In the mean time, the distance travelled by the jet parton is given by

𝑙𝑐𝑜ℎ = 𝑁𝑐𝑜ℎ𝜆 ⇒ 𝜇𝑐𝑜ℎ
2 =

𝑙𝑐𝑜ℎ
𝜆

𝜇2

• This is also the formation time of the gluon radiation

𝑙𝑐𝑜ℎ = 𝑡𝑓𝑜𝑟𝑚 =
𝜔

𝜇𝑐𝑜ℎ
2 =

𝜆𝜔

𝑙𝑐𝑜ℎ𝜇
2

• Therefore, the coherence time can be obtained

𝑙𝑐𝑜ℎ = 𝑡𝑓𝑜𝑟𝑚 =
𝜆𝜔

𝜇2

Medium-induced radiation: heuristic discussion



• (1) When 𝑙𝑐𝑜ℎ ≪ 𝜆, i.e., 𝜔 ≪ 𝜆𝜇2 = 𝐸𝐿𝑃𝑀, the multiple scatterings are incoherent 

(independent). This is Bethe-Heitler regime: 

𝜔
𝑑𝑃

𝑑𝜔𝑑𝐿
=
𝛼𝑠
𝜋
𝑁𝑐

1

𝜆

• (2) When 𝑙𝑐𝑜ℎ ≫ 𝐿, i.e., 𝜔 ≫
𝐿2𝜇2

𝜆
=

𝐿

𝜆

2
𝜆𝜇2 =

𝐿

𝜆

2
𝐸𝐿𝑃𝑀 = 𝐸𝑓𝑎𝑐𝑡, effectively it is just a 

single scattering. This is also Bethe-Heitler regime:

𝜔
𝑑𝑃

𝑑𝜔𝑑𝐿
=
𝛼𝑠
𝜋
𝑁𝑐

1

𝐿

• (3) When 𝜆 ≪ 𝑙𝑐𝑜ℎ ≪ 𝐿, i.e., 𝐸𝐿𝑃𝑀 ≪ 𝜔 ≪ 𝐸𝑓𝑎𝑐𝑡, the multiple scatterings are coherent. This 

is the LPM regime:

𝜔
𝑑𝑃

𝑑𝜔𝑑𝐿
=
𝛼𝑠
𝜋
𝑁𝑐

1

𝑙𝑐𝑜ℎ
=
𝛼𝑠
𝜋
𝑁𝑐

𝜇2

𝜆𝜔

– RHIC: 𝐿 ∼ 5𝑓𝑚, 𝜇 ∼ 0.5𝐺𝑒𝑉, 𝜆 ∼ 1𝑓𝑚 ⇒ 𝐸𝐿𝑃𝑀 ∼ 1.25𝐺𝑒𝑉, 𝐸𝑓𝑎𝑐𝑡 ∼ 30𝐺𝑒𝑉.

– LHC: 𝐿 ∼ 5𝑓𝑚, 𝜇 ∼ 1𝐺𝑒𝑉, 𝜆 ∼ 0.5𝑓𝑚 ⇒ 𝐸𝐿𝑃𝑀 ∼ 2.5𝐺𝑒𝑉, 𝐸𝑓𝑎𝑐𝑡 ∼ 250𝐺𝑒𝑉.

Medium-induced radiation: heuristic discussion



• In order to obtain the energy loss per unit distance in the LPM region, one integrate one 

integrates the gluon spectrum over 𝜔. For 𝐸 > 𝐸𝑓𝑎𝑐𝑡, 

𝑑𝐸

𝑑𝐿
= න

𝐸𝐿𝑃𝑀

𝐸𝑓𝑎𝑐𝑡

𝜔
𝑑𝑃

𝑑𝜔𝑑𝐿
𝑑𝜔 ≈

2𝛼𝑠
𝜋

𝑁𝑐
𝜇2

𝜆
𝐸𝑓𝑎𝑐𝑡 =

2𝛼𝑠
𝜋

𝑁𝑐
𝜇2

𝜆
𝐿

• Given that the accumulated transverse momentum broadening due to successive scatterings:

⟨𝑘⊥
2⟩𝐿=

𝐿

𝜆
𝜇2

• One can see that the medium-induced radiative energy loss is controlled by jet broadening:

𝑑𝐸

𝑑𝐿
=
2𝛼𝑠
𝜋

𝑁𝑐⟨𝑘⊥
2⟩𝐿

• Define jet quenching (transport) parameter ො𝑞 =
⟨𝑘⊥

2 ⟩𝐿
𝐿

=
𝜇2

𝜆
=

𝜇𝑐𝑜ℎ
2

𝑙𝑐𝑜ℎ
, then

𝑑𝐸

𝑑𝐿
=
2𝛼𝑠
𝜋

𝑁𝑐 ො𝑞𝐿

• Integrating over length, one obtains the total energy loss growing as 𝐿2 [hep-ph/0002198],

𝛥𝐸 =
𝛼𝑠
𝜋
𝑁𝑐 ො𝑞𝐿

2

Medium-induced radiation: heuristic discussion



Multiple gluon emissions
• Multiple gluon emissions

– Full calculations of multiple parton final state 
need to include the interference between 
different emissions

– Common practice: repeat the application of 
the single gluon emission kernel

• Poisson convolution (BDMPS/ASW/DGLV)

• Transport approach (AMY)

• Meddium-modified DGLAP evolution (HT)
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Radiative and collisional energy loss

GYQ, Ruppert, Gale, Jeon, Moore, Mustafa, PRL 2008

McGill-AMY rad & coll.



JET Collaboration, PRC 90 
(2014), arXiv:1312.5003
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The “perfect” fluid quenches jets almost perfectly

Reliable determinations of shear viscosity and quenching parameter from RHIC and 
the LHC can tell a lot about the property of the medium.
How does a weakly-coupled (asymptotic free) QCD medium at extremely high 
temperature turns into a strongly-interacting QGP at relatively “low” temperature?

A. Majumder, B. Muller, X.-N. Wang, PRL 2007; B. Muller, Prog.Part.Nucl.Phys. 62 (2009) 551

For weak coupling, 

𝜎 ∼
4

Ƹ𝑠
∫ 𝑑𝑞⊥

2𝑞⊥
2 𝑑𝜎

𝑑𝑞⊥
2 ∼

4 ො𝑞

Ƹ𝑠𝑛
, 𝜂 ∼

1

3
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• Jets are fundamental objects in QCD and collider physics

• High pT hadron suppression plays an important role for the 

discovery (and study) of jet quenching, which originates from 

parton-medium interaction and parton energy loss

• Leading hadron-based observable is sensitive to leading fragment of 

the jet

• Radiative and collisional energy loss are both important for jet 

quenching

• Jets (high pT particles) provide important tools to extract the 

transport properties of QGP

Summary for Lecture II
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