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Recap of first lecture

 Looking for evidence of a new state of matter - QGP

* Predicted by QCD to occur, due to screening of
colour charge, at high T and/or density
* Tc ~ 160 MeV

* Create in laboratory by colliding ultra-relativistic
heavy-ions

* Large multi-purpose experiments necessary to sift
through all the data produced
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The phase transition in the laboratory
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Evolution Pre-Equilibrium

Phase (< 1)
a) without QGF/ \\
Chemical freeze-out (T, = T,): inelastic scattering ceases
Kinetic freeze-out (T,, = T,): elastic scattering ceases

b) with QGP
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The phase transition in the laboratory
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Remember: cold nuclear matter
Eog = U H,1r3=0.13 GeV/fm3
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Phase (< 1)
a) without QGF/ \\
Chemical freeze-out (T, = T,): inelastic scattering ceases
Kinetic freeze-out (T,, = T,): elastic scattering ceases

b) with QGP
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The phase transition in the laboratory

K P, ..
K time :
\ % K p, .. A T f ; Lattice (2-flavor):
o

L T.= 1738 MeV
K7 €.~ (6+2) T4 =0.70 GeV/fm?

i
Mid Rapidity

Remember: cold nuclear matter
Eog = U H,1r3=0.13 GeV/fm3

Necessary but not sufficient
condition

Tevatron (Fermilab)

- e(Vs =1.8TeV pp) >>
Ero-=auilorm g(Vs =200GeV Au+Au RHIC)

Phase (< 1)
a) without QGF/ \\
Chemical freeze-out (T, = T.): inelastic scattering ceases | gize matters !l
Kinetic freeze-out (T,, = T ,): elastic scattering ceases

Hydrodynamic
Evolution

b) with QGP z  Thermal Equilibrium =

many constitutents
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Thermodynamics - phase transitions

Phase transition or a crossover?

Signs of a phase transition:

1st order: discontinuous in entropy at Tc — Latent heat, a mixed phase
S A T A

L /
} AS =— T y .
1. ¢ : :
/ mixed phase :
I > T i | > 8

T €

Higher order: discontinuous in higher derivatives of d"S/dT" — no mixed
phase - system passed smoothly and uniformly into new state (ferromagnet)

Temperature < transverse momentum T o < PT>
Energy density <  transverse energy exdE, /dy= <mT>dN /dy
Entropy & multiplicity S dN/dy
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The order of the phase transition

“Afirst-order QCD phase transition that occurred in the
early universe would lead to a surprisingly rich
cosmological scenario.” Ed Witten, Phys. Rev. D (1984)
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The order of the phase transition

“Afirst-order QCD phase transition that occurred in the
early universe would lead to a surprisingly rich
cosmological scenario.” Ed Witten, Phys. Rev. D (1984)
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The order of the phase transition

“A first-order QCD phase transition that occurred in the
early universe would lead to a surprisingly rich
cosmological scenario.” Ed Witten, Phys. Rev. D (1984)

NASA/WMAE

Apparently it did not !
Thus we suspect a smooth cross over or
a weak first order transition

.- --. - ‘.
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The language of RHI collisions

Before starting, we need to know some specific terminology used in RHI
collisions.

Relativity: Energy: E2=p?2+m? or E=T+m orE=ym

. ! _v_P
where: = T and f=-—=+
Lorentz Transformations: E = v(E + Bp.)
p. =7 + BE)
Kinematics:
1. E+p
pL = Ds Yy = 5 In B —pi Rapidity
pr = /(P2 + p?) / ~1
z T Py Yy =1y +tanh™ "3
mr =/ (pF +m?) _ L, pEm Pseduo-Rapidity
Transverse mass =3 p —py,  (no particle id required)
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Geometry of a heavy-ion collision

Non-central
collision Z/ Mcrirs: & UrGb ‘
Ib
Reaction XZ - the reaction plane l
plane z

“peripheral” collision (b ~ b
“central” collision (b ~ 0)

max)
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Geometry of a heavy-ion collision

Non-central

collision 2 / Picture: © UrQMD A
{ b Bk
Ib
Reaction XZ - the reaction plane l
plane z

“peripheral” collision (b ~ b
“central” collision (b ~ 0)

max)

Number of participants (N_,): number of incoming nucleons

(participants) in the overlap region
Number of binary collisions (N,;,): number of equivalent

inelastic nucleon-nucleon collisions Npin = Npar
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Quantifying the geometry

p+p: 2 Participants, 1 Binary Collision

Participants: those nucleons that have interacted at least once
Binary collisions: the number of 1+1 collisions
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Quantifying the geometry

p+p: 2 Participants, 1 Binary Collision

Participants: those nucleons that have interacted at least once
Binary collisions: the number of 1+1 collisions
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p+A: 8 Participants, 7 :_“'i"hary Collisions

Generically: N, = Ny, +1

Participants: those nucleons that have interacted at least once
Binary collisions: the number of 1+1 collisions
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p+A: 8 Participants, 7 Ilnary Collisions

@ 00
000’

Generically: N, ‘Nb.n 1

Participants: those nucleons that have interacted at least once
Binary collisions: the number of 1+1 collisions
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Quantifying the geometry

A+A: 9 Participants, 14 Binary Collisions

A+A: 16 Participants, 14 Binary Collisions

R

Participants: those nucleons that have interacted at least once
Binary collisions: the number of 1+1 collisions
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Quantifying the geometry

A+A: 9 Participants, 14 Binary‘ons

A+A: 16 Participants, 14 Binary Collisions

R

Participants: those nucleons that have interacted at least once
Binary collisions: the number of 1+1 collisions
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Quantifying the geometry

A+A: 9 Participants, 14 Binary‘ons

A+A: 16 Participants, 14 Binary CO||iSiOi ‘ '
Participants: those’leon‘ have ir’d at least once

Binary collisions: the number of 1+1 collisions

Helen Caines -XV* UK Summer School - Sept. 2009 10

Wednesday, September 16, 2009



Glauber calculations

Use a Glauber calculation to estimate Npin and Npart

* Roy Glauber: Nobel prize in
physics 2005 for “his contribution
to the quantum theory of optical
coherence”

* Application of Glauber theory to
heavy ion collisions does not use
the full sophistication of these
methods. Two simple
assumptions:

e Eikonal: constituents of nuclei
proceed in straight-line
trajectories

e Interactions determined by initial-

state shape of overlapping nuclei
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Ingredients for Glauber calculations

Particle Data Book: W.-M. Yao et al., J. Phys. G 33,1 (2006) Fig 40.11

~ |
ol

-

pp

fotal

clastic

oro "0

e Assumptions: superposition of straight-line interactions of colliding nucleons
* Need nucleon-nucleon interaction cross section
Most use inelastic: 42 mb at Vs=200 GeV

10°

"
e

p(r) / p(0)

M. Miller et al, nucl-ex/0701025

1.2

0
01

Other choices: Non-singly-diffractive, 30 mb at Vs = 200 GeV

* Need probability density for nucleons:

"Wood-Saxon’ from electron scattering experiments

23 45678 91
distance r to center (fm)

Helen Caines -XM UK Summer School - Sept. 2009 12

Wednesday, September 16, 2009



Implementations of Glauber

M. Miller et al, nucl-ex/0701025
® OptiCaI Glau ber Projectile B Tar '._'t'l A
— Smooth distribution assumed

— Analytic overlap calculation from [\ A
integration over nuclear shape RN 1 Aaan b s i Sl
functions, weighted with ... U .....................

appropriate N-N cross-section

a) Side View b) Beam-line View

« Monte Carlo Glauber

— Randomly initialize nucleons
sampling nuclear shape

— At randomly selected impact 5
parameter, allow nuclei to interact

— Randomly sample probability of
nucleons to interact from a
interaction cross-section

-510 E‘S
= >

Au+Au 2 Au+Au

« e.g. if distance d between 10" b=61fm 15| b=6tm
nucleons is < \loint/n o TR ke R TR | B0 0, W 18
x (fm) z (fm)

Calculate probability that Npart or Nbin 0Ccurs per event
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Comparing to data heavy-ion collision

12 10 8 6 4 2 0 <b (fm)>
F T T T T T T T
g - 50 100 150 200 250 300 350  <Npat>
- I I ) I I I I =
2 ] "JS\TAR limi V'
10" Im|<1 5 \ U Preliminary Vs, = 200 GeV
© \\
10 2 "“\.M"‘q M‘“*kw
wNM“.‘""
102k TV
- 0 Lzt | 38 | a2 | a2 38 e B
8 3 8 8 o a2 \
S ST by
3 s IS = & 2
-3 -
10°F 10™* \N
: ; ]
= . i | | i PR - )l s 1 ‘l
- 50 70 80 20 9<55/0tot (%) \ o 100 200 300 400 500 600
10-4 lll‘llll‘1lll‘llll‘llll‘llll‘llll‘llll‘llll‘lll UncorreCted N:"
0 400 800 1200 1600 2000
N

ch

Good agreement between data and calculation

Measured mid-rapidity particle yield can be
related to size of overlap region
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A peripheral Au-Au collision

Peripheral Collision

Color = Energy loss in TPC gas
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39.4 TeV in central Au-Au collision

* Only charged particles shown

* Neutrals don’t ionise the TPC's
gas so are not “seen” by this
detector.

>5000 hadrons and leptons
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39.4 TeV in central Au-Au collision

* Only charged particles shown

* Neutrals don’t ionise the TPC's
gas so are not “seen” by this
detector.

>5000 hadrons and leptons

26 TeV is removed
from colliding beams.
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The energy is contained in one collision

Central Au+Au Collision:
26 TeV ~ 6 pJdoule

Helen Caines -XUM UK Summer School - Sept. 2009 17

Wednesday, September 16, 2009



The energy is contained in one collision

Central Au+Au Collision:
26 TeV ~ 6 pJdoule

Sensitivity of human ear:
10-"" erg = 10-18 Joule = 10-12 pJoule
A Loud “Bang” if E = Sound

N
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The energy is contained in one collision

Central Au+Au Collision:
26 TeV ~ 6 pJdoule

Sensitivity of human ear:
10-"" erg = 10-18 Joule = 10-12 pJoule
A Loud “Bang” if E = Sound

s A I o

‘-t

- - W
“&‘,9-&- e ———
S ..,-——

O‘ S A&A ‘_!s —~ -~ - 5 o P - L .
- -,s-‘.- 1mny¢!rum B = “"““‘“ —_—
' -'-»arr,.»\l-l\g'g ZA‘.‘(’G’;‘-’* ~ T

Most goes mto partlcle creatlon

.
LS g ) e « " - ~
- - : o - . N S -

.-
.
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Energy density in central Au-Au collisions

* use calorimeters to measure

‘: STAR preliminary
total energy 10' Au+Au @ 200 GeV
ey .
10’ } - min. bias

5% central

{ | IlIHY"' ST

i\ |,
N The ,;,‘ - ':_:‘.F. | L I
PHENIX *® |
LB\ YY _ -
e\ ,4‘[‘ vy i N s
' ) M'”; b 0 150 tch
.- / \ \ ET (GeV)
. L | S S TR T ' i L 1
Y\ A Y. " 4 ¥ 0 200 400 600 800 1000 1zoc
5 dE,/dn (GeV)
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Energy density in central Au-Au collisions

* use calorimeters to measure
total energy
» estimate volume of collision

Bjorken-Formula for Energy Density:

STAR preliminary
Au+Au @ 200 GeV

__—min. bias

5% central

13

AET 1 1 dE, 10 T TS
) 7 - LRI
TER T, dy w4 & 57
Time it takes to LT T
R~6.5m thermalize system ' [ ] m ” M ﬁ
(t ~ 11m/c) 0 T s0 Too 80
Epatch (G V)
N L1 | ST T 1 P [
-— — 0 200 400 600 800 1000  120(
dE /dn (GeV)
D oy — > TERZ
—_—
H—’ -
dz =t ,dy
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Energy density in central Au-Au collisions

* use calorimeters to measure ‘ STAR preliminary
total energy 10' Au+Au @ 200 GeV
* estimate volume of collision .\l ~=— _____— min. bias
Bjorken-Formula for Energy Density: DT ST e 5% central
c _AET _ 1 1 dE, 10 |7 1L L
YAV aRt, dy Nl asar
/ Time it takes to AT
R~6.5m thermalize system ' 5[ 1/ | ﬂ {ﬁw ” m ﬂ
(t, ~ 1 fm/c) 0 T S0 4s0
E;:atch (GeV)
-— —_ o200 400 e00 800 1000 120
dE /dn (GeV)
- — > nR?
-— — eg, = 9.0 GeV/fim?3
-

dz =t ,dy

~30 times normal nuclear density
~ 5 times > g ., (lattice QCD)
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5 GeV/fm3. Is that a lot?

In a year, the U.S. uses ~100 quadrillion BTUs of energy
(1 BTU = 1 burnt match):

1060/ 9 leV
BTU 1.6x10-1%J

100 x 10"°BTU x — 6.6 X 10°%eV
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5 GeV/fm3. Is that a lot?

In a year, the U.S. uses ~100 quadrillion BTUs of energy
(1 BTU = 1 burnt match):

1060/ 9 leV
BTU 1.6x10-1%J

At 5 GeV/fm3, this would fit in a volume of;

100 x 10"°BTU x — 6.6 X 10°%eV

- - 5 x 10%eV x
6.6 x 107V +=— =13 x10%fm’
fm
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5 GeV/fm3. Is that a lot?

In a year, the U.S. uses ~100 quadrillion BTUs of energy
(1 BTU = 1 burnt match):

1060/ leV

100 x 10"°BTU x X — = 6.6 x 10°%eV
BTU 1.6x10°12J

At 5 GeV/fm3, this would fit in a volume of:

o 5 x 10%V -

6.6 x 1038¢V = 13 x10%fm’
fm?

Or, in other words, in a box of the following dimensions:

31.3x10% fin® = 5x10° fin = Sum

Helen Caines -X UK Summer School - Sept. 2009 19

Wednesday, September 16, 2009



A human hair

8411 18KU 18Fm WD13
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What is the temperature of the medium?

« Statistical Thermal Models:

— Assume a system that is thermally (constant T ) and
chemically (constant n.) equilibrated

— System composed of non-interacting hadrons and
resonances

— Obey conservation laws: Baryon Number, Strangeness,
Isospin

- Given T, and n's (+ system size), n's can be
calculated in a grand canonical ensemble

o 2
g p-dp > 2
n. = , E. = + m;
T o2 JE@-T 0 P em
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Fitting the particle ratios

Number of particles of a given species related to temperature
e Assume all particles described

by same temperature T and s
e one ratio (e.g., p/p)

determines u/ T :

E B 6_(E_/'LB)/T _ —Z,MB/T

p e (EB—um)/T ~ ©

e A second ratio (e.g., K/ 1)
provides T — p

K e Ex/T

e il— — 4
T e E«/T

—(Ex—En)/T

* Then all other hadronic ratios
(and yields) defined
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Fitting the particle ratios

Number of particles of a given species related to temperature

e Assume all particles described
by same temperature T and s

e one ratio (e.g., p/p)
determines u/ T :

Ratio

E B 6_(E_/'LB)/T _ e—z,uB/T
D e—(E—MB)/T
e A second ratio (e.g., K/ 1)
provides T — p
K _ eoP9T  (bk—pmyt
T e E«/T

* Then all other hadronic ratios
(and yields) defined

1

10

-2

10

10

A. Adronic et al., NPA772:167

B W= V8, =200 GeV

STAR
PHENIX
" BRAHMS
——  T=160.5, =20 MeV
T=155, u,=26 MeV

——
=

Q KK p AZQddé¢ KA A"

TKpPAZQKKpPpAEZQdde K'AA
rfKpAZQA A AR pp KKAPD
T~ 160 MeV, p, ~ 20 MeV

Initial Temperature
probably much higher
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Where RHIC sits on the phase diagram

250 W F Karsch, hep-ph/0103314
€ Fodor, Katz, JHEP 0203 (2002), 290
Quark Gluon @ F Karsch, hep-lat/0401031
Plasma ~  Bielefeld-Swansea

200 - - Forcrand, Philipsen, NPB 642 (2002), 290

Critical Point

Hadron Gas q
0 o &N =1Gev
Ten Data:
PBM et al., nucl-th/0304013 Nuclear Matter
0 1 | | | o |
0 200 400 600 800 1000 1200

ug (MeV)
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Off on a tangent

Take a second look at the anti-proton/proton ratio

p/p ~0.8

There is a net baryon
number at mid-rapidity!!

Baryons number is being
transported over 6 units of
rapidity from the incoming
beams to the collision
zone!

Consider what impulse
that must be

90'8

1.4 l

: 0-12% AutAu STAR Prelimary
p+p

1 i d+Au

1

Q0.6
0.4

0.2 Au+Au with energy loss
------- Au+Au without energy loss

06 2 4 6 8 10 12
T(GeV/c)

Baryon number not carried by quarks

- baryon junctions postulated
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Statistics = thermodynamics

pHp o
o @ e ® ® .. o
®o % %, 3 ®o
o P ® o

— _/
V

Ensemble of events constitutes a statistical ensemble
T and p are simply Lagrange multipliers
“Phase Space Dominance”

A+A

e O @ | One(l)system is already statistical !
00 2° ®e o | = Wecan talk about pressure
.O ® ®) ® ol ° T and p are more than Lagrange multipliers
® O O 'e)
.. [ °® o
O e e @ (’0
e0 60 (O
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Evidence for thermalization

* Not all processes which lead to multi-particle production are
thermal - elementary collisions

e Any mechanism for producing hadrons which evenly populates the
free particle phase space will mimic a microcanonical ensemble.

e Relative probability to find n particles is the ratio of the phase-space
volumes P /P_. = ¢ .(E)/p, (E) = given by statistics only.

e Difference between MCE and CE vanishes as the size of the
system N increases.

e Such a system is NOT in thermal equilibrium - to thermalize need
interactions/re-scattering

Need to look for evidence of collective motion
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Blackbody radiation

Planck distribution Radiated Power Density

describes intensity ~10- Planck Law
as a function of the g ?] omcZh 1

£ B S(A) = —
wavelength of the T T ke 1

. . g ' v e .

emitted radiation 2 6. 6000 K

o 4| 5000 K

S 3.

g 2.

o

(VR 1 1 =

100 500 1000 1500 2000 2500

Wavelength (nm)
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Blackbody radiation

Planck distribution

describes intensity  _ 10,
as a function of the & 91
wavelength of the % 3
emitted radiation 2 6.
S5
“Blackbody” radiation £ 41
is the spectrum of S
radiation emitted by an 3 f
object at temperature T

-

- -
.......

Radiated Power Density

Planck Law
2nc h

1

S(A) =

5

A

'\ 6000 K

SERRRRRRRESRREnny
’ b L T T T I )

he

e _ 4

100

As T increases curve changes

1500
Wavelength (nm)

2000 2500
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Blackbody radiation

Planck distribution
describes intensity 101
as a function of the
wavelength of the
emitted radiation

-~ 0 @O

‘Blackbody” radiation
is the spectrum of
radiation emitted by an
object at temperature T

Power density (10'3 watts/m? )

100

As T increases curve changes

Radiated Power Density
Planck Law

2nczh 1

S() =

- -
---------------------------------

500 1000 1500 2000 2500
Wavelength (nm)

1/Wavelength « Frequency « E « p
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Determining the temperature

600
From transverse S o (h'+h)2
momentum distribution of G sool: : S
pions deduce g 2
temperature ~120 MeV £ 00 ¢ S
300'5 ‘ Stopping (dE .. vs E,...)
3 P
E = -kT % Centrality 0-15%
2 200§ &
T _ @ 100 0‘.. Systematic Errors not shown
Sk‘ | .o.
0.11-;l_;x;i1x.x‘m‘a.s..s.-.i...x..-.;-’l--..-_:
0 05 1 15 2 28 3 35 4 43
2 % 120 % 10° 6 10_19transverse momentum (GeV/c)
T 3x14x10-28 7
~9x 101K

System exist for time in hadronic phase
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Determining the temperature

600
From transverse S o (h'+h)2
momentum distribution of G sool: : S
pions deduce g 2
temperature ~120 MeV £ 00 ¢ S
o ‘ Stopping (dE .. vS E,...)
3 P
E = -kT % Centrality 0-15%
2 200§ &
T _ @ 100 - 0‘.. Systematic Errors not shown
Sk‘ | .o.
0.11_;1_;x;11l.fh....h...-.L.._‘-.-,i--.--;
0 05 1 15 2 285 3 385 4 493
2 % 120 % 10° 6 10_19transverse momentum (GeV/c)
— X 1.0 X
—23
3 x1.4x10 Tch>Tfo|
~9x 101K

System exist for time in hadronic phase
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Strong collective radial expansion

T

1/m; dN/dm,

purely thermal
source

Central Au+Au @ 200 GeV

| RHIC data preliminary

PHENIX
STAR
PHOBOS
BRAHMS
Hydro
Kolb, Rapp,
PRC 67
044903 (2003)

1 2
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Strong collective radial expansion

EH
£ light
T
[
£ heav
purely thermal
source
explosive
source -
light
"t~ £ *
— = Z
~. | heav
SN gl

* Different spectral shapes for
particles of differing mass
— strong collective radial flow
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-
O

N

-
o

(1127) dN/dyppoT (GeV?)
O

| Central Au+Au @ 200 GeV
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Strong collective radial expansion
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purely thermal
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* Different spectral shapes for
particles of differing mass
— strong collective radial flow

PHENIX
STAR
PHOBOS
BRAHMS
Hydro

Kolb, Rapp,
PRC 67
044903 (2003)
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| Central Au+Au @ 200 GeV
RHIC data preliminary
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Good agreement with hydrodynamic
prediction for soft EOS (QGP+HG)
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Anisotropic/Elliptic flow

y

Almond shape overlap
region in coordinate space

dN/d¢ ~ 1+2 v,(py)cos(2¢) +

y (ﬁrjl

Pb+Pb b=7fm

by Pr

f \; g “—O —
N * ) Oo go .
b =9 - X

" x(m) —Q o,
Interactions/ g  Anisotropy in

Rescattering momentum

space

¢=atan(p,/p,)

Vv, =(COS2¢)

v,: 2" harmonic Fourier coefficient in dN/d¢ with respect to the reaction plane
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Anisotropic/Elliptic flow

; - Pb+Pbb=7fm ‘y pT
Wi /};‘\’
"x g j ' *—\_o -
sf '~ "\.*c’} i o qo);-—’
—0 0 X
10 5 0 5 x('l";l‘) ‘—_o 0“-;
Almond shape overlap mmm) [Nteractions/ pummdp Anisotropy in
region in coordinate space Rescattering momentum
space
dN/d¢ ~ 1+2 v,(p1)cos(29) + .... op=atan(p,/p,) Vv, =(C0S2¢)

v,: 2" harmonic Fourier coefficient in dN/d¢ with respect to the reaction plane
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W00 0000 e

600ps 1000us 2000ps

—— | [[T]© —M. Gehm, S. Granade, S. Hemmer, K, O'Hara, J.
Thomas - Science 298 2179 (2002)
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Anisotropic/Elliptic flow

Pb+Pb b=7fm
. A
y E".( y ; ‘ ; y pT
",/\\
AR — A o Qo
coes : . O =
! e 0s 3 e——o O'" X
. o . o,

Elliptic flow observable sensitive to early evolution of system

Mechanism is self-quenching

Large v, is an indication of early thermalization

100ps 600ps 1000us 2000ps

—— | [[T]© —M. Gehm, S. Granade, S. Hemmer, K, O'Hara, J.
Thomas - Science 298 2179 (2002)
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Elliptic flow

Distribution of particles with respect to event plane, ¢—yp, p>2 GeV; STAR PRL 90 (2003) 032301
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s I b\;‘{“\ . 0-10 % Vs early equilibration
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5 ¢ \.-“0-.. ,’4‘?." ]
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Elliptic flow

Distribution of particles with respect to event plane, ¢—yp, p>2 GeV; STAR PRL 90 (2003) 032301
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s ,2,"**- A e 010% Ao ] early equilibration
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models including QGP phase po4ATA e :
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Just a gas of hadrons?
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Just a gas of hadrons?

Hadronic transport models (e.g. RQMD, HSD, ...) with
hadron formation times ~1 fm/c, fail to describe data.

- v v ' l T l T v v l L v T l T O 3 B T T T T I T T T T I T T T T I T T T I_-
>N 0.1 e [] Hydrodynamic 1 L = STAR 1
E @ STAR :
0.08_- ﬂ () PHOBOS = : +
3 +§ ﬂ ; 0.2 1 'y )
0.06 —i ¢ ¢, u 1 A I + ]
E ¢ 0 1 ¢
0.04 B v i HSD Calculation ]
adia] ¥ E e - 0.1 F pT>2 GeV/c + T
0.02 ) _ "
. B "tesee,, ®ee ﬁ 8
ForOMD T rteeeeeen o] ool T
0 0.2 0.4 0.6 0.8 1 0 100 200 300
n_/n

max 00 Niart 0 0
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Just a gas of hadrons?

Hadronic transport models (e.g. RQMD, HSD, ...) with
hadron formation times ~1 fm/c, fail to describe data.

—— , ——— 03[ I —————p :
>N 0.1 2 [] Hydrodynamic 1 ) = STAR
[ @ STAR 1
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: +§ ﬂ . 0.2 b i
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Clearly the system is not a hadron gas. Not surprising.
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Just a gas of hadrons?

Hadronic transport models (e.g. RQMD, HSD, ...) with
hadron formation times ~1 fm/c, fail to describe data.

T T T Y

—T Ty

- v v T v T T T T T T
>°‘ 0.1 T ] |] [] Hydrodynamic 1 03T = STAR |
i @ STAR 1
0.08__ ﬂ O PHOBOS —-' I + ]
; + ; ﬂ 1 02 b -
0.06 i X ; u 1 &~ + '
i © 1 Vv i HSD Calculation 1
0.04[ ? ® 0.1+ pT>2GeVic & -
5 d [ L
0.02[~ ®ecee, .o ﬁ =
: RQMD , ‘0‘.:00..,.‘.“_‘ o0 Lo v v v
% 02 04 06 08 1 0 0 100 200 300
! i R |

Clearly the system is not a hadron gas. Not surprising.
Hydrodynamical calculations:thermalization time t=0.6 fm/c

What interactions can lead to equilibration in < 1 fm/c?
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The constituents “flow”

Ny . g _ 2
e Elliptic flow is additive. mr = \/pT +mg
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e |f partons are flowing the 0sL ©7(PHENX) &:p PHENI)
complicated observed flow | WK (PHENIX) O A (STAR)
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The constituents “flow”

" u u ngnm . 2 2
e Elliptic flow is additive. mr = \/pT T mg
* |f partons are flowing the A LARRRRRAAL AR

: 1+ e (PHENIX) < p (PHENIX)
complicated observed flow | ®K(PHENIX) O A (STAR)
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quark level [ ‘5- .
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n = (2, 3) for (meson, baryon) e

0 05 1 15 2
= (m+-mg)/n, (GeV)
Works for p, &, KO, A, E.. T~ Mo)/Ng
VoS ~ V,ud ~ 7% Constituents of QGP are partons
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Summary of what we learned so far

* Energy density in the collision region is way above
that where hadrons can exist

* The initial temperature of collision region is way
above that where hadrons can exist

 The medium has quark and gluon degrees of
freedom in initial stages

We have created a new state of matter at RHIC
- the QGP

* The QGP is flowing like an almost “perfect” liquid
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