
Yaxian MAO 
 Central China Normal University iSTEP 2018, Wuhan 2018/07/20

Heavy Ion Physics

Yaxian Mao (⽑毛亚显)

Central China Normal University (华中师范⼤大学)

The International summer School on TeV Experimental 
Physics (iSTEP2018)

 1



       What is Heavy-Ion Physics
• A way to study QCD

… without confinement

… with quarks at their bare masses

• A way to study matter

… at energy densities like 10 μs after the Big Bang

… at temperatures 105 times larger than in the sun core
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       Particles : building blocks of matter!
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Forces 

You! 
but also the air you breath, the 
water you drink, the Sun, galaxies... 
all visible objects in the Universe

10-38 --

10-5 --

1 --

10-3 --



       The standard model and QCD
• Strong interactions

• Binds quarks into hadrons

• Binds nucleons into nuclei

• Described by QCD

• Interaction between quarks 
and gluons carrying color 
charge

• Mediated by gluons, the 
strong force carries
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Hadrons = particles composed of quarks 
bound by gluons 
baryons: protons, neutrons, Λ, etc : 3 quarks

mesons: pions, kaons, J/ψ, etc : 1 quark + 1 
antiquark 



       Strong-Interaction Physics

• QCD is a very successful theory …

e.g. pQCD vs. production of high 
energy jets
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• But, with outstanding puzzles…

in a regime where perturbative methods are not applicable …unfortunately



       Confinement

• The increase of the interaction strength (for a 
qq pair) can be approximated by Cornell 
potential 
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Kr parametrizes the 
effects of confinement 

• When r increases, the color field can be seen 
as a tube

• At large r, energy in string increases 

• New qq pair is created once energy is above 
production threshold

No free quark can be obtained → confinement



Yaxian MAO 
 Central China Normal University iSTEP 2018, Wuhan 2018/07/20

How can one recreate primordial 
matter of free quarks and 

gluons ?
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       Phase transitions in nature
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QCD (the strong interaction sector of the Standard Model of particles and 
forces) predicts:
“at sufficient high energy density (provided by HIC) nuclear matter 
undergoes a transition from ordinary matter to a new state of matter called 
the Quark Gluon Plasma (QGP)”



       The MIT Bag Model
• The MIT bag model assumes that quarks are 

confined within bags of perturbative (empty) 
vacuum of radius R, in which they are free to 
move

• The QCD (true) vacuum creates a confining 
bag pressure B

• The bag constant is obtained by balancing the 
vacuum with the kinetic pressure of the 
quarks

• Massless fermions in spherical cavity

• Equilibrium defines bag radius 

• Proton radius (~0.8 fm) → B1/4 ~206 MeV
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If kinetic pressure exceeds bag pressure → deconfinement

Chodos et al., PRD 10 (1974) 2599



       Deconfinement phase transition

• If kinetic pressure exceeds bag pressure → 
deconfinement

• Relativistic massless quark gas

• Pressure exceeds bag pressure (p > B) at Tc ~ 144 MeV

- quark-gluon plasma above Tc
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More thorough estimate of the phase transition temperature can 
be done with lattice QCD → Tc ~ 156 MeV



       Fundamental Questions

• How do “free” quarks and gluons behave?

• How do quarks and gluons behave when chiral symmetry is restored?

• What generates the constituent masses?

• In the early universe a phase with free quarks and gluons and restored 
chiral symmetry has existed

- Quark-Gluon Plasma (QGP)

- Recreate in the laboratory with heavy-ion collisions

• How does matter behave at very large densities and temperatures?
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       QCD Phase Diagram
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       The QCD phase transition

• QCD calculations (on the lattice) indicate that the phase 
transition occurs at a critical energy density
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We can thus create a system of deconfined quarks and gluons
➡ by heating (T)
➡ by compression (matter density)



       QGP factory: Heavy ion collisions

We collide heavy nuclei at ultra-realistic energies (E≫mc2) to produce a 
droplet of hot (T ~ 3-4Tc) matter
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--suggesed by T. D. Lee

quand deux noyaux de Plomb se rencontrent

Heavy nuclei  
accelerated 
at speed of 
light collide

Quarks and 
gluons are 
created out of 
the vacuum 
(E=mc2)

They interact 
to form a 
drop of 
thermalized 
matter

Matter cools 
down while 
expanding 

Quarks and 
gluons condense 
into observable 
hadrons



       System evolution in heavy-ion collisions
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1 fm/c = 3 x 10-24s

collision
pre-equilibrium

hydrodynamic evolution

chemical freeze-out 
hadronization

kinetic freeze-out

particle detection

In reality, strong dynamical evolution of the system …



       Outline of the Lecture

• How to use detector to learn about the QGP?

• This lecture will focus on the main topic
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Jet quenching, energy 
loss & quarkonia

Collective flow & 
hydrodynamics

Particle yields & 
Statistical model

Collectivity in small systems



       Outline of the Lecture (what I have no time to cover …)
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Jet quenching, energy 
loss & quarkonia

Direct Photons
Femtoscopy

Nuclear Parton 
Distribution Functions

Jet Reconstruction

Higher Moments

Global Event 
Properties

Dileptons
Jet Structure

Fragmentation 
Functions

Creating Heavy-Ion 
Beams Diffraction

Ultra-peripheral 
collisions

Heavy-Ion 
Experiments

Collective flow & 
hydrodynamics

Particle yields & 
Statistical model

Collectivity in small systems



       Literature
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       Accelerators

Heavy-ion collisions:

√s given per nucleon pair (√sNN)

√sNN = 5 TeV →√sPb-Pb = 1040 TeV
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SPS RHIC LHC
top √sNN (GeV) 17 200 5020 (5500)

Volume at freeze-out (fm3) 1200 2300 5000
Energy density (GeV/fm3) 3-4 4-7 10

Life time (fm/c) 4 7 10



       Two main laboratories for heavy-ion collisions
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AGS : 1986 – 2000
•  Si and Au beams ; √s ~ 5 GeV
•  only hadronic variables

RHIC : 2000 – ?
•  He3, Cu, Au beams ; up to √s = 200 GeV
•  4 experiments (only two remain)

SPS : 1986 – 2003 + 2009 — ?
•  O, S, In, Pb beams ; √s ~ 20 GeV
•  Various experiments in North Area

LHC : 2009 – ?
•  Pb beams ; up to √s = 5500 GeV
•  ALICE, CMS, ATLAS and LHCb



       LHC: the Large Hadron Collider
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• ALICE dedicated HI experiment

• Low-pT tracking, PID, mid-rapidity

• Forward-muon spectrometer

• ATLAS/CMS large HEP experiments

• Large acceptance, full calorimetry 

• LHCb (pPb in 2013, PbPb since 2015)

• Forward tracking, PID, calorimetry



       Heavy-Ion Environment
• Measurements in an environment with dNch/dη up to 1600 

(√sNN = 2.76 TeV) 

         = 400 pp MB collisions 

         = 1 event with 399 pile-up events 

         (ATLAS/CMS reconstruct up to 100)

• In one collision, there are in the tracker acceptances

- 3200 tracks in ALICE | 8000 tracks in CMS/ATLAS
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x 400

for comparison
pp: dNch/dη ~ 4
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How to probe QGPs?
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       Probing QGP
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We study the QCD matter produced in HI collisions by seeing how it 
affects well understood probes as a function of the temperature of the 

system (centrality of the collisions)

QGP$?$

Calibrated
“probe source”

Probe

Matter under study

Calibrated
“probe meter”

Calibrated
heat source



       Probes traverse the QGP
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External control parameters

 27



       

Npart/2 ~ A 

b 

nA

nB

Collision Centrality
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Controls the volume, shape and energy density of the system
➡ Multiplicity and energy of produced particles are correlated with 
geometry of collisions 

Npart = nA + nB

Ncoll = nA ⊗ nB

Soft processes:  long timescale, large σ,  σtot ∝Npart

Hard processes:  short timescale, large σ,  σtot ∝Ncoll

How to measure the impact parameter b?



       Centrality

 29Striking relation between b and multiplicity

• Multiplicity anti-proportional to b

- Glauber MC + particle production model calculates multiplicity

• Multiplicity correlated in different phase space (e.g. forward and mid-rapidity) 
regions in HI collisions



       Glauber Monte Carlo

• Nucleons travel on straight lines

• Collisions do not alter their trajectory 
(energy of nucleons large enough)

• No quantum-mechanical interference

• Interaction probability for two nucleons is 
nucleon-nucleon cross-section
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       Glauber MC Output
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       Centrality (3)

• Use multiplicity to split events into classes

• Calles 0-5%, 5-10%, …100% (“0%” = most central)

• Glauber MC calculates Npart and Ncoll per class
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Number of events vs. multiplicity

PRC88 (2013) 044909
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Multiplicity and transverse energy

(Estimate of energy density and related to 
entropy)

 33



       Energy dependence of dN/dη and dET/dη
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Up dN/dη ≈1600 charged particles in central PbPb at LHC



       Energy dependence of dN/dη and dET/dη
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Up dN/dη ≈1600 charged particles in central PbPb at LHC

Use these measurements to get an estimate of the energy density



       Εstimate of energy dependence from dN/dη
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Jet Quenching & Energy Loss

How does a quark-gluon plasma affect 
particles traversing it?
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       Hard Probes

• Ideally: a Rutherford experiment

• But

- QGP exists in the lab only for ~10-23s

- No free color charges as probes

• Instead

- Use probes generated in the heavy-ion collision itself 
→“self-generated” probes
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       Self-Generated Probes

• Produced early, before the plasma forms 
t ~ℏ/Q, Q > 2 GeV/c → t < 0.1 fm/c

• Production rate “known”

• Ideally calculable perturbative

• Not produced in the medium

• Interact with dense medium (QGP)

• Large cross-section
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… as usual there is no such thing as a free lunch …



       Hard scattering and jet production

 40

1
z

2
z

Jet

z = phadron
pjet

•  Jets of particles emerge after a high energy parton-parton scattering
•  Jet fragmentation function (FF): hadron distribution as a function of z, 
defined as the momentum fraction taken by hadron from the jet

Beam%
Remnants%

Beam%
Remnants%

p%="

(uud)"

(uud)"

p%="

{π,K,p,n,…}"

Jet%

Ini.al%State%Radia.on%
%(ISR)%

Hadroniza3on"

Final%State%Radia.on%
%(FSR)%

Detector%

Study the strong force using jet production



       Nuclear effects in heavy ion collisions

• Disentangle initial and final state effects

• Characterize nuclear PDFs
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Beam%
Remnants%

Beam%
Remnants%

p%="

(uud)"

(uud)"

p%="

{π,K,p,n,…}"

Jet%

Ini.al%State%Radia.on%
%(ISR)%

Hadroniza3on"

Final%State%Radia.on%
%(FSR)%

Detector%

Jet-Quenching in QGP
Study the transport properties of the QGP  

a color charge (g, q, Q) in a colored medium
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• Partons loose energy ΔE when traversing the medium (see later slides) 
• Jet(E) →  Jet (E’ = E-ΔE) + soft particles(ΔE) 

• Jet quenching measures ‘stopping power' of QGP

Pb

Pb

q 

q 

High-energy 

parton 
(from hard scattering) 

H
adrons 



       A Back-to-Back Jet
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       Dijet Asymmetry
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Jets lose up to two thirds of their energy!

  →Something significant happening in heavy-
ion collisions



       Nuclear-Modification Factor
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       Nuclear-Modification Factor (2)
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• How do we measure this quantity?
For example:

pT distributions in AA collisions

• select events

• select and count tracks

• correct for detector effects

• estimate systematic uncertainties

Number of binary collisions Ncoll

• Glauber modeling (slide) 

• Centrality (slide)

pT distributions in pp collisions



       Jet pT distribution in pp and AA collisions
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RAA =
1

< TAA >
d 2NAA / dpTdη
d 2σ pp / dpTdη

pp@5.02 TeV Pb-Pb@5.02 TeV



       RAA
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       RAA at high pT
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       RAA for Color-Neutral Probes
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       Recap
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Strong suppression for high pT colored probes 
in central collisions!

➔ Jet quenching …



       Energy Loss

• Particle production in central collisions is strongly 
suppressed
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How does the medium achieve this suppression?



       Energy Loss in the QGP
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       Radiative Energy Loss
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       Dead Cone Effect
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       Collisional Energy Loss
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       Recap
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Let’s measure energy loss with heavy quarks!



       Heavy Quarks
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       D0 Reconstruction
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       Topological Cuts
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       Particle Identification (PID)
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       Invariant Mass with Cuts
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PID reduces background, but signal peak stays of same magnitude



       Recap: D Meson Yield
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       D RAA
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       π RAA vs. D RAA
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Let’s have a look at particles containing a heavier b …



       B RAA
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• RAA(J/ψ←B)>RAA(D)≃RAA(π) how to explain such mass dependence? 



       Summary
•An extremely dense and strongly coupled medium has been produced at LHC 

in central PbPb collisions: T >> Tc

•External probes (1/pT, 1/Q >> t0) are used to determine the medium 
fundamental properties (thermodynamic properties, transport properties, 
degrees of freedom,...)

•The HI program has moved beyond the initial exploration phase and is now 
producing detailed and precise measurements 

• Need detailed and precise theoretical description of entire collision 
dynamics 

• Many new results and also many open questions (pA and high multiplicity 
pp !!)

•Improving understanding on QGP properties using newly coming data at LHC 
ongoing
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Thank you for your attention!
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       Chiral Symmetry

 69



       Lattice QCD
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