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• “Condensed” matter physics for 
elementary particles 

• Physics of heavy ion collisions and the 
quark gluon plasma is getting matured: 
 
 

• Recent findings of the quark gluon plasma 
and related topics  

Discovery stage  Precision physics 





Confinement of 
color charges 

Asymptotic free 
of QCD 

coupling vs. energy scale 

QCD: Theory of strong interaction 



Hadron Gas Quark Gluon Plasma (QGP) 

Degree of freedom: Quarks (matter) and gluons (gauge) 
Mechanics: Quantum ChromoDynamics (QCD) 

Low  Temperature  High 

Novel matter under extreme conditions 

Baryons 

quark 

  gluon 



Suppose “transition” happens when 
a pion (the lightest hadron) gas is 
close-packed, 

𝑛𝜋 ≈
1

4𝜋𝑟𝜋
3

3

≈ 3.6𝑇3  
𝑟𝜋 ≈ 0.5 fm 

𝑇𝐶 ≈ 100 MeV ≈ 1012 K 

Note 1: T inside the Sun ~ 107 K 
Note 2: Tc from the 1st principle calculation ~2x1012 K  



Wuppertal-Budapest (2010) 



History of the Universe 
~ History of form of matter 

Micro seconds after Big Bang 

Our Universe is filled 
with the QGP! 



The region in which 
we can investigate 
by relativistic heavy 
ion collisions 

Understanding of 
phase diagram 
 “Condensed matter 
physics of QCD” 





Front View Side View 

Relativistic heavy ion collisions 
Turn kinetic energy (v > 0.99c) into thermal energy 



Multiplicity of charged  
hadrons ~ 1600 per  
unit rapidity in  
a head-on collision at 
𝑠𝑁𝑁  = 2.76 TeV 



quark gluon plasma 

Time scale ~ 10-22 sec 



Well above ec 
from lattice 
simulations in 
central collision 
at  RHIC 

ec from lattice 

PHENIX(’05) 
STAR(’08)  



Photon spectra in relativistic 
heavy ion collisions 
 
Blue shifted spectra with 
T~220 MeV~2x1012K 

PHENIX 
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f 0 2p 

2v2 

~1035Pa 
Elliptic flow (Ollitrault, ’92) 
• Momentum anisotropy as 

a response to spatial 
anisotropy 

• Known to be sensitive to  
properties of the system 
• (Shear) viscosity 
• Equation of state 

2nd harmonics (elliptic flow) 
 Indicator of 
hydrodynamic behavior 



Zhang-Gyulassy-Ko(’99) 

v2 is 
 generated through secondary collisions 
 saturated in the early stage  
 sensitive to cross section (~1/m.f.p.~1/viscosity) 

𝜆 =
1

𝜎𝜌
∝ 𝜂 

l: mean free path 
h: shear viscosity 



𝜀 =
𝑦2 − 𝑥2

𝑦2 + 𝑥2
 

Eccentricity 

x 

y 

𝑣2
𝜀
=
Momentum Anisotropy

Spatial Anisotropy
 

Response of the system 
reaches “hydrodynamic 
limit” 

𝑣2
𝜀

 vs. transverse 

particle density 



𝑉 

𝑉
= div 𝑣 ≈ 1022 /sec  

Large expansion rate of the QGP in relativistic 
heavy ion collisions 

 Only tiny viscosity is allowed when hydrodynamic 
description of the QGP works. 
 Manifestation of the strong coupling nature of 

the QGP 



http://www.bnl.gov/bnlweb/pubaf/pr/pr_display.asp?prid=05-38 



Ratio of shear viscosity to entropy density 
𝜂

𝑠 QGP
= 0.08~0.16

ℏ

𝑘𝐵
≈

1

380

𝜂

𝑠 Water
≈
1

9

𝜂

𝑠 Liquid He
 

𝑣2
𝜀

 vs. transverse particle density 

H.Song et al., PRL106, 192301 (2011) 



T.H., P.Huovinen, K.Murase, Y.Nara (in preparation) 



1

𝑁
 initial condition single initial condition 

conventional 
hydro 

event-by-event 
hydro 



Figure adapted from talk 
by J.Jia (ATLAS) at QM2011 

Ideal, but unrealistic? 
OK on average(?) 

Actual collision? 
 Higher order 

deformation 





0 
collision axis 

ti
m
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Au Au 

QGP fluid 

hadron gas 

Relativistic Boltzmann 
 
Relativistic Ideal Hydro 
 
Monte Carlo I.C. 

*K.Murase et al. (in preparation) 



𝜀𝑛 =
𝑟2𝑒𝑖𝑛𝜙

𝑟2
 

Sample of entropy 
density profile in a 
plane perpendicular 
to collision axis 



v2{EP}, v2{2}, v2{4}, v2{6}, v2{LYZ}, … 

Hydro-based event generator 
 Analysis of the outputs almost in the same 
way as experimental people do. 
 
Demonstration of vn analysis according to 
event plane method by ATLAS setup. 
E.g.) Centrality cut using ET in FCal region 

ATLAS, arXiv:1108.6018 



𝑅𝑛 = cos 𝑛 𝛹𝑛
1 − 𝛹𝑛

2  

Reaction (Event) plane is not known 
experimentally nor in outputs from E-by-E H2C.  

Event plane method 
Event plane resolution using two subevents 

𝑛𝛹𝑛 = tan−1
 𝐸𝑇,𝑖 sin 𝑛𝜙𝑖

 𝐸𝑇,𝑖 cos𝑛𝜙𝑖
 

c.f.) A.M.Poskanzer and S.Voloshin, Phys. Rev. C 58, 1671 (1998) 



ATLAS, arXiv:1108.6018 

Even Harmonics Odd Harmonics 

# of events: 80000 (Remember full 3D hydro+cascade!) 

Subevent “N”: charged, -4.8< h < -3.2 (FCal in ATLAS) 
Subevent “P”: charged, 3.2< h < 4.8 (FCal in ATLAS) 



𝜀𝑛  vs. centrality (input) 𝑣𝑛  vs. centrality (output) 

Response of the QGP to initial deformation 
𝑣𝑛   roughly scales with 𝜀𝑛  



𝑣𝑛 EP 𝜂, 𝑝𝑇 =
1

𝑅
cos 𝑛 𝜙 −𝛹𝑛

𝑃/𝑁   

Even Harmonics Odd Harmonics 

Not boost inv. almost boost inv. for epsilon 

40-50% 40-50% 



Even Harmonics Odd Harmonics 

40-50% 40-50% 

vodd{RP}~0 
veven{EP}>veven{RP} 
due to fluctuation 

vn{RP}: vn w.r.t. reaction plane known in theory 



0-10% 40-50% 

v2{EP} ≈v3{EP} v2{EP} > v3{EP} 

𝜂 < 1 𝜂 < 1 

Note: e2>e3  



Tendency similar to experimental data 
Absolute value  Viscosity 

Theory Experiment 



• Only few people believed 
hydro description of the 
QGP (~ 1995) 

 
• Hydro at work to describe 

elliptic flow (~ 2001) 
 
• Hydro at work (?) to 

describe higher harmonics 
(~ 2010) 

𝑑 ≲ 5 fm 

coarse 
graining 

size 

initial 
profile 

𝑑 ≲ 1 fm 



Physics of the quark gluon plasma 
• Strong coupling nature 
• Small viscosity 
Physics of relativistic heavy ion collisions 
• Toward precision physics 

• 2nd order harmonics  Higher order harmonics 
• Equilibration/coarse graining in a small system 
• Precise determination of transport coefficients  







T.Hirano et al., Phys. Lett. B 636, 299 (2006) 

1. QGP ideal hydro 
2. hadronic cascade 
3. Glauber type initial 

conditions 
 

Other sets of 
modeling? 
Undershoot in central 
collisions? 



T.Hirano et al., Phys. Lett. B 636, 299 (2006) 

CGC and perfect fluid, 
are they compatible? 



Three pillars at work in pT spectra at RHIC 



Au+Au Cu+Cu 

T.Hirano et al. (in preparation) 

𝑣2 vs. centrality 



Figure adapted from 
http://www-utap.phys.s.u-
tokyo.ac.jp/~sato/index-j.htm 



Big Bang Little Bang 

Time scale 10-5 sec >> m.f.p./c 10-23 sec ~ m.f.p./c 

Expansion rate 105-6/sec 1022-23/sec 

Spectrum Red shift (CMB) Blue shift (hadrons) 

m.f.p. = Mean Free Path 

Non-trivial issue on thermal equilibration 


