
Yen-Jie Lee (MIT) Heavy Ion Physics

v

Heavy-Ion Physics (I)

1

Yen-Jie Lee

Student Lecture
2022 Asia Europe Pacific School of High-Energy Physics

Pyeongchang, South Korea

5-18 October 2022

MIT HIG group's work was supported by US DOE-NP



Yen-Jie Lee (MIT) Heavy Ion Physics

Phases of QED (Electrons and Nuclei) Matter
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Quantum Chromodynamics
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QCD Running Coupling Ŭs
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http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/Nobel/

Strong coupling 

Confinement

Infrared slavery

Non-perturbative

Weak coupling

Asymptotic freedom

Perturbative
0.2 fm 0.02 fm 0.002 fm 0.0002 fm
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Quarks and Hadrons
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Mesons 

(quark and anti-quark)

Baryons 

(Three quarks)

Confinement

beauty

When the quarks form a hadron, the total color charge needs to be neutral
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Ultra-dense QCD (Quarks and Gluons) Matter
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T<TC T~TC T>TC

Increase the Temperature (T)
Quark

Anti-quark

~ 2 trillion degrees

Mesons 

(quark and anti-quark)

Baryons 

(Three quarks)
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Ultra-dense QCD (Quarks and Gluons) Matter
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T<TC T~TC T>TC

Increase the Temperature (T)

Increase the Density (ɟ)

ɟ<ɟC ɟ~ɟC ɟ>ɟC

Quark

Anti-quark

~ 2 trillion degrees

~ (2 to 12) x nuclei density

Mesons 

(quark and anti-quark)

Baryons 

(Three quarks)
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Rough Estimation of the Critical Density

ÅNormal nuclear matter

ÅBaryon density 

Proton Charge Radius: Nature volume 575, pages147ï150 (2019)
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Rough Estimation of the Critical Density

ÅNormal nuclear matter

ÅBaryon density 

ÅCompressed nuclei: nucleons start to overlap!

Rough estimation of critical density: 

Ą At least a few times of the normal nuclear matter density

Proton Charge Radius: Nature volume 575, pages147ï150 (2019)
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Reminder: Thermodynamics

ÅAt high temperature limit: 

QGP as an ideal gas of non-interacting quarks and gluons

ÅProbability density:                                                    where

With degeneracy D, chemical potential ɛ, energy E, and 

+ for Fermion

- for Boson

Quark

Anti-quark
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Relativistic Bose Gas

ÅAt high temperature limit: 

QGP as an ideal gas of non-interacting quarks and gluons

ÅProbability density:                                                    where

With degeneracy D, chemical potential ɛ, energy E, and 

ÅFor a relativistic Bose gas, neglecting the chemical potential (ɛ=0)

ÅEnergy density: 

+ for Fermion

- for Boson
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Relativistic Bose Gas

ÅAt high temperature limit: 

QGP as an ideal gas of non-interacting quarks and gluons

ÅProbability density:                                                    where

With degeneracy D, chemical potential ɛ, energy E, and 

ÅFor a relativistic Bose gas, neglecting the chemical potential (ɛ=0)

ÅEnergy density: 

+ for Fermion

- for Boson
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Relativistic Bose Gas

Bose gas energy density

Pressure
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Relativistic Bose Gas

Bose gas energy density

Pressure

Entropy density



Yen-Jie Lee (MIT) Heavy Ion Physics

Relativistic Bose Gas

Bose gas energy density

Pressure

Entropy density

Number Density

Exercise with Fermi Gas

N
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What Have We Learned So Far?

Bose gas energy density: 

Bose gas pressure

Bose gas entropy density

Fermi Gas

Å Energy density and pressure increases very quickly with temperature! (T4)

Å Proportional to number of degrees of freedom (degeneracy D)

Å Similar dependence between Bose and Fermi gas except for a scale factor (7/8)!

Å Speed of sound is around 0.58 c

Speed of sound cs
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Number of Degree of Freedom (D) for Hadron Gas

Hadron Gas:

ÅSuppose we focus on T< 400 MeV, it is a gas of pions

ÅD = 3 for 
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Number of Degree of Freedom (D) for QGP

Hadron Gas:

ÅSuppose we focus on T< 400 MeV, it is a gas of pions

ÅD = 3 for 

Non-interacting Quark and Gluon gas:

ÅNumber of Gluons (Boson): Dg = 2 (spin) x 8 (color) = 16

ÅNumber of Quarks (Fermion): 

Dq = 2(spin) x 2(particle/anti-particle) x 3(color) x 3(flavor u,d,s) = 36

16x jump in 

energy density!!!
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Lattice QCD Equation of State

Replotted from

HotQCD Collaboration PRD90 (2014) 094503

ÅSolve the QCD equation of state on a discrete 

space-time lattice 

ÅReliable for zero net baryon density!

ÅIndeed, we see a rapid increase in the degrees 

of freedom!!!

ÅPredicts a speed of sound 

Pressure

Entropy

Energy Density
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QCD Phase Diagram
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Net Baryon Number Density

Temperature

~150

MeV
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QCD Phase Diagram
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Temperature
Expansion of Early Universe

Neutron Star Formation

~150

MeV

Net Baryon Number Density

At 

t~10ɛs
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How Do We Generate Quark-Gluon Plasma in a Lab?
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QCD Phase Diagram
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Temperature

Medium between the Ions

?

~150

MeV

Net Baryon Number Density

Velocity ~ c

Relativistic Heavy Ion Collisions

Compressed Ions
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Relativistic Heavy Ion Collisions (Simulation)
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Relativistic Heavy Ion Collisions

25

Two discs of almost real 
quarks and gluons

Time (fm/c)
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Relativistic Heavy Ion Collisions
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Time (fm/c)

Two discs of almost real 
quarks and gluons

Collision! Highest energy density state. Huge amount 
of soft (low momentum transfer) scatterings.
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Relativistic Heavy Ion Collisions
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Time (fm/c)

Midrapidity: thermalized QGP with very 
small baryon doping (ɛB)

Forward: QGP just created

Two discs of almost real 
quarks and gluons

Collision! Highest energy density state. Huge amount 
of soft (low momentum transfer) scatterings.
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Relativistic Heavy Ion Collisions
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Time (fm/c)

Midrapidity: thermalized QGP with very 
small baryon doping (ɛB)

Forward: QGP just created

Hadronizationof QGP, different from 
elementary collisions like e+e- or pp collisions

¢ƘŜ ƛƻƴǎ ƭƻǎŜ Ϥ ур҈ ƻŦ ǘƘŜ 
ƳƻƳŜƴǘǳƳ ŀƴŘ ŦƻǊƳ ŀ 

ŎƻƳǇǊŜǎǎŜŘ ōŀǊȅƻƴπǊƛŎƘ vDt 
όƘƛƎƘ ɛB)ŀǘ ƭŀǊƎŜ ǊŀǇƛŘƛǘȅ

Two discs of almost real 
quarks and gluons

Collision! Highest energy density state. Huge amount 
of soft (low momentum transfer) scatterings.
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The First Dedicated Heavy Ion Collider 
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PHOBOS BRAHM

S

PHENIX STAR

Relativistic Heavy Ion Collider

RHIC

Au+Au  

7.7 - 200 GeV
3.8 km circumference

Since 2000~
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sPHENIX Data-Taking in 2023
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PHOBOS BRAHM

S

PHENIX STAR

Relativistic Heavy Ion Collider
Au+Au

200 GeV
3.8 km circumference
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High Energy (Temperature) Frontier
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Large Hadron Collider

Lead+Lead (PbPb) collisions

2010-11: 2.76 TeV   0.16/nb

2015-18: 5.02 TeV   1.7/nb

Also smaller system data:

Proton-lead (pPb) at 5.02 & 8.16 TeV

Xenon-Xenon (XeXe) at 5.44 TeV

31

27 km circumference

CMS

ATLAS

LHCb

ALICE

France

Switzerland

A flying mosquito has about 4 trillion electronvolts(4TeV)of energy

CMSALICE

ATLAS LHCb
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Proton-Proton Collision Recorded by CMS
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Hadron Energy 9a 9ƴŜǊƎȅCharged Particle
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Lead-Lead Collision Recorded by CMS (2018)
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A Higgs to two photons candidate
IŀŘǊƻƴ 9ƴŜǊƎȅEM Energy Charged Particle
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Data-Taking
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ÅLHC delivers heavy ion collisions for around one month per year

Å2018: PbPb collision data rateup 50 kHz; CMS peak data throughput 9 GB/s

ÅWe are actively preparing for the first data-taking in Run 3!

CMS event display

Hadron Energy EM Energy Charged Particle
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Reconstruct the Quark Soup with CMS
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O(10-14 m)

O(1m)

O(1013 m)

O(1027 m)

Inner Structure of QGP Inner Structure of Our Solar System

Size of the CMS detectorSize of the Universe
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Density of the Quark Soup
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Energy density of the medium based on 

CMS dE/dɖ~ 2 TeV: ~65 GeV/fm3

> 100x denser than the proton!

Count the number of particles produced in head-oncollisions.

Particle density in Lead+Lead~ 400xof that in Proton+Proton

At Ű0 ~ 0.2 fm/c:

At early time of the collision, the system can not be described by hadrons

Head-on

collision

~ 14 fm

Lead+Lead

Proton+Proton

Xenon+Xenon

Pseudorapidity (angle)
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