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Beginning of time
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Beginning of time

ca. 1950
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751946



Fermi 
“Notes on thermodynamics and Statistics”, 1953

?tera Kelvin

nano Kelvin
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The Big Question: Nature of matter at highest temperature and density



?tera Kelvin
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Statistical particle 
production from a 

thermal system

Hydrodynamic evolution 
of dense, hot system



ca.1970
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Underlying degrees of freedom of strong interaction

e-

Photon

e-

Proton

q

q

q

At high energies, electrons 
appear to scatter of pointlike, 

quasi-free 

particles inside proton

1990 Nobel Prize to 
Jerry Friedman (MIT), Henry 

Kendall (MIT), 
Richard Taylor (SLAC)

late 1960’s



Baryon
e.g. proton

q

q

q

Meson
e.g. pion

qq

Quantum Chromodynamics theory (early 1970’s) 

• QFT like QED

• Point-like fermions (Quarks)

• Massless bosons (Gluons)

Quarks and gluons carry ‘Color’ charge


Gluon

q

q q

q

 Hadrons are composite particles

Colored particles can not propagate through the vacuum: Confinement
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Deconfined quarks as 
DOFs of superdense 

matter 

Space-time structure of 
Quark-Gluon Plasma
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McLerran 2008

Can we observed this phase transition

 in experiment and study its nature?



1980s
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AGS and SPS fixed target programs @  2-20GeVsNN ≈
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Relative yields of hadrons consistent with 
global thermal equilibrium at T ~160MeV

Statistical model of particle production
Becattini et al (2004)
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McLerran 2008
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McLerran 2008

RHIC, LHC

Nature of phase transition?  Nature of matter above TC?→



2000
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First Heavy Ion Collider

First  Au beams in 2000
Top energy √sNN = 0.2TeV

RHIC
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First collisions:  
June 12, 2000

Wit Busza presents first physics results at RHIC
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Multiplicity much lower than 
expected in most models

Centrality dependence much 
weaker than expected

Particles are not produced 
independently: Parton saturation

First surprise at RHIC ν ≈ 1 ν ≈ 6



Gunther Roland International Workshop XLIV on Gross Properties of Nuclei and Nuclear Excitations Hirschegg Jan 22 2016

Two early discoveries
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Ideal hydrodynamics

Strong azimuthal anisotropy in 
particle production (“Elliptic Flow”) 

reaching limit obtained in ideal 
hydrodynamics

Suppression of high-pT particle 
production vs pp: Jet Quenching

PHENIX PRL (2001)
STAR PRL (2001)



ψ2

Initial nuclear overlap defines direction 
(anisotropic pressure gradients)

Final state momentum distribution 
reflects initial overlap geometry

Hydrodynamic expansion translates initial configuration space 
anisotropy into final state momentum distribution
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Pressure driven hydrodynamic expansion



ca. 2005

26



“...the fireball made in these [heavy-ion] 
collisions...was not a gas of weakly interacting 

quarks and gluons as earlier expected, but 
something more like a liquid...”


based on Whitepapers by BRAHMS, PHENIX, 
PHOBOS and STAR collaborations at RHIC

“Something more like a liquid”
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Discovery of Mach cones?

Take 2-particle angular correlation 
function and subtract  

“elliptic flow”   termcos(2Δϕ)
Residual correlations at  

and 
Δϕ ≈ 0

Δϕ ≈ π ± 60∘

PHENIX, STAR (2005)

?
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Standard Eccentricity

x

y Nucleus 2Nucleus 1

Participant 
Region

b

Nucleus 1

Nucleus 2

Participant  
Region

x

y

Participant Eccentricity

b

A new look at nuclear collisions

PHOBOS QM ‘05

Initial geometry given by overlap of 
smooth nuclear density distributions 

Initial geometry determined by 
positions of individual colliding 

nucleons (participants) 



2010

30



31

2nd Heavy Ion Collider: LHC
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c.f. 2014 Hot QCD White Paper (arXiv:1502.02730) 
(btw, this might not be a bad read for new grad students)

ATLAS PRL (2010)

Jet energy loss in QGP 
leads to dijet momentum 

imbalance



Add v22 and v32

Δφ

Triangular flow (v3) from 
fluctuating initial condition

ψ3 è

~ v32 cos(3Δφ)

2-particle correlation function

ψ2

è

~ v22 cos(2Δφ)

Δφ
Δη

≈

≈

Elliptic flow (v2)

Alver,GR PRC (2010)
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Demise of Mach cones…



Gale, Jeon, Schenke 
Int.J.Mod.Phys. A28 (2013) 1340011 

€ 

ε3 =
r2 cos(3φ( )

2
+ r2 sin(3φ( )

2

r2

Gale et al, Phys.Rev.Lett. 110 (2013)

Gale, Jeon Schenke Phys.Rev. C85 (2012) 024901
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…precise determination of QGP transport coefficient

Higher order Fourier components 
constrain initial geometry and 

transport coefficient  
simultaneously 

η/s
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State of the art: Bayesian analysis of 
multiple observables at multiple 

energies to extract QGP properties

Bass et al, Heinz et al
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Shear viscosity to 
entropy ratio,  η/s

Bayesian Analysis on Data (Duke) 
PRC94 (2016) no.2, 024907 

Electron fluid  
in Graphene

String theoryPRL103,025301 (2019)

MIT cold atom group
Calculation from 
Annals Phys.326:770-796,2011

QGP vs other fluids in nature



2015
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Δx ≪ 1fm 

 Δp >> 1GeV


“Free quarks and gluons”

Δx ≈ 1fm

  Δp ⪅ 200MeV


“Perfect Liquid”

How does long-wavelength behavior 
emerge from asymptotically free 

interaction at high T?

How does QGP work?
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US Nuclear Physics 
Long range plan

c.f. 2014 Hot QCD White Paper (arXiv:1502.02730)



sPHENIX: A new experiment at RHIC

sPHENIX
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2022+
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Long shutdown 2 LS 3Run 3 Run 4Run 2

2018 2019 2021 2022 2023 2024 2025 2026 2027 2028 2029

LHC
PbPb  7 nb-1 PbPb  7 nb-1

CMS Phase 1 Upgrade CMS Phase 2 Upgrade

HL-LHC
PbPb 1.8 nb-1

pO, OO, pPb

sPHENIX 
construction

sPHENIX 
Installation 

commissioning

RHIC   EICRun 23-25
pp, pAu,  AuAu 20 nb-1

MTD

PD-2/3

2020

LHC and RHIC timeline
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g

u,d,s

charm

bottom

Jet structure
vary momentum/
angular scale of 

probe

Quarkonium spectroscopy
vary size of probe

Parton energy loss
vary mass/momentum of probe

QGP Diagnosis toolkit



Bayesian inference key approach 
for extracting temperature 

dependence

T-dependence of QGP structure, as 
reflected e.g. in transport coefficients 

can reveal new physics

Data from two energy regimes, RHIC & LHC, essential to constrain T dependence 


Close collaboration of experiments and theory required
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Use RHIC and LHC to study QGP properties vs temperature



Golden channel for studying QGP structure: 
Vectorboson + jet

47

photon

jet



Probing the Trillion Degree Quark Soup

pp

PbPb
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PRL cover (2017)

pp

PbPb

PLB 785 (2018) 14 
PLB 718 (2013) 773 PRL 119 (2017) 082301

Photon + Jet Z0 boson + Jet 

Energy loss (transport of energy out of jet cone) 
changes jet/photon (Z0) momentum balance

Pioneering measurements at LHC



QGP “Rutherford scattering”

49

PLB 785 (2018) 14 
PLB 718 (2013) 773

Δϕ ≈ π

Distribution similar with QGP 
(PbPb) and without (pp)Does scattering in QGP 

deflect jet  relative to the 
photon?



Jet-Hadron azimuthal correlations
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ALICE projections (e.g.) suggest a much broader distribution around π, indicating 
a worse resolution

sPHENIX 
simulation

CERN Yellow Report projections for Runs 3, 4 

At comparable jet energies, much smaller 
contribution from ISR/FSR at RHIC, as well 
as smaller smearing from UE fluctuations
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Jet broadening: Better at RHIC (lower energy)!
LHC projection  TeVsNN = 5.02 RHIC projection  TeVsNN = 0.2

Final State Radiation



Exotic Hadron Production in High Color Density Environment51

r4q ≈ rcc ̅

≈ 0.3 fm
rmolecule 

as large as 5 fm

X(3872): Observed by BELLE (2003) 
• Quantum number determined by CDF and LHCb data: JPC=1++

• internal structure is still under debate

u
c

u
c

π

𝐷0

D̄∗0

 molecule𝑫𝟎 − D̄∗𝟎

uu
c
c

Tetraquark (4q)Charmonium

c c

?

Hybrid

BELLE PRL 91, 262001 (2003)  
CDF     PRL 98, 132002 (2007) 
LHCb   PRL 110, 222001 (2013)

PLB 590 209-215 (2004) PRD 71 (2005) 014028 PRD71 (2005) 014028

EPJA47 (2011) 101

New opportunity: Exotica (use QGP as tool)



Exotic Hadron Production in High Color Density Environment52

ψ(2S)
X(3872)

CMS-PAS-HIN-19-005

First evidence for X(3872) 
production in heavy ion 

collisions

Indication of enhancement in 
X(3872)/  ratio in PbPbψ(2S)

Jing Wang +  
Yen-Jie Lee



2025+
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LHC Run 4
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LHC Run 4: Phase 2 upgrades
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MIP Timing Detector

Particle identification improves S/B for many 
existing measurements (HF, Exotica)


and opens new opportunities 
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sPHENIX
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ECCE


