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Introduction

* "“Condensed” matter physics for
elementary particles

* Physics of heavy ion collisions and the

quark gluon plasma is getting matured:

Discovery stage =2 Precision physics

* Recent findings of the quark gluon plasma
and related topics



PHYSICS OF THE QUARK
GLUON PLASMA
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Two Aspects of
Quantum ChromoDynamics

QCD: Theory of strong inter
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What is the Quark Gluon Plasma?
Hadron Gas jl> Quark Gluon Plasma (QGP)

2

aryons

Low € Temperature = High
Degree of freedom: Quarks (matter) and gluons (gauge)

Mechanics: Quantum ChromoDynamics (QCD)

> Novel matter under extreme conditions



How High?

Suppose “transition” happens when
a pion (the lightest hadron) gas is
close-packed,
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Equation of State from
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Where/When was the QGP?

History of the Universe

History of the Universe
~ History of form of matter

Micro seconds after Big Bang

Our Universe is filled
with the QGP!



Conjectured Phase Diagram of QCD

Eapy Unjverse

S oo The Phases of QCD Understandi ng
T —— phase diagram
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RELATIVISTIC HEAV
COLLISIONS
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The QGP on the Earth

Relativistic heavy ion collisions

Turn kinetic energy (v > 0.99c¢) into thermal energy



New Era Started!

Heavy lon Collision Event

5 Run 168665, Event 83797
Time 2010-11-08 11:37:15 CET

Multiplicity of c

hadrons ~ 160C

ly///. unit rapidity
a head-on ¢

Jet 1, pt: 116.0 GeV.

Jet 0, pt: 183.7 GeV



Hydrodynamic Simulation
of a Au+Au Collision at RHIC

Time scale ~ 10

SO quark gluon plasma
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Thermal Radiation fror

4+ AuAu MB x10
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Elliptic Flow
P Elliptic flow (Ollitrault, ‘92)

~10?Paf *  Momentum anisotropy as
a response to spatial

anisotropy

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

2"d harmonics (elliptic flow)

-> Indicator of
hydrodynamic behavior

dN/do




Relativistic Boltzman




8= 17 Ga
HYDRO limits




Strong Coupling Nature
of the QGP

Large expansion rate of the QGP in relativistic
heavy ion collisions

SN <

= div ¥ = 10%? /sec

—> Only tiny viscosity is allowed when hydrodynamic

description of the QGP works.

— Manifestation of the strong coupling nature of
the QGP



Discovery for “Perfect
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New state of matter more remarkable than predicted -- raising

TAMPA, FL -- The four detector groups conducting research at the Relativist
(RHIC) -- a giant atom "smasher" located at the U.S. Department of Energ
Laboratory -- say they've created a new state of hot, dense matter out of t
are the basic particles of atomic nuclei, but it is a state quite different and ¢
had been predicted. In peer-reviewed papers summarizing the first three y
Physicist Nima Arkani-Hamed scientists say that instead of behaving like a gas of free quarks and gluons,

to Give a Talk at Brookhaven matter created in RHIC's heavy ion collisions appears to be more like a figt
Lab on 'Space Time,
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Recent Viscous Fluid Sinr

MC-KLN hydro (1)/s) + UrQMD MC-Glauber
(b)
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RECENT DEVELOPMENT
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Initial Density Fluctuation




Event-by-event Fluctuatio

|deal, but unrealistic?
on average(?)



Deformation at Higl




Dynamical Modeling of
Relativistic Heavy lon Collisions*

v hadron gas
+ /MO
° ¢ °o «® O - LI
> % 00100 *.’ Relativistic Boltzmann

QGP fluid Relativistic Ideal Hydro

L]

collision gxis Monte Carlo |.C.

*K.Murase et al. (in preparation)



Deformation in Model Cz
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v, {**%]

V,{EPY, v, 82}, V, 4}, V, {63, V,ILYZ, ...

Hydro-based event generator
—> Analysis of the outputs almost in the same
way as experimental people do.

Demonstration of v, analysis according to
event plane method by ATLAS setup.

E.g.) Centrality cut using Ein FCal region
ATLAS, arXiv:1108.6018



Resolution of Event Plane

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

Event plane method
Event plane resolution using two subevents

R, = \[(cos[n(li’nl — VA

Y. Ep; sin nc;')l-)

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

n¥, =tan~! (



Resolution of Eve

by-E H2C
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v {EP}(centrality )

&, VS. centrality (input)
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V.{EP}(n)

va{EP}(,pr) = 7 {cc

Even Harmonics
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v {EP} vs. v _{RP}

v_{RP}: v_w.r.t. reaction pl

Even Harmonics

F 40-50%

vvvvv
v v v o,




Vn{EP}(pT)
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Comparison of v, wi
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Impact of Finite Higher Harmonics

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)

coarse
graining
Size
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Conclusion

Physics of the quark gluon plasma

* Strong coupling nature

* Small viscosity

Physics of relativistic heavy ion collisions

* Toward precision physics
« 2" order harmonics = Higher order harmonics
* Equilibration/coarse grainingin a small system
* Precise determination of transport coefficients
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Response to Deform
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Three Pillars of Dynamical
Modeling

(a) 3-15% b=4.0fm ® hydro+cascade
— T 4oo=100MeV

T dec=169MeV
n PHOBOS

oni"f':?"luo bia
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pr Spectra for Identified H:
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|ldeal Hydrodynamics ¢

v, VS. centralit
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Big Bang vs. Little Bang

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



Big Bang vs. Little Bang (contd.)

Big Bang Little Bang
Timescale | 10%5sec>>m.f.p./c | 1023 sec ~ m.f.p.[c
Expansion rate 105%/sec 1022"23[sec
Spectrum Red shift (CMB) Blue shift (hadrons)

Non-trivial issue on thermal equilibration ‘

m.f.p. = Mean Free Path




