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Phases of Matter!

火    水   土 
(gas) (liquid) (solid) 

Bose-Einstein condensate, fermionic condensate,  
superfluids, supersolids, paramagnetic,  

ferromagnetic, liquid crystals, … 

Quark-gluon Plasma (QGP) 

Symmetries & Anomalies 



QCD Theory!

•  SU(3) gauge symmetry (non-Abelian) 

•  Chiral symmetry and its spontaneous breaking 

•  Scale and UA(1) anomaly 
•  … 
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Scale Anomaly!

•  Scale invariance (massless quarks) 

•  Quantum interaction  renormalization of g(ΛQCD) 
–  Break scale invariance  scale anomaly 
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QCD Phase transition!
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Phase Transition in Lattice QCD!

MeVTc   8170±=
31.7 0.3  /c GeV fmε = ±

F. Karsch ‘2001 

高温高密 
Nuclei QGP 



Confinement-deconfinement!

Karsch, Laermann  
and Peikert 2001 
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SU(3) non-Abelian gauge interaction  confinement 

Heavy quark potential: 

J/Ψ suppression  

Q Q



Chiral Symmetry!

Spontaneously broken:  

0ψψ ≠

Goldstone bosons (π,K,η) 

(3) (3) (3)L RSU SU SU⊗ →

F. Karsch ‘2001 

MeVTc   8170±=



Properties of hadrons in medium!

Mixing between vector & axial-vector correlators at finite T 

Huang’95 , Rapp & Wambach’99 



QCD Phase Diagram!



QGP!



Relativistic Heavy-ion Collider!

STAR Collaboration  

China: USTC, Tsinghua, CCNU 
SINAP, Shandong U. , IMP 



LHC: the next frontier!

ALICE 

Higher temperature, 
Longer lifetime 
More abundance of 
             hard probes 

China: CCNU, CIAE 
HUST  



Heavy-ion experiments!

Big Bang! Little Bang!



QGP at RHIC: Transient Matter!

•  Transient Matter: 
•  Short life-time: 

 t ~ few fm/c ~10-25 seconds 
•  Small size: 

 R~10 fm ~ 10-14 m 
•  Rapid expansion 

Animation by Jeffery Mitchell 



Probing Nuclear Matter!
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Medium Response!

Dynamic System: 

 Hard probes: Medium response to strong interaction 
Jet quenching 

  EM emission: Medium response to EM interaction 
γ production, J/Ψ suppression 

 Soft hadrons: Bulk properties of medium, collective behavior 
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Flow in non-central collisions!

Animation by Jeffery Mitchell 



Elliptic Flow!
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Ideal Hydro calculation 
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Pressure gradient 
anisotropy  

x
y z



A perfect fluid?!

H2O : / 10sη :

0T µν
µ∂ = Ideal Hydrodynamic 

Constraint on shear viscosity: 

Luzum & 
Romatschgke 08 

η/s < 0.16



Viscosity of QCD Matter!
•  Hadron gas at low temperature:  

–  Chiral perturbation theory: 

•  QGP at high temperature:  
–  Perturbative QCD 
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Partonic flows!

 	

n = number "
of constituent "
quarks"

Parton recombination ->  
Partonic degrees of freedom 



Initial Anisotropy and final 
correlation !

CMB Heavy-ion Collisions 

Event-by-event hydro ∂µTµν = 0

f(φ) = N0
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Anisotropy of the Little Bang!

马国亮 & 王新年，PRL106 (2011) 162301  
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Jets in heavy-ion collisions!

q 

q 

leading 
particle 

leading particle 

pQCD 

Bjorken’82, XNW & Gyulassy’92 



Jet Quenching & Energy Loss !
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What Jets Probe!
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Single hadron suppression!



Suppression of away-side jet!

0

13.8 3.9 GeV/fmdE
dx

⎛ ⎞ ≈ ±⎜ ⎟
⎝ ⎠ cold matter

0.5 GeV/fmdE
dx
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0 0.2 fm/cτ =

Initial Density about 30 times of that in a Cold Au Nucleus 

Animation by Jeffery Mitchell 



Jet quenching at LHC!

    ATLAS, arXiv:1011.6182;       CMS, arXiv: 1102.1957.  



Jet unbalance!

何云存，Vitev & 张本威 
arXiv: 1105.2566 



Where does a jetʼs energy go?!

李汉林，刘复明，马国亮，朱燕 & 王新年，PRL106 (2011) 012301  

p · ∂f(p) = C(p)



Measuring medium excitation!



Δφ =100º   |η| < 0.12 

PHOS 

CB 

Charged	  hadrons:	  

Photons:	  

Δφ =360º   |η| < 0.9 

γ	


h±	  

PHOS in ALICE 
FEE: IOPP/CCNU, CIAE,HUST 



DCal 

PHOS 

Under construction by the institutes from China, Japan,  France, Italy and USA 

CCNU is responsible for the construction of one super-module 
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DCAL: extend EMCAL and PHOS capability 



Summary!
•  Heavy-ion collisions can test many properties of QCD 

–  Deconfinement phase transition 
–  Chiral symmetry restoration 

•  Current RHIC data indicate formation of strongly 
interacting QGP with smal viscosity: “perfect fluid” 

•  Microscopic properties of sQGP 
•  LHC is another frontier in the search for matter in extremis 

 

Strong jet quenching --- high temperature and density 
Strong v2 flow and  quark number scaling --- partonic flow 
Large anisotropy vn --- not possible due to hadronic interaction 



Back up slides!



UA(1) Anomaly!

U(1) and UA(1) Symmetry: 5,    ii
AU e U e αγα −−= =

(Classically) conserved current: 
0V
µ µψγ ψ= 0 5Aµ µψγ γ ψ=

Spontaneous chiral symmetry breaking  9th Goldstone boson (η0) 
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 UA(1) is broken in  
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Chiral Symmetry!

Chirality of massless quarks: 5
1 (1 )
2Lψ γ ψ= +5
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2Rψ γ ψ= −

Chiral symmetry: !L ! e"i
!
!L
!
!"L

!R ! e"i
!
!R
!
!"R

Conserved currents:  
2
a

aV
µ µ λψγ ψ= 5 2

a
aA
µ µ λ

ψγ γ ψ=

Spontaneously broken:  0ψψ ≠

Goldstone bosons (π,K,η) (3) (3) (3)L RSU SU SU⊗ →

Or alternatively:  UV = e
!i
!
!
!
! /2 ,   UA = e

!i!5

!
!
!
! /2



Running of αs(Q)!

S Bethke J.Phys. G26 (2000) R27  
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π
α =

− Λ

Gross,Wilczek;Politzer (73) 

SU(3) Gauge Symmetry 
Non-abelian interaction 

Anti-screening of color 

Asymptotic freedom 



Ideal Gas Approximation!
•  Leading orders in 

perturbation (Kapusta) 

•  Failure of simple perturbation: (non-convergenceg g~1) 
(Arnold & Zhai ’94) 

–  Expand contributions from soft modes k~ gT in terms of g. 
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Azimuthal anisotropy I!

0 1 2(1 cos 2 cos2 )chdN N v v
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Super YM: Strong Coupling System!
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Guber, Klebanov, Tseytlin ‘1998 

Entropy density 

Heavy quark diffusion, color screening, etc .. 

Jet quenching parameter 

Liu, Rajagopal and Wiedemann ‘ 2006 
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