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� Pre-history
� Early efforts to understand hadronic matter
� pre-RHIC murky experiments (not covered)

� RHIC as a revolution
� Dedicated machine
� Dedicated experiments
� Access to perturbative phenomena

� RHIC as a discovery machine
� Thermal hadronic matter
� Hydrodynamic behavior
� Precision via perturbative probes

� What remains
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PrePre--History History II

� Fermi (1950)
� “ High Energy Nuclear 

Events” , Prog. Theor. 
Phys. 5, 570 (1950) 

� Lays groundwork for 
statistical approach to 
particle production in 
strong interactions:
� “ Since the interactions of 

the pion field are strong, 
we may expect that rapidly 
this energy will be 
distributed among the 
various degrees of 
freedom present in this 
volume according to 
statistical laws.”

17-Nov-04

PrePre--History History IIII

� Landau (1955) significant 
extension of Fermi’s 
approach

� Considers fundamental 
roles of
� hydrodynamic evolution
� entropy

� “ The defects of Fermi’s 
theory arise mainly 
because the expansion of 
the compound system is 
not correctly taken into 
account…(The) expansion 
of the system can be 
considered on the basis of 
relativistic 
hydrodynamics.”
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Hadron 'level' diagram
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PrePre--History History IIIIII

� Hagedorn (~1968) : An 
ultimate temperature?

~ equivalent to an exponential 
level density

≡

−

−

�

��

� and would thus imply a 
“ limiting temperature”
TH ~ 170 MeV Hagedorn,

S. Fraustchi, 
Phys.Rev.D3:2821-2834,1971

� The very rapid increase of 
hadron levels with mass

17-Nov-04

Puzzles from prePuzzles from pre--HistoryHistory

� Huang and Weinberg (1970): 
� Ultimate Temperature and the 

Early Universe, Phys. Rev. Lett. 
25, 896 (1970)

� Difficulties in constructing a 
consistent theory of the early 
universe with a limiting 
temperature

� Its own fine-tuning problem(s)
� “ A curious tentative view of 

cosmic history emerges from 
these considerations…at 
earlier times (T~T0), 
ρρρρ was, once again, dominated 
by non-relativistic baryons!”
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History!History!

� 1973: “ Puzzles” resolved
� Gross, Politzer, Wilczek
� Miraculous year,

Miraculous theory

17-Nov-04
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� Compare

���� Phase transition at T ~ 140 MeV
with latent heat ~0.8 GeV / fm3

� Select system with higher pressure:

Compare to best estimates (Karsch, QM01)

from lattice calculations:
T ~ 150-170 MeV

latent heat ~ 0.7±±±±0.3 GeV / fm3
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Shuryak 1980Shuryak 1980
� Shuryak publishes first 

“ review” of 
thermal QCD-
and coins a phrase:

“ Because of the apparent
analogy with similar
phenomena in atomic
physics, we may call this
phase of matter the QCD 
(or quark-gluon) plasma.”

(QGP)

17-Nov-04

The Early Universe, 
Kolb and Turner

Previous AttemptsPrevious Attempts
First attempt at QGP formation was successful

(~1010 years ago)
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The Early Universe, 
Kolb and Turner

Previous AttemptsPrevious Attempts
First attempt at QGP formation was successful

(~1010 years ago)
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O. Kaczmarel et al., Phys. Rev. D 62, 034021 (2000)

Current AttemptsCurrent Attempts
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Experimental HistoryExperimental History

� Also dates back to 1974
� Long interregnum:

� LBNL Bevalac
� BNL AGS
� CERN SPS
�

�

�

�

� RHIC
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RHIC SpecificationsRHIC Specifications
� 3.83 km circumference
� Two independent rings

� 120 bunches/ring
� 106 ns crossing time

� Capable of colliding 
~any nuclear species 
on 
~any other species

� Energy:

� 500 GeV for p-p
� 200 GeV for Au-Au

(per N-N collision)
� Luminosity

� Au-Au: 2 x 1026 cm-2 s-1

� p-p  : 2 x 1032 cm-2 s-1

(polarized) 

17-Nov-04

RHICRHIC’’s Experimentss Experiments

STARSTAR
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RHIC Achievements to DateRHIC Achievements to Date
� Machine :

� Runs 1-4 (Calendar Years 2000-2004):
� Au+Au: operation at 4 energies (19, 62, 130, 200 GeV)
� d+Au comparison run (200 GeV)
� p+p    baseline (200 GeV)

� Routine operation in excess of twice design luminosity !
� First polarized hadron collider !

� Experimental Operations:
� Routine collection, analysis of 100 Tb datasets
� >50 publications in Physical Review Letters 
� Excellent control of systematics and inter-experiment 

comparisons

� Experimental Results:
� Record densities created ~100 times normal nuclear density
� New phenomena clearly observed (“ jet” quenching)
� Strong suggestions of a new state of matter

17-Nov-04

RHIC Data to DateRHIC Data to Date

� What have the four RHIC experiments 
(BRAHMS, PHENIX, PHOBOS, STAR)
measured in the first 4 RHIC runs?

� “ Only”

� How to characterize this embarrassment of riches?

γγγγγγγγ’s,’s, ππππππππ±±±±±±±±,  ,  ππππππππ00000000,  K,  K±±±±±±±±,  K,  K*0*0(892), K(892), Kss
00,  ,  ηηηηηηηη, p,  d,  , p,  d,  ρρρρρρρρ00,  ,  φφφφφφφφ,  ,  ∆∆∆∆∆∆∆∆,,

ΛΛΛΛΛΛΛΛ,  ,  ΣΣΣΣΣΣΣΣ*(1385),  *(1385),  ΛΛΛΛΛΛΛΛ*(1520), ΞΞΞΞΞΞΞΞ± ,  Ω,  Ω,  Ω,  Ω,  Ω,  Ω,  Ω,  Ω,, DD00, D, D±,  J/,  J/ΨΨΨΨΨΨΨΨ’’s,  s,  

(+ anti(+ anti --particles)particles) …
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� The experiments work
� The initial nuclear geometry is determined 

event-by-event
� Impact parameter
� Reaction plane

� Multiplicities are “ low”
� Abundances are thermal
� Motion is hydrodynamic
� New phenomena observed

� Evidence for partonic recombination
� Hints of the extraordinary

Summary Summary 

Essentially all signals Essentially all signals 
studied as function of studied as function of 

NNparticipantsparticipants and Nand Ncollisionscollisions}}

“ jet”  quenching,“ jet”  quenching,
baryon/pion “ anomaly”baryon/pion “ anomaly”}}

17-Nov-04

Binary Collisions

Participants

b (fm)

Determining the Initial GeometryDetermining the Initial Geometry
� All four RHIC experiments have 

carefully developed techniques 
for determining 
� the number of participating 

nucleons NPART in each collision
(and thus the impact parameter)

� The number of binary nucleon-
nucleon collisions NCOLL as a 
function of impact parameter

� This effort has been essential in 
making the QCD connection
� Soft physics   ~ NPART

� Hard physics  ~ NCOLL

� Often express impact parameter 
b in terms of “ centrality” , e.g., 
10-20% most central collisions

Participants

Spectators

Spectators
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� Focus on some slice of 
collision:
� Assume 3 nucleons struck in A, 

and 5 in B
� Do we weight this contribution 

as
� Npart ( = 3 + 5) ? 
� Ncoll ( = 3 x 5 ) ?

� Answer is a function of pT :
� Low pT ���� large cross sections 

���� yield ~Npart
� Soft, non-perturbative, 

“ wounded nucleons” , ...
� High pT ���� small cross sections

���� yield ~Ncoll
� Hard, perturbative, 

“ binary scaling” , 
point-like, A*B, ...

Predicting pPredicting pTT Distributions at RHICDistributions at RHIC

17-Nov-04

Multiplicities Are Multiplicities Are ““ LowLow”” ? ? 

Data Taken June 25, 2000.

Pictures from STAR Level 3 online display.
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Rapidity Density
600 1200

PHOBOS Central Au+Au (200 GeV)

Compilation by K. EskolaColor Glass

Kharzeev & Levin, Phys. Lett. B523 (2001) 79

Data: PHOBOS,
Phys. Rev. Lett. 87, 102303 (2001)

From Eskola, QM 2000

RHIC Multiplicities Are  RHIC Multiplicities Are  LowLow
� Low, that is, in comparison to 

pre-data predictions of 
multiplicity based on 
� known mini-jet cross section
� cascading of hard partons 

17-Nov-04

� Large nucleus (A) at low momentum fraction  x
���� gluon distribution saturates ~ 1/ααααs(QS

2) with  QS
2 ~ A1/3

� A collision* puts these gluons ‘on-shell’ ρ ρ ρ ρ ~ A xg(x,Q2) / ππππR2

� Parton-hadron duality maps gluons directly to charged hadrons

�

� Each collision varies 
the  effective A , 
i.e, the number 
of participants NPART

� Shattering the ‘Color Glass Condensate’)
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Further developmentsFurther developments
� Data now available from 200 and 19 GeV
� Only CGC (Kharzeev, Nardi, Levin) provides consistent 

description (??)
��This important question should This important question should 

be answered crisply, and be answered crisply, and 
extended to transverse energy extended to transverse energy 
systematicssystematics to crisply resolve to crisply resolve 
role of CGC in initial staterole of CGC in initial state

17-Nov-04

� Apparently:
� Assume all distributions described by one temperature T and 

one ( baryon) chemical potential µµµµ : 

� One ratio (e.g.,  p / p ) determines µµµµ / T :

� A second ratio (e.g., K / ππππ ) provides T ���� µµµµ
� Then predict all other hadronic yields and ratios:

Abundances Are ThermalAbundances Are Thermal

pdedn E 3/)(~ −−

/2
/)(

/)(
−

−−

+−

== e
e

e

p

p
E
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Motion Is HydrodynamicMotion Is Hydrodynamic
� When does thermalization occur? 

� Strong evidence that final state bulk behavior 
reflects the initial state geometry

� Parameterize azimuthal asymmetry
of charged particles as

dn/dφφφφ ~ 1 + 2 v2(pT) cos (2 φφφφ) + ...

x

y
z

17-Nov-04

Evidence that initial 
spatial asymmetry is 
translated quickly to 
momentum space

( as per a hydrodynamic 
description)

Hydrodynamics of Elliptic FlowHydrodynamics of Elliptic Flow

Parameterize azimuthal asymmetry of charged particles as

dn/dφφφφ ~ 1 + 2 v2 cos (2 φφφφ)

x

z

y

(scaled) spatial asymmetry

(PHOBOS : Normalized Paddle Signal)

Hydrodynamic limit

STAR: PRL86 (2001) 402

PHOBOS preliminary

Hydrodynamic limit

STAR: PRL86 (2001) 402

PHOBOS preliminary

Compilation and Figure from M. Kaneta
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� Tremendous interest in hard 
scattering (and subsequent energy 
loss in QGP) at RHIC
� Production rate  calculable in pQCD 

���� a superb probe of  density
� But strong reduction predicted due 

to dE/dx ~ path-length 
(due to non-Abelian nature of 
medium)

� However:
� “ Traditional” jet methodology very 

difficult at RHIC
� Dominated by the soft background

� Investigate by (systematics of) high-
pT single particles

‘‘JetsJets’’ at  RHICat  RHIC

R
Jet 
Axis

M5,1,10

p

k,c
q1,a1 q2,a2 q3,a3 q4,a4 q5,a5

tt0 t1 t2 t3 t4 t5
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Access to Perturbative Phenomena?Access to Perturbative Phenomena?
� Consider measurement of  ππππ0’s in p+p 

collisions at RHIC.
� Compare to pQCD calculation

� Phys. Rev. Lett. 91, 241803 (2003)

),(

)(

),(),(

2

22

/

//

µ

σ

µµσ

hch

bBbaAa

zD

dcbad

xfxfd

⊗

+→+⊗

⊗=

∧

•parton distribution functions, 
for partons a and b
•measured in DIS, universality

•perturbative cross-section (NLO)

•requires hard scale
•factorization between pdf and cross 
section

•fragmentation function
•measured in e+e-

17-Nov-04
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Transverse DynamicsTransverse Dynamics
� The ability to access 

“jet” physics also 
clearly anticipated 
in RHIC design 
manual
� (vintage: ISAJET)
� a new perturbative 

probe of the colliding 
matter

� Most studies to date 
have focused on 
single-particle
“high pT” spectra
� Please keep in mind:
“High pT” is lower than 

you think
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An example of An example of NcollNcoll ~ A*B scaling~ A*B scaling

� Small cross section 
processes scale as 
though scattering 
occurs incoherently 
off nucleons in 
nucleus

� scale as 
A1.0 in µµµµ+A

� scale as 
Ncoll ~A*B in  A+B 7.2 GeV muons on various targets.  7.2 GeV muons on various targets.  

M. May M. May et alet al., Phys. Rev. ., Phys. Rev. LettLett. . 3535, 407, (1975), 407, (1975)

17-Nov-04

NNcollcoll Scaling in d+AuScaling in d+Au

� single electrons from non-photonic sources agree well 
with pp fit and binary scaling
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1/
T AA

1/
T AA

1/
T AA

NNcollcoll Scaling in Au+AuScaling in Au+Au

� Again, good agreement of electrons from charm with Ncoll
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NNcollcoll Scaling for CharmScaling for Charm

0.906 < αααα < 1.042

dN/dy = A (Ncoll)αααα

� binary collision scaling of pp result works VERY WELL for 
non-photonic electrons in d+Au, Au+Au open charm is a 
good CONTROL, similar to direct photons
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NNcollcoll Scaling for Direct PhotonsScaling for Direct Photons

� Ncoll scaling works to 
describe the direct photon 
yield in Au+Au, starting from 
NLO description of 
measured p+p yields

� N.B. This method of analysis 
(double ratio of γγγγ/ππππ0) shows 
Ncoll scaling after accounting 
for observed suppression of 
ππππ0 yields in Au+Au collisions 
(to be discussed next)

PHENIX Preliminary

Vogelsang
NLO

17-Nov-04

80-92% Central AuAu 200 GeV

PHENIX Preliminary PbGl / PbSc Combined   

1 + (γγγγ pQCD x Ncoll) / γγγγ phenix backgrd  Vogelsang NLO

70-80% Central AuAu 200 GeV

PHENIX Preliminary  PbGl / PbSc Combined

1 + (γγγγ pQCD x Ncoll) / γγγγ phenix backgrd  Vogelsang NLO

60-70% Central AuAu 200 GeV

PHENIX Preliminary PbGl / PbSc Combined

1 + (γγγγ pQCD x Ncoll) / γγγγ phenix backgrd  Vogelsang NLO

50-60% Central AuAu 200 GeV

PHENIX Preliminary PbGl / PbSc Combined

1 + (γγγγ pQCD x Ncoll) / γγγγ phenix backgrd  Vogelsang NLO

40-50% Central AuAu 200 GeV

PHENIX Preliminary   PbGl / PbSc Combined

1 + (γγγγ pQCD x Ncoll) / γγγγ phenix backgrd  Vogelsang NLO

30-40% Central AuAu 200 GeV

PHENIX Preliminary  PbGl / PbSc Combined

1 + (γγγγ pQCD x Ncoll) / γγγγ phenix backgrd  Vogelsang NLO

20-30% Central AuAu 200 GeV

PHENIX Preliminary  PbGl / PbSc Combined

1 + (γγγγ pQCD x Ncoll) / γγγγ phenix backgrd  Vogelsang NLO

10-20% Central  200 GeV AuAu

PHENIX Preliminary  PbGl / PbSc

1 + (γγγγ pQCD x Ncoll) / γγγγ phenix backgrd  Vogelsang 

0-10% Central  200 GeV AuAu

PHENIX Preliminary  PbGl / PbSc Combined

1 + (γγγγ pQCD x Ncoll) / γγγγ phenix backgrd  Vogelsang NLO

Direct photons: centrality dependenceDirect photons: centrality dependence

� direct photons are not inhibited by hot/dense medium 
rather shine through consistent with pQCD

� thermal photons: reduction of                      
systematic uncertainties is essential
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� Ncoll-scaling works in peripheral Au+Au, 
but  strong  suppression in central Au+Au

peripheral
Ncoll = 12.3 ± 4.0

central
Ncoll = 975 ± 94

Discovery of Strong SuppressionDiscovery of Strong Suppression

17-Nov-04

no effect ����

Systematizing Our ExpectationsSystematizing Our Expectations

Describe in terms of  scaled ratio RAA

= 1 for “baseline expectations”
> 1 “Cronin” enhancements (as in proton-nucleus)
< 1 (at high pT) “anomalous” suppression

(((( ))))−−−−••••
−−−−≡≡≡≡
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Apply to Previous DataApply to Previous Data

⊕⊕⊕⊕⊕⊕⊕⊕

strong
suppression

17-Nov-04

Unique to Heavy Ion Collisions?Unique to Heavy Ion Collisions?
� YES!
� Run-3: a crucial control measurement via d-Au collisions

d+Au results from 

presented at a press conference 
at BNL on June, 18th, 2003
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ImplicationImplication
� The combined data from Runs 1-3 at RHIC on  

p+p, Au+Au and d+Au collisions establish that 
a new effect (a new state of matter?) 
is produced in central Au-Au collisions

Au + Au Experiment d + Au Control Experiment

Preliminary DataFinal Data

17-Nov-04

Is The Suppression Unique to RHIC?Is The Suppression Unique to RHIC?
� Yes- all previous 

nucleus-nucleus
measurements see 
enhancement, 
not suppression.  

� Effect at RHIC is 
qualitatively new physics 
made accessible by RHIC’s 
ability to produce 
� (copious) perturbative probes
� (New states of matter?)

� Run-2 results show that this 
effect persists (increases) to 
the highest available 
transverse momenta

� Describe in  terms of 
scaled ratio RAA

= 1 for “baseline expectations”
( )Events  ppin    YieldBA

EventsAu  Auin    Yield

−•
−≡

��Demonstrates importance of  Demonstrates importance of  
in situin situ measurement of measurement of 

requisite baseline physics!requisite baseline physics!

ISR 31 GeV

RHIC 200 GeV

SPS 17 GeV
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Energy Loss of Fast PartonsEnergy Loss of Fast Partons
� Many approaches

� 1983: Bjorken  

� 1991: Thoma and Gyulassy (1991)

� 1993: Brodsky and Hoyer (1993)

� 1997: BDMPS- depends on path length(!)

� 1998: BDMS

� Numerical values range from 
� ~ 0.1 GeV / fm (Bj, elastic scattering of partons)
� ~several GeV / fm (BDMPS, non-linear interactions of  gluons)
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Are the Au+Au and d+Au Trends Understood?Are the Au+Au and d+Au Trends Understood?

Both 
� Au+Au suppression (I. Vitev and M. Gyulassy, hep-ph/0208108)
� d+Au enhancement (I. Vitev, nucl-th/0302002 )

understood in an approach that combines multiple 
scattering with absorption in a dense partonic medium

�Our 
high pT probes
have been 
calibrated

dNg/dy ~ 1100

εεεε > 100 εεεε0   (!)

Au+Au

d+Au

±±±±±±±±50% ?50% ?
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Further EvidenceFurther Evidence

C2(Au+ Au) =C2(p+ p)+ A*(1+2v2
2 cos(2∆φ))

� STAR azimuthal
correlation 
function shows 
~ complete 
absence of 
“away-side” jet

� Surface emission only (?)
� That is, “partner” in hard scatter 

is absorbed in the dense medium

∆φ∆φ∆φ∆φ

G
O
N
E

G
O
N
E

Pedestal&flow subtracted
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Extend to Other MesonsExtend to Other Mesons

� Apply same methodology to production of  ηηηη’s
� See same suppression

� WHILE PRESERVING VACUUM FRAGMENTATION RATIO
ηηηη/ππππ0 = 0.43  ���� ABSORPTION AT PARTONIC LEVEL
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Extend to Charged HadronsExtend to Charged Hadrons

�� 4 experiments, consistent data4 experiments, consistent data

�� Charged hadrons Charged hadrons �� ππππππππ00 ‘s‘s

�� But aren’t But aren’t mostmost
charged hadrons charged hadrons ππππππππ00 ‘s‘s ??????

17-Nov-04

Discovery of Baryon/Pion Discovery of Baryon/Pion ““AnomalyAnomaly””

� Comparison of Au-Au, d-Au and p-p data indicate
� Dense matter uniquely formed in Au-Au collisions
� How dense? Sufficient to “extinguish” jets 

Q. Are there other anomalies observed in these collisions?
A. Yes- the baryon/pion ratio is drastically modified:

Q. How to 
understand this?

A. Competition
between
Fragmentation

and
Recombination

at the quark level

Peripheral

Central
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RecombinationRecombination
� The (normal) in vacuo

fragmentation
of a high momentum quark
to produce hadrons 

competes with the (new)
in medium recombination
of lower momentum quarks 
to produce hadrons

� Example:
� Fragmentation: Dq�h(z) 

� produces a 6 GeV/c ππππ
from a 10 GeV/c quark

� Recombination:
� produces a 6 GeV/c ππππ

from two 3 GeV/c quarks
� produces a 6 GeV/c proton

from three 2 GeV/c quarks 

Fries, et al, nucl-th/0301087

Greco, Ko, Levai, nucl-th/0301093

Lepez, Parikh, Siemens, PRL 53 (1984) 1216

...requires the assumption of a thermalized
parton phase... (which) may be appropriately 
called a quark-gluon plasma

Fries et al., nucl-th/0301087

17-Nov-04

Recombination ExtendedRecombination Extended
The complicated observed flow pattern in v2(pT) for hadrons

d2n/dpTdφφφφ ~ 1 + 2 v2(pT) cos (2 φφφφ)
is predicted to be simple at the quark level under

pT
� pT / n ,  v2

� v2 / n ,   n = (2, 3) for (meson, baryon)
if the flow pattern is established at the quark level

Compilation 
courtesy of H. 

Huang
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FurtherFurther Extending RecombinationExtending Recombination

� New PHENIX Run-2  result on v2 of ππππ0’s:
� New STAR Run-2 result on v2 for ΞΞΞΞ’s:
� ALL hadrons measured to date 

obey quark recombination systematics(!)
PHENIX Preliminary

ππππ0

ΞΞΞΞ

STAR Preliminary

17-Nov-04

Current StateCurrent State

� What we do know
� Densities formed well in excess of ~ 1 GeV/fm3 required 

(according to lattice) for QGP formation
� Strong evidence for thermalization and hydrodynamic flow of 

matter
� Strong suppression at high pT; almost certainly of partonic

origin
� Indications (recombination) that flow pattern is also 

established at partonic level

� What we don’t know
� How do reconcile recombination with jet yields?
� What is the equation of state of the produced matter?
� What is the state of the produced matter? 
� Is the flow truly non-dissipative? 



RHIC experimental overview: What we have (not) learned

William Zajc, Columbia (KITP QCD-Strings Conference 11/17/04) 27

17-Nov-04

Recombination ChallengedRecombination Challenged

� Successes:
� Accounts for pT dependence 

of baryon/meson yields
� Unifies description of v2(pT) 

for baryons and mesons

� Challenged by 
� “ Associated emission”

at high pT 
(there shouldn’t be any in a 
pure thermal model of 
recombination)

� Can the simple appeal of 
Thermal-Thermal 
correlations survive 
extension to 
Jet-Thermal ?

17-Nov-04

State of MatterState of Matter

� The systematics of the flow pattern can be tested for 
various equations of state (EOS)

� At RHIC, the  QGP EOS for P(T) is preferred:

� How to move from this qualitative to quantitative 
understanding?
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Extending Hydrodynamic CalculationsExtending Hydrodynamic Calculations

� T. Hirano and Y. Nara, nucl-th/0404039:
3D hydro with CGC initial conditions and parton energy loss (!)

� Still to do: 
“ Measure” (bound) 
viscosity of this fluid!  

� (D. Teaney, nucl-th/0301099)→→→→

??1.0~
densityentropy

viscosity ≤=
s

η

17-Nov-04

Spooky Connection at a DistanceSpooky Connection at a Distance
� We’ve yet to understand the 

discrepancy between lattice 
results and Stefan-
Boltzmann limit:

� The success of naïve 
hydrodynamics requires 
very low viscosities

� Both are predicted from 
~gravitational phenomena 
in N=4 supersymmetric 
theories:

(??)1.0~
densityentropy

viscosity ≤=
s

η

4

3
4

1

====

====

SB

s

εεεε
εεεε

ππππ
ηηηη
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Strongly Coupled PlasmasStrongly Coupled Plasmas
� Recently, much interest in  the “ strongly interacting” (i.e., non-ideal) behavior of the 

matter produced at RHIC
� This property has been known long enough to be forgotten several times:

� 1982: Gordon Baym, proceedings of Quark Matter ‘82:
� A hint of trouble can be seem from the first order result for the entropy density (Nf = 3)

which turns negative for ααααs > 1.1
� 1992: Berndt Mueller, Proc. of NATO Advanced Study Institute

� For plasma conditions realistically obtainable in the nuclear collisions 
(T ~250 MeV, g = √√√√(4παπαπαπαs) = 2) the effective gluon mass mg* ~ 300 MeV. We must conclude, 
therefore, that the notion of almost free gluons (and quarks) in the high temperature phase 
of QCD is quite far from the truth. Certainly one has mg* << T when g <<1, but this condition 
is never really satisfied in QCD, because g ~ 1/2 even at the Planck scale 
(1019 GeV), and g<1 only at energies above 100 GeV. 

� 2002: Ulrich Heinz, Proceedings of PANIC conference:
� Perturbative mechanisms seem unable to explain the phenomenologically

required very short thermalization time scale, pointing to strong non-perturbative
dynamics in the QGP even at or above 2Tc.... The quark-hadron phase transition 
is arguably the most strongly coupled regime of QCD.

� Atomic plasmas:
� Strongly coupled ���� ΓΓΓΓ ≡≡≡≡<Coulomb>/<Kinetic>  > 1
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The Strongly Coupled PlasmaThe Strongly Coupled Plasma
� Classical coupling parameter

� Strongly coupled when ΓΓΓΓ > 1
� Naïve estimate on previous slide

� Better (screening, Debye masses)

� My personal view:
� We should not be surprised by the strongly coupled nature of the

QGP- it is an  intrinsic property of  the QCD plasma 
(for any accessible T)

Energy Kinetic

Energy Potential≡
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� The experiments work
� The initial nuclear geometry is determined 

event-by-event
� Multiplicities are “ low”
� Abundances are thermal
� Motion is hydrodynamic
� New phenomena observed  
� Evidence for partonic recombination
� Hints of the extraordinary
� Much more to do, and much more to come

Summary Summary 


