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Quark Gluon Plasma

✓Size of hadrons ̃ fm
✦At high ρ or high T, 
hadron gas to quark-
gluon plasma.

➡Phase transition

̃fm
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Is it QGP inside a proton?

✓Asymptotic freedom 
means a QGP inside a 

proton?

➡No!

✓Free moving quarks & 
gluons for a large volume

✓Applicability of Statistical 
Physics is essential!
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What we expect:
  Statistical Nature 

✓What we expect:
✦Statistical physics at quark level

✦Hydrodynamical behavior at quark level

5

εQGP ∼ 2 [GeV/fm3]

< nq,q̄ > ∼ εQGP

< mT >
∼ 2GeV

0.4GeV
∼ 5

λq =
1

nσqq

∼ 1
5× 0.4

= 0.5 [fm]

λq # Rsystem

∵ σqq ∼
σNN

3× 3
∼ 4[fm2]

9
∼ 0.4

Ex. Lattice QCD

Animation by Jeffery Mitchell (Brookhaven National 
Laboratory). Simulation by the UrQMD Collaboration
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Statistical
nature

observed

6

★　Chemical equilibrium

from particle yield 

ratio

★　Kinematical equilibrium 

from transverse distr.
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Chemical Eq. from particle 
yield ratios

✓Only two parameters fit every ratio very well !

ni =
gi

2π2

∫ ∞

0

p2dp

e(Ei−µi)/T ± 1
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Centrality dep. of Tch

✓Tch stays amazingly constant from peripheral 
to central collisions

M.Kaneta, N.Xu, nucl-th/0405068

0

50

100

150

200

0 100 200 300 400
T
c
h
 [
M
e
V
]

Npart



KPS-HIM @Jeju, 2007 9

Transverse mass distr.

✓Exponential in mt

✦Known as mt scaling

✦Thermal distr.

✓Flatter mt distr for heavier 
particle mass

✦Mass Ordering of Slope param.

✦Effect of Collective Flow

€ 

mt = pt
2 + m2

PHENIX, PRC69,034909(2004)

€ 

T ≈ T0 +
1
2
m vr

2
Collective 

Flow
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Blast Wave Model 

✓Good tool to separate 
thermal and collective

✓Well describe < 2 GeV/c

PRC48(1993)2462.

€ 

1
mT

dN
dmT

= A f (r)rdrmT I0
pT sinhρ
Tfo

 

 
  

 

 
  K1

mT coshρ
Tfo

 

 
  

 

 
  0

R
∫

I0 , K1: modified Bessel function

€ 

ρ(r) = tanh−1 βT( ) ⋅ r/R

PHENIX, PRC69,034909(2004)

Phobos, J.Phys.G34,S1103-7(2007)
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Freeze-out Conditions

✓Kinematical & Chemical 
freeze-out show difference in 

centrality dependence!

✦Kinematical :

➡Tchcent. < Tchper. < Tch 

Freeze-out with λ~R

✦Chemical :

➡Tchcent. ̃ Tchper. ̃ 170 MeV

Freeze-out with ε~ εcrit

✓Nature of Freeze-out
✦Kinematical freeze-out is 

collisional, while chemical is 

not.
11

/dN dy 2 2 2/3
0S r r Aπ π= =

2

Gluon saturation scale:

/ 1 GeVS
dN dyQ
rπ

≈ ≈

Tch

/dN dy
S

TC

dNch/dη
200 400 600

<β>

Adiabatic Expansion Model
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Adiabatic Expansion Model

✓Assumptions;
✦Perfect fluid/Ideal gas

✦Entropy conservation

✦Bjorken Formula for ε

✦Transverse & 

longitudinal expansion

✦λ＝Ｒ as freezeout 

condition

✓Central collisions 
freeze-out later than 

12
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Two Major 
Discoveries 
at RHIC

1) Large Elliptic Flow

2) Jet Modification

15
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Elliptic Flow, v2 
(Azimuthal Anisotropy)

✓ In non-central collisions, participant region has almond shape.

➡azimuthal anisotropy in coordinate space

✓ If λ<< R,  azimuthal anisotropy of the coordinate space is 
converted to that of the momentum space.

➡v2 ; second Fourier harmonics of azimuthal distribution

✓Goodies :

✦Clear origin of the signal

✦Collision geometry can be determined experimentally

Rea
cti

on
 

pla
ne

X

Z

Y

Py Pz

Px

€ 

N φ( ) = N0 1+ 2v1 cos φ − Ψ0( ) + 2v2 cos 2(φ − Ψ0)( ){ }
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€ 

v2
ε

 v2 vs. Eccentricity

✓Eccentricity is evaluated from centrality of collisions

✓Ratio stays ̃constant

✦Eccentricity scaling observed in comparison of Au+Au, Cu+Cu
 Scaling with eccentricity shows v2 builds up at early stage

Phenix; PRL 89(2002)212301

  

€ 

Q v2 ∝ε

200 GeV

arXiv:nucl-ex/0610037, submitted to PRL

Cu+Cu

Au+Au

Phobos; nucl-ex/0610037
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Large azimuthal 
anisotropy 

✓Getting larger & larger in 
higher energies.

✦Scaling w. η-ybeam !?

€ 

N φ( ) = N0 1+ 2v1 cos φ − Ψ0( ) + 2v2 cos 2(φ − Ψ0)( ){ }
PHOBOS; nucl-ex/0406021
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Collective Flow

✓Mass Ordering of v2 at low pt 
region:
➡Existence of collective flow

✦Good agreement with 
hydrodynamics of perfect fluid

・Early thermalization (̃0.6 fm/c) 
・High energy density (̃20 GeV/fm3) 

・Low viscosity

✓Departure at high pt region
 (> 1.5 GeV/c);
➡Other mechanism?

PHENIX : P.R.L. 91, 182301 (2003)
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Puzzles in the mid-pt region

✓ In central col., p/π ratio is very large, while in peripheral, p/π ratio similar to 

those in ee/pp suggesting fragmentaton process.

 Fragmentation process should show np < nπ as seen in ee/pp.

✓While mass ordering of v2 seen at low pt region, clear departure observed.

✓Suggesting other production mechanism.

Phenix; P.R.L. 91(2003)172301


Quark Recombination Model
(Quark Coalescence Model)

p/π enhances above 1.5 GeV/c v2 deviates from the mass ordering 
above 2 GeV/c
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QGP

Hadron

Because of the steep distr. of w(pt), RECO 
wins at high pt even w. small Cx.

22

Quark recombination model 
(RECO)

✓Quarks, anti-quarks combine to form 
mesons and baryons from universal quark 
distribution, w(pt).

Mom. distr. of meson (2q)；

€ 

WM pt( ) ≈ CM ⋅ w
2(pt 2 )

Mom. distr. of baryon (3q)；

€ 

WB pt( ) ≈ CB ⋅ w
3(pt 3 )

 w(pt)；
Universal mom.
 distr. of quarks
｛steep in pt｝

Characteristic scaling features expected.
Quark number scaling
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QGP

Hadron

V2 from RECO

✓Characteristic scaling behavior

 Azimuthal distr of quark; w

Azimutal distr. of meson (2q)；

Azimuthal distr. of baryon (3q)；

€ 

dNM

dφ
∝w2 = (1+ 2v2,q cos2φ)

2

≈ (1+ 4v2,q cos2φ)

€ 

dNB

dφ
∝w3 = (1+ 2v2,q cos2φ)

3

≈ (1+ 6v2,q cos2φ)

€ 

w∝ (1+ 2v2,q cos2φ)

→Quark Number Scaling
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KET = mT – m

M. Issah, A. Taranenko, nucl-ex/0604011

24

Quark Number Scaling !!

Kinetic energy of constituent quarks

✓Mesons and baryons made of light quarks seem to be consistent with the 
recombination model and there seem to be universal quark distribution, 
w(pt,Φ).



Seminar at RCNP, 06.7.14

Somewhat weird feeling of KET scaling

 Where or what is the 
role of gluons in Reco?

 Universal behavior with 
kinetic energy of  
effective mass of 
quarks ?
 Quarks wear the gluons 
first, knowing which hadron 
they will be.(Effective mass)

 Then, coalesced and 
boosted by the pressure 
behind.

25

QGP

Hadron
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Even charm flows!

✓Charm decay produces high 
energy electrons.

✓v2 of single electrons are 
measured.

✓Observed data favors flow of 
charm, suggesting 
thermalization of heavy quarks.

✓This supports quark-
coalescence &  formation of 
QGP.

✓Best to measure v2 of J/ψ

V.Greco, C.M.Ko, 
R.Rapp,PLB595(2004)202.

S.Esumi & S. Sakai@SQM2006

v2 of single electrons
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Npart profile & Ncoll profile

28H. Masui, Thesis, Tsukuba, 2007
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Npart profile vs Ncoll profile

29H. Masui, Thesis, Tsukuba, 2007
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Jet 
Modification

31
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What is Jet ?

✓At ISR in 1972, deviation from 
the mt scaling at high pt region 
is observed as a first time.

✓Binary parton scattering 
followed by fragmentation 
produces back-to-back jet.

✓Main source of high pt particles.

32

back-to-back
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Comparison of Au+Au 
and pp

✓For comparison, Au
+Au & pp spectra 

scaled by Nbinary.

✓In peripheral 
collisions, 

Au+Au ̃ pp

✓In central collisions, 
Au+Au < pp

 Suppression of yield ?

 Loss of pT ?

� Jet Quench?

Scaled pp 
spectra

Peripheral

Central
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Suppression of high pt 
particles

✓Pions are suppressed, direct photons are not
34

pT

R A
A 1

binary collision 
scaling

participant scaling
0.34

Cronin effect

€ 

RAu+Au =
dnAu+Au /dpTdy

Nbinary ⋅ dnpp /dpTdy
Nuclear
Modification
Factor
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Au+Au vs d+Au

✓High pt suppression in Au+Au, while not 
observed in d+Au.

➡Effect is not due to initial state, but final state. 

d+Au→h±+X at √sNN = 200 GeVAu+Au at √sNN = 200 GeV

Phenix; P.R.L. 91, 072303 (2003)
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Disappearance of 
back-to-back corr.

pedestal and flow 
subtracted

✓Direct evidence of 
loss of ‘jet’

✓Azimuthal 
correlation w.r.t. high 
pt leading particle 
(trigger).
  pp ; clean di-jet 

  dAu; similar to pp

 Au+Au; Similar on the 
same side (suggesting 
jet-like mechanism), but b-
to-b disappeared 

 Effect is not in initial 
but in final stage

 Energy loss of partons 
in dense matter 
created in Au+Au

near side

away side

pTtrig = 4̃6 GeV/c × pTassoc > 2 GeV/c 

Star; P.R.L. 91, 72304 (2003)
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Shape change of 
away-side

✓From broad/none to distinct two shoulders 
at ΔΦ＝π±1.1 with decreasing momentum.

37

pTtrig = 3̃4 GeV/c × pTassoc 
PHENIX, arXiv:0705.3238 [nucl-ex]

near side

away side

Lo
ss
 of
 aw

ay
-si
de



PHENIX, arXiv:0705.3238 [nucl-ex]
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Shoulders at ΔΦ＝π±1.1

✓Location & <pt> of shoulder seem to be independent 
of centrality and pt.

✦Not cherenkov, not deflection, but, Shock wave !?

38
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Sophisticated 3-particle 
correlation analysis

39

STAR@QM06, nucl-ex/703010

pp dAu AuAu(cent)
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Sophisticated 3-particle 
correlation analysis

39

STAR@QM06, nucl-ex/703010

pp dAu AuAu(cent)

a
b
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Sophisticated 3-particle 
correlation analysis

39

STAR@QM06, nucl-ex/703010

pp dAu AuAu(cent)

a
b

a
b

t
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Sophisticated 3-particle 
correlation analysis

39

STAR@QM06, nucl-ex/703010

pp dAu AuAu(cent)

a
b

a
b

t t

a

b
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Sophisticated 3-particle 
correlation analysis

39

STAR@QM06, nucl-ex/703010

pp dAu AuAu(cent)

a
b

a
b

t t

a

b
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Sophisticated 3-particle 
correlation analysis

39

STAR@QM06, nucl-ex/703010

pp dAu AuAu(cent)

a

b

a
b

a
b

t t

a

b
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Sophisticated 3-particle 
correlation analysis

39

STAR@QM06, nucl-ex/703010

pp dAu AuAu(cent)

a

b

a
b

a
b

t t

a

b
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Sophisticated 3-particle 
correlation analysis

39

STAR@QM06, nucl-ex/703010

pp dAu AuAu(cent)

a
b

a
b

t t

a

b

a
b



t

ΔΦ~2

ΔΦ~2

ΔΦ~2

KPS-HIM @Jeju, 2007

Sophisticated 3-particle 
correlation analysis

39

STAR@QM06, nucl-ex/703010

pp dAu AuAu(cent)

a
b

a
b

t t

a

b
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Difficulty of the analysis

✓Large azimuthal anisotropy is the major background.
➡“Discovery of yesterday is background of today and calibration of 

tomorrow”

➡More precise determination of the elliptic flow is important

✓Both group say it is consistent with Mach Cone.
40

STAR@QM06, nucl-ex/703010Phenix@QM06, J.Phys.G 34(2007)S191
Central Au+Au √SNN=200 GeV
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Shock Wave !?

✓If confirmed, it is 
breakthrough from the 

era of QGP discovery to 

the study of property, 

such as sound velocity in 

the plasma  

41



STAR, arXiv:nucl-ex/0701074
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Near side ridge as splash

✓Claims
✦Stopped parton is the source of 

ridge as well as Mach cone.

✦This happens only at the surface

✦There should be velocity boost at 

the ridge region (pi,K,p)

✦v3 components independent of 

R.P.
42

V.S. Pantuev, arXiv:hep-ph/0701.1882v1
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If it is “Liquid”, 
why not a back 

splash?

43
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Summary

✓We have seen partonic matter, ie, a QGP!
✓Successful description of the system in terms of 
statistical thermo-dynamics;

✦Particle ratios in Tch, μ, Kinematical distr. in Tth and β

✓Partonic
✦Large azimuthal anisotropy cannot be created with hadronic 
process.

✦High pt suppression and disappearance of back-to-back is at 
parton level.

✦Successful description of quark recombination;

➡Phenomenological, but universal quark distribution function!

✓We are in the state of studying property of plasma, like cs.


