
Xiaozhi Bai ( ) 

University of Science and Technology of China

, 8 14,2025

Introduction to High -Energy Heavy-Ion Collisions

‰ ◓ ṁ ᵒ

The International Summer School on TeV Experimental Physics



14/08/25 Introduction to High-Energy Heavy-Ion Collisions 1

1. Motivation ofstudying heavy-ion collisions

2. Main Experiments in Heavy-Ion Physics

3. Common Observables

Å Particle multiplicity and spectra

Å Collective flow 

Å Jet quenching and energy loss

Å Heavy flavor and quarkonia

4. Future Plans and Outlook

Outline
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Motivation (some50yearsago)

ñIt would be intriguing  to 

explore new phenomena by 

distributing high energy or 

high nuclear matter over a 

relatively large volume., In 

this way, one couldpossibly 

create abnormal states of 

nuclear matter.ò

T.D. Lee ( )
(11.24.1926 ς 08.04.2024)

ALICE
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A new stateof matter

ü ◓ ᴦӟἹ ᵔỨ ‰

ᴛ

ü ᵊᴪ ᴦ 1986 

⌠ ԁ ⁯ᵊ¬ᶋ◓ ẞʼ
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Strong interaction : Quantum Chromodynamics

Ҋ  ~ 300 B.C.
 ѿ ӊ ̆ ῒ ̆҆ҕҌ

Take half from a foot long stick each day,

You will never exhaust it in million years.

QCD
q q

q qq q

Quark pairs can be produced from vacuum

No free quark can be observed

Quark Confinement:

Asymptotic freedom



14/08/25 Introduction to High-Energy Heavy-Ion Collisions 5

Quark-gluon plasma

ü The earliest known state of 

matter in the Universe after 

the Big Bang

ü As the Universe expanded, its 

temperature and density 

decreased, leading to the 

confinement of quarks and 

gluons into hadrons

The history of the universe
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Introduction to heavy-ion collisions

Initial state

Pb     Pb     

Hard scatterings QGP formation Hydrodynamic expansion

Credits: MADAI project

Hadronization and freeze-out

Time Ⱳ = 0 Ⱳ ~ 1 fm/c Ⱳ ~ 10 fm/c

Temperature T ~ 200-800 MeV T ~ 155-100 MeV

http://madai.phy.duke.edu/indexaae2.html?page_id=503
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Heavy-ion physicsworldwide: present/high energy

Geneva

SuperProton SyncrotronandLargeHadron
Collider,CERN (Switzerland/France)

Relativistic Heavy Ion Collider, Brookhaven(USA)

AGS

Brookhaven RHIC 

Å Operating since 2000

Å Circumference 3.83 km, 2 

rings

Å Superconducting magnets

Å Ongoing exp: STAR

CERN SPS

Å Operating since 1986 

Å Circumference 6.9 Km

Å ãsNN < 20 GeV

Å Ongoing: NA61/Shine

CERN LHC

Å Operating since 2009

Å Circumference: 27 km

Å Pb-Pb ãsNN = 2.76-5.5 TeV

Å Main ongoing: ALICE, ATLAS, CMS, 

LHCb
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STAR experimentsat RHIC
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ALICE experimentsat LHC
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Particle identification

Particle identification is difficult butcrucial in heavy-ion collisions
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XiaozhiBai@GSIcleanroom 2018.02

TPC at ALICE experiment

ǂ
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TPC

ü ALICE Ǎ ǉTPCǊ

ü ALICE dE/dx
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Particle identification via TPC and TOF
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CommonObservables
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ü Heavy-ion collisions probe the strongly-

interacting matter ð the quark-gluon plasma 

(QGP) under extreme conditions of high 

temperature and energy density

ü Hard probes created at initial stage of the 

collision

Å QGP tomography

ü Soft probes created in the ñfireballò

Å Fingerprint of the QGP evolution

QGP signatures
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Soft probes
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Roy Glauber (Nobel Prize, 2005)

Glauber model

inelastic nucleon-nucleoncross sectiondensity profile of 

nucleusaredescribedby theWoods-Saxon distribution

spectators

participants

b
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QCD phase diagram

How to measure the phase transition?
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Energy density in the QGP

A mapping of the energy density in the QGP phases vs time and space for a mid-centralPb-Pb

5.02TeV collision.
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Charged-particle multiplicity

ALICE Phys. Rev. Lett.116(2016) 222302

This indicates that heavy-ion collisions are more efficient in converting theinitial beam 

energy into particle production at midrapidity than pp or pïPb collisions

Bjorken energy density estimation
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charged
kaons

charged
pions

protons everything else

Measuringidentifiedparticleproduction rates

ˊ., K and p are the most abundant hadronic species produced in the collision
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Strangeness production

ü One of the original traces of the QGP

Thermal production via gluon fusion in a QGP scenario

ü K0
S, ȿ (1s), ɂ (2s) and ɋ (3s) in Pb-Pb at 5.02 TeV: 

Production wrt to “ enhanced
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NCQ Scalingof theV2

Universal trend for most of particles and the corresponding anti-particles

STAR, Phys.Rev.Lett. 110142301 (2013)



14/08/25 Introduction to High-Energy Heavy-Ion Collisions 24

Heavy quark: QGP tomography
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Parton energy loss in QGP

ü Radiativeenergyloss

ü Inelasticscattering

D.dóEnterriaandB.Betz,

Lect. Notes Phys. 785, 285 (2010)

Energy lost by radiation of gluons induced by 

interactions with the hot and dense medium
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Heavy Quark Energy Lossin QGP

ñDead-Coneòeffect:Gluonradiationin vacuumis suppressedfor smallangledueto

kinematicalconstraints, Smallerenergylossfor heavyquarks,

Y. Dokshitzer,D. Kharzeev,PLB519,199(2001)
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ALICE, Nature605,440(2022)

Direct Observation ofñDead-ConeòEffect
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Elastic Collision of Heavy Quark in QGP

Collisionalenergyñlossò

Elasticscattering

One-dimensional elastic collision in classicmechanics

üHigh-energy object: Lose small energy per collision

üLow-energy object: May gain small energy from the medium
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D-mesons suppression at LHC

ALICE, JHEP01,174(2022)

üPrompt Ὀ0, Ὀ+, Ὀz+ same suppression, dramatic decrease from 3-6 GeV/c

üClear increasing suppression towardscentral collisions at intermediate/high pT
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Heavy quarkcollective expansion

significant D mesonselliptic flow in semi-centralPb-Pbcollisions.
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Charm baryon/meson v2 splitting

ü First prompt charm-baryonv2 measurement in heavy-ion collisions

ü Compatible within uncertainties withD0 in the low pT,  v2 (ȿc+ )> v2 (D0) with 3.6ůin the

intermediatepT, evidence of charm baryon/meson splitting

Charm baryon/meson v2 splitting
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ü Their discoveries not only 

won the Nobel Prize; 

ü Confirmed the existence of 

the charmed quark

Discoveriesof the J/ɣ
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State J/ɣ ɢc ɣǋ Ɉ ɢb Ɉǋ ɢbǋ Ɉǋǋ

Mass [GeV] 3.1 3.53 3.68 9.46 9.99 10.02 10.26 10.36

ȹE [GeV] 0.64 0.2 0.05 1.1 0.67 0.54 0.31 0.2

ȹM [GeV] 0.02 -0.03 0.03 0.06 -0.06 -0.06 -0.08 -0.07

r  [fm]0.5 0.72 0.9 0.28 0.44 0.56 0.68 0.78

Quarkonium in QGP

Bound state of quark and its own antiquarkheavyquark
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Debye Screening of Strong Interaction in QGP

ü Strong interaction between heavy quark and 

its antiquark is reduced in the deconfined 

medium due to the surrounding free quarks 

and gluons

ü Bound state will be dissociated into open 

heavy flavor hadrons when the Debye radius 

is smaller than the size of the bound state

ü Suppression of quarkonium in relativistic 

heavy ion collisions should provide a 

ñsmoking-gunò signature of QGP formation

Medium modified potential



14/08/25 Introduction to High-Energy Heavy-Ion Collisions 35

Quarkonium suppression is theñsmoking gunò of QGP

ü Quarkonium productionis one of the ñsmoking 

gunsò of QGP formation

ü Quarkonium production suppressed sequentially 

via colour screening in QGP

 

T. Matsui, H.Satz, PLB178 (1986) 416 

> 5700 citations 
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Quarkonium suppression is theñsmoking gunò of QGP

ü Quarkonium productionis one of the ñsmoking 

gunsò of QGP formation

ü Quarkonium production suppressed sequentially 

via colour screening in QGP

 

T. Matsui, H.Satz, PLB178 (1986) 416 

> 5700 citations 

Tetsuo Matsui (1953-2025)
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Charmonium (re)generation production

ÅSuppression of the charmonia due to colour screeningandthedynamicdissociation

ÅCharm quarkproduction crosssectionat theLHC is muchlarger compared to RHIC energies,

and the(re)generationcontributionto theJ/ɣ is significantlyhigherthanatRHIC

P. Braun-Munzinger, J. Stachel, Nature 448 (2007) 302 Phys. Rev. D 105, 011103 (2022)
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Inclusive J/ɣ RAA vspT

ALI-PUB-539097

ü TransportandSHMc models describedataat low pT, while SHMc underestimatesthe

measurementathigh pT, the energy loss model agrees with data at high pT

üEvidence for the (re)generation and demonstration of deconfinement at LHC

ALICE, PLB 849 (2024) 138451
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ALI-PUB-528412

ALI-PUB-528404

ü A larger suppression of the ɣ(2S) w.r.t the J/ɣ is observed

ü The ɣ(2S) RAA increases at low pT , which is ahint ofɣ(2S) regeneration

ü The TAMU model describes data better than SHMc in centralcollisions

ɣ(2S)RAA in Pb Pb collisions at ▼ἚἚ= 5.02 TeV 

ALICE, PRL132, 042301(2024)
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Charmonium polarization

Heavy-quark pairs areproduced in the earlystageof AA collisionand can experience both the

short living ║ and the ╛ of the rotating medium, polarization w.r.t. an axis orthogonal to the 

event plane can be affected.

Christakoglu et al., EPJC (2021)81: 717 F. Becattini et al., PRC 77 (2008)
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J/ɣ polarization w.r.t  the event plane

üFirst measurement of quarkonium polarization w.r.t  the event plane

üSignificant polarization (~ . Ɑ) observed in semicentralcollisions(40-60%) in 2 < pT < 6 GeV/c

üThe significance of the polarization reaches~ . Ɑ at lowὴT (2 < pT < 4 GeV/ὧ) in 30-50%

ALICE, PRL131(2024) 4,042303
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üThenewresultis consistentwith Run2, with statistical precision improved at low pT at forward rapidity

üA significant J/ɣ v2 is observed at forward rapidity, consistent with the charm quark thermalization

Charmonium elliptic flow in PbïPb collisions


