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Science Questions
2

Uninteresting question:Uninteresting question:
4What happens when I crash 

two heavy nuclei together? 
✔✔Interesting question:Interesting question:g qg q
Are there new states of matter 

at the highest temperatures and densities?
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Fermi’s Vision

F F i

 ~1950: (Almost~1950: (Almost) included ) included physics of 2012physics of 2012
 See also remarks in his “statistical model” paperSee also remarks in his “statistical model” paper

QGP
•From Fermi notes on 

Thermodynamics

•dyne/cm2 !
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•(Thanks to
• A. Melissinos)



An Updated Version of Fermi’s Diagram
4
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Phase Diagrams
5

 A fundamental tool to summarize the A fundamental tool to summarize the 
qualitatively different phases of a complex system.qualitatively different phases of a complex system.q y p p yq y p p y

12-Aug-12 W.A. Zajc



A Familiar Phase Diagram
6

 Our best known Our best known 
examples of examples of 
firstfirst--order phase order phase 
transitionstransitions
4Note that here we 

can independently 
vary T and P
4Note also 

fpresence of 
critical point 
vanishing of 1st

12-Aug-12 W.A. Zajc

vanishing of 1st

order transition



Ultracold Fermi Gas in Unitary Limit
7

 UltracoldUltracold Fermi gases: Fermi gases: 
PrePre--pairing for condensation,pairing for condensation,
MohitMohit RanderiaRanderia,,
Nature Physics 6, 561Nature Physics 6, 561--562 562 
(2010) (2010) 

 Abstract: Abstract: Pair formation and 
condensation usually occurcondensation usually occur 
together in Fermi superfluids. 
The observation of a 
pseudogap that implies pairing 
above the condensation 
temperature in a strongly 
interacting Fermi gas is thus an 
exciting developmentexciting development.
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Phase Diagram of a Truly Complex System
8
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Phase Diagram of a “Simple” System
9
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Science Questions
10

Uninteresting question:Uninteresting question:
4What happens when I crash two gold nuclei 

together? 
✔✔Interesting question:Interesting question:g qg q
Are there new states of matter at the highest 

temperatures and densities?
$$ Compelling question:Compelling question:
What fundamental, thermal propertiesWhat fundamental, thermal properties 

of our gauge theories of nature 
can be investigated experimentally?

12-Aug-12 W.A. Zajc

Hint: Gravity is a gauge theory…



The QCD Phase Diagram
11
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On the Meaning of Fundamental
12

 In principle, these diagrams are In principle, these diagrams are 
also “fundamental”, in that theyalso “fundamental”, in that they, y, y
result from properties of result from properties of 

B t i ti thB t i ti th But in practice, they are But in practice, they are 
(deeply) emergent, and depend (deeply) emergent, and depend 

“ t l” ti“ t l” tion “unnatural” ratios:on “unnatural” ratios:
4mp/me = 1836.15
44Fine-tuning 

(to reach unitary limit)
12-Aug-12 W.A. Zajc
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“Natural” Appearance of the QCD Phase Transition
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The Early Universe, 
Kolb and Turner
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To Be Fair…
14

 Order of QCD transition sensitive to ms/mu,d
 E. Laermann and O. Philipsen, hep-ph0303042

•M. Stephanov, 
today: 

“Our world isOur world is 
not ideal”

 But qualitative features persist for “all” ms/mu,d
12 Aug 12

W.A. Zajc



Robustness of QCD Phase Transformation
15

Q. Why is Q. Why is 
there “always” there “always” 
a phase change a phase change 
in QCD?in QCD?

A. AsymptoticA. Asymptotic
freedom:freedom:

12-Aug-12 W.A. Zajc



Quantum Chromodynamics 
16

 1973 = Birth of 1973 = Birth of QQCCDD
 GrossGross, , PolitzerPolitzer, , WilczekWilczek
 ExplainedExplained
4Asymptotic freedomAsymptotic freedom
4Infrared slavery
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Quantum Chromodynamics (QCD)
17
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Quantum Chromodynamics (QCD)
18

•Strong coupling  non-perturbative
“confinement”
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•Weak coupling  perturbative
“R th f d tt i ”
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“Rutherford scattering”
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QCD’s Running Coupling “Constant”
19

•Strong coupling  non-perturbative
“confinement”

•Weak coupling  perturbative
“R th f d tt i ”

12-Aug-12 W.A. Zajc
0.2 fm            0.02 fm         0.002 fm

“Rutherford scattering”



A. What Sets the Scale ?
20

 Simple answer Simple answer –– Quantum Mechanics:Quantum Mechanics:
4ℏ c = 200 Mev-fm = 0.2 GeV-fm
4So ℏ /(1 fm) = 200 MeV ~ light hadron masses

 Deeper answer Deeper answer –– vacuum condensate that vacuum condensate that 
establishes confinement scaleestablishes confinement scale  ~ 200 MeV~ 200 MeVestablishes confinement scale establishes confinement scale  ~ 200 MeV~ 200 MeV
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One      Approach to Asymptotic Freedom
21

 High Energy Physics:High Energy Physics:
4Highest possible momentum transfer Qg es poss b e o e u a s e Q

probing smallest possible distances r :
4Q >> 20 GeV   r << 0.01 fm

12-Aug-12 W.A. Zajc



Discovery of QCD Jets ~1983
22

 Rutherford scattering of Rutherford scattering of asymptotically free asymptotically free 
quarks andquarks andqq

gluons. gluons. 

12-Aug-12 W.A. Zajc



Another Approach to Asymptotic Freedom
23

 High Energy Physics:High Energy Physics:
4Highest possible momentum transfer Qg es poss b e o e u a s e Q

probing smallest possible distances r:
4Q >> 20 GeV   r << 0.01 fm

 Nuclear PhysicsNuclear Physics Nuclear PhysicsNuclear Physics
4Study bulk behavior of hadronic matter

at highest possible temperatures T and/or densitiesat highest possible temperatures T and/or densities
4Turns out that T ~ 0.2 GeV suffices

~ 2 x 1012 K    2 x 10 K

12-Aug-12 W.A. Zajc



“QCD” Prediction of Deconfining Phase Transition
24

 1975:1975: J C Collins and M J PerryJ C Collins and M J Perry

Note false dichotomy!

 1975: 1975: J.C. Collins and M.J. Perry, J.C. Collins and M.J. Perry, 
SuperdenseSuperdense Matter or Asymptotically Free Quarks?, Matter or Asymptotically Free Quarks?, 
Phys. Rev. Phys. Rev. LettLett. . 3434, 1353, 1353..yy

“ matter at densities higher than nuclear…matter at densities higher than nuclear 
consists of a quark soup. 
The quarks become free atThe quarks become free at 
sufficiently high density.”

12-Aug-12 W.A. Zajc



Naming It
25

 Shuryak publishes Shuryak publishes 
first “first “review” of review” of 
th l QCDth l QCDthermal QCDthermal QCD--
and coins a phrase:and coins a phrase:

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

QGP
12-Aug-12

QGP
W.A. Zajc



“Plasma” Leads To Prejudice
26

plasma is a state of matter similar to gas in which a certainplasma is a state of matter similar to gas in which a certain 
portion of the particles are ionized… plasma is a state of 

matter similar to gas in which a certain portion of the particles 
are ionizedare ionized.

12-Aug-12 W.A. Zajc



The Tyranny of Asymptotic Freedom
FF QCD M d Si lQCD M d Si l

27

 From From QCD Made SimpleQCD Made Simple
(F. Wilczek,  August, 2000 Physics Today ):(F. Wilczek,  August, 2000 Physics Today ):
Hoping to bypass this forbidding mess, we invoke a procedure Hoping to bypass this forbidding mess, we invoke a procedure 
th t i ft f l i th ti l h i I ll it thth t i ft f l i th ti l h i I ll it th J itJ itthat is often useful in theoretical physics. I call it the that is often useful in theoretical physics. I call it the Jesuit Jesuit 
StratagemStratagem, inspired by what I'm told is a , inspired by what I'm told is a credalcredal tenet of the tenet of the 
Order: Order: "It is more blessed to ask forgiveness than permission.'' "It is more blessed to ask forgiveness than permission.'' 
The stratagem tells you to make clearThe stratagem tells you to make clear--cut simplifyingcut simplifyingThe stratagem tells you to make clearThe stratagem tells you to make clear--cut simplifying cut simplifying 
assumptions, work out their consequences, and check to see assumptions, work out their consequences, and check to see 
that you don't run into contradictions. that you don't run into contradictions. In this spirit we tentatively In this spirit we tentatively 
assume that we can describe highassume that we can describe high--temperature QCD starting temperature QCD starting gg p gp g
with with free free quarks and gluons…quarks and gluons…
But there is a second, more rigorous level that remains a But there is a second, more rigorous level that remains a 
challenge for the future. Using fundamental aspects of QCD challenge for the future. Using fundamental aspects of QCD g gg g
theory, similar to those I discussed in connection with jets, one theory, similar to those I discussed in connection with jets, one 
can make quantitative predictions for the emission of various can make quantitative predictions for the emission of various 
kinds of "hard" radiation from a kinds of "hard" radiation from a quark-gluonquark-gluon plasma. plasma. We will not We will not 
have done justice to the concept ofhave done justice to the concept of a weakly interacting plasmaa weakly interacting plasma

12-Aug-12 W.A. Zajc

have done justice to the concept of have done justice to the concept of a weakly interacting plasma a weakly interacting plasma 
of quarks and gluonsof quarks and gluons until some of these predictions are until some of these predictions are 
confirmed by experiment. confirmed by experiment. 



Also From 2000: The Science Statement
A i f i t i CERN' l d b h t d lliA i f i t i CERN' l d b h t d lli

28

 A series of experiments using CERN's lead beam have presented compelling A series of experiments using CERN's lead beam have presented compelling 
evidence for the existence of a new state of quarkevidence for the existence of a new state of quark--gluon matter in which gluon matter in which quarksquarks, , 
instead of being bound up into more complex particles such as protons and instead of being bound up into more complex particles such as protons and 
neutrons, neutrons, are liberated to roam freely..
P t th ti l id id i i t f thi t t fP t th ti l id id i i t f thi t t f Present theoretical ideas provide a more precise picture for this new state of Present theoretical ideas provide a more precise picture for this new state of 
matter: it should be a quarkmatter: it should be a quark--gluon plasma (QGP), in which quarks and gluons, gluon plasma (QGP), in which quarks and gluons, 
the fundamental constituents of matter, are no longer confined within the the fundamental constituents of matter, are no longer confined within the 
dimensions of the nucleon, dimensions of the nucleon, but free to move around over a volume in which a 
high enough temperature and/or density prevailshigh enough temperature and/or density prevails.

 Quarks and gluons would then freely roam within the volume of the fireball within the volume of the fireball 
created by the collision.created by the collision.

 A common assessment of the collected data leads us to conclude that we now A common assessment of the collected data leads us to conclude that we now 
h lli id th t t t f tt h i d d b t dh lli id th t t t f tt h i d d b t dhave compelling evidence that a new state of matter has indeed been created, have compelling evidence that a new state of matter has indeed been created, 
at energy densities which had never been reached over appreciable volumes in at energy densities which had never been reached over appreciable volumes in 
laboratory experiments before and which exceed by more than a factor 20 that laboratory experiments before and which exceed by more than a factor 20 that 
of normal nuclear matter. The new state of matter found in heavy ion collisions of normal nuclear matter. The new state of matter found in heavy ion collisions 
at the SPSat the SPS features many of the characteristics of the theoretically predictedat the SPS at the SPS features many of the characteristics of the theoretically predicted 
quark-gluon plasma.

 Even if a full characterization of the initial collision stage is presently not yet Even if a full characterization of the initial collision stage is presently not yet 
possible, possible, the data provide strong evidence that it consists of deconfined quarks 
and gluons

12-Aug-12

and gluons.

 (All emphasis added by WAZ)(All emphasis added by WAZ)
W.A. Zajc



Lattice Results (Prejudice) circa 2000:
29

 Rapid rise in Rapid rise in d.o.fd.o.f at T ~ 170 MeVat T ~ 170 MeV seen as seen as 
“near” the Stefan“near” the Stefan--Boltzmann limit for Boltzmann limit for 
free free 
quarksquarksqq
andand
gluonsgluonsgg

3
d.o.f~

T
ε
4

12-Aug-12 W.A. Zajc

3T



RHIC’s Two Major Discoveries  Paradigm Shift
30

 Discovery of Discovery of 
strong “elliptic” flow:strong “elliptic” flow:
4Elli ti fl i A A lli i t4Elliptic flow in Au + Au collisions at 
√sNN= 130 GeV, 
STAR Collaboration, 
(K H Ackermann et al )(K.H. Ackermann et al.). 
Phys.Rev.Lett.86:402-407,2001

4473 citations

 Discovery of Discovery of 
strong “jet strong “jet quenching”quenching”
44Suppression of hadrons with large 

transverse momentum in central Au+Au 
collisions at √sNN = 130 GeV, 
PHENIX Collaboration (K Adcox et al )

12-Aug-12 W.A. Zajc

PHENIX Collaboration (K. Adcox et al.), 
Phys.Rev.Lett.88:022301,2002

4657 citations



The New Paradigm
31

 Understood as manifestations of Understood as manifestations of 

stronglystrongly--coupledcoupled QuarkQuark--Gluon Plasma Gluon Plasma (sQGP):(sQGP):

 NotNot “freely roaming” quarks and gluons“freely roaming” quarks and gluons

 Quite the opposite: stronglyQuite the opposite: strongly--coupled to the point coupled to the point 
of having (near) the minimal (?) value of of having (near) the minimal (?) value of 
viscosity to entropy density ratio viscosity to entropy density ratio /s/s ..

12-Aug-12 W.A. Zajc



The Tyranny of Asymptotic Freedom
32

 The conceptual beauty of The conceptual beauty of 
asymptotic freedom was (is)asymptotic freedom was (is)
hugely prejudicial for hugely prejudicial for 
the QCD phase transition:the QCD phase transition:
4Rather than ice melting 

to liquid water 

4Thought it would be like the 
sublimation of frozen CO2 to 
gas, i.e, QCD phase 
transformation liketransformation like 
“sublimation” of (p,n)  (q,g)

12-Aug-12 W.A. Zajc



Could This Have Been Anticipated?
33

 Perhaps:Perhaps:
 )()(

22
2 QgQ 

4<p> ~ 3T
4




4
)(Qs 

4T ~ 200 MeV
 Q < ~ 1  GeV
s(Q2) ~ 0.5
 g(Q2) ~ 2.5

Q~(3-6)T
gg
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~3T ~3T



Could This Have Been Anticipated?
34

 Perhaps:Perhaps:
4“Real” plasma physicists always want to know the ea p as a p ys c s s a ays a o o e

value of the classical coupling parameter :



EnergyPotential

4A (very) rough estimate:



EnergyKinetic

gy

A (very) rough estimate:

1~
3

~
T

gT
EKi ti
MassDebye

EKi ti
EnergyPotential









Caveat: Not a useful measure in a trulyCaveat: Not a useful measure in a truly

3TEnergyKineticEnergyKinetic 

 Caveat: Not a useful measure in a truly Caveat: Not a useful measure in a truly 
relativistic system (but relativistic system (but /s/s is?)is?)
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Actually, It Was Anticipated (in 1982)
35

 This property has been known long enough This property has been known long enough 
to be forgotten several times:to be forgotten several times:
41982 G d B41982: Gordon Baym, 

proceedings of Quark Matter ‘82:
“ non perturbative effects appear to play a big…non-perturbative effects appear to play a big 

role. A hint of trouble can be seem from the first 
order result for the entropy density (Nf = 3)f

4
2

19
541

9
19)(  T(T)  +... α

π
 - πTs S









which turns negative for s > 1.1”

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Actually, It Was Anticipated (in 1992)
36

 This property has been known long enough This property has been known long enough 
to be forgotten several times:to be forgotten several times:
41992 B dt M ll41992: Berndt Mueller, 

Proc. of NATO Advanced Study Institute
“For plasma conditions realistically obtainable in theFor plasma conditions realistically obtainable in the 
nuclear collisions (T ~250 MeV, g = (4s) = 2) the 
effective gluon mass mg* ~ 300 MeV. We must 
concl de therefore that the notion of almost freeconclude, 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 a c sca e ( 0 Ge ), a d g o y a e e g es
above 100 GeV.”

12-Aug-12 W.A. Zajc



Actually, It Was Anticipated (in 2002)
37

 This property has been known long enough This property has been known long enough 
to be forgotten several times:to be forgotten several times:
42002 Ul i h H i42002: Ulrich Heinz, 

Proceedings of PANIC conference:
“Perturbative mechanisms seem unable to explainPerturbative 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 coupledtransition is arguably the most strongly coupled 
regime of QCD.”

12-Aug-12 W.A. Zajc



Fermi Knew It (in 1950)
38

 Fermi (1950)Fermi (1950)
4 “High Energy Nuclear Events”, Prog. 

Theor Phys 5 570 (1950)Theor. Phys. 5, 570 (1950) 

4Lays groundwork for 
statistical approach tostatistical 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 
l ”

12-Aug-12

laws.”
 (Emphasis added by WAZ)
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Landau Knew It (in 1955)
39

 Landau (1955) significant Landau (1955) significant 
extension of Fermi’s approachextension of Fermi’s approach

 Considers fundamental rolesConsiders fundamental roles Considers fundamental roles Considers fundamental roles 
ofof
4hydrodynamic evolution
4entropy

 “The defects of Fermi’s 
theory arise mainly because t eo y a se a y 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 

l ti i ti h d d i ”

12-Aug-12

relativistic hydrodynamics.”
 (Emphasis added by WAZ)

W.A. Zajc



Landau on Viscosity
40

1) Use of hydro relies on R/ >> 1

2) Negligible viscosity  equivalent to 
large Reynolds number Re >>1

Re  VR/ ~ V R / vth 

so for relativistic system V ~ vth and

R >>1  R /  >> 1 ; see #1Re >>1  R /   >> 1 ; see #1

12-Aug-12 W.A. Zajc



A Funny Thing About Viscosity
41

 StrongStrong interactions imply interactions imply smallsmall viscosity:viscosity:
4Viscosity  ~ Transverse momentum diffusionscos ty  a s e se o e tu d us o

~  n <p>  ,  n     = number density
, <p> = mean momentum
,   = mean free path

= 1 / n
  ticross section

4So 
n <p>  <p> / ~  n <p>  ~ <p> / 

44Large interparticle cross section  small viscosity

12-Aug-12 W.A. Zajc



What Is The Viscosity at RHIC?
42

 “Perfect fluid” (that is,  “ideal hydrodynamics”) “Perfect fluid” (that is,  “ideal hydrodynamics”) 
defined as “zero viscosity”. defined as “zero viscosity”. yy

 14102QGP
sPa102~ 11 QGP

3  14102~  QGP

??
 14102~

2


OH

QGP




sPa101~ 3
2

 
OH

sPa1032 8

 102
2


OH

??sPa103.2~ Pitch

sPa10~ 12
)( PAGlass .).( PAGlass
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Small Viscosity Compared to What ?
43

 Any engineer will tell youAny engineer will tell you
4Kinematic viscosity /  ~ [Velocity] x [Length]       

is what matters
 Any relativist will tell youAny relativist will tell youy yy y
4   + p

 Any Any thermodynamicistthermodynamicist will tell youwill tell you
4  + p = s T ( at B =0 ) p s ( a B 0 )

 So // // + p + p  ((//sTsT)  =  ()  =  (/s/s) (1/T)) (1/T)

13-April-12 W.A. Zajc

~ (damping  coefficient ) x  (thermal time)



How Small Can We Make /s ?
44

 RecallRecall
4Viscosity  ~ Transverse momentum diffusionscos ty  a s e se o e tu d us o

~  n <p> 
4Entropy density s ~ 4 n (massless non-interactingpy y ( g

quanta )
 Then Then 

 p
pn 1~~

But uncertainty principleBut uncertainty principle

p
ns 4

~
4

~


p But uncertainty principle But uncertainty principle 
2

p


 Which in turn implies Which in turn implies 
12-Aug-12 W.A. Zajc
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



This Is Yet Another Thing We Forgot (1985)
45

 Miklos Gyulassy and Miklos Gyulassy and PawelPawel DanielewiczDanielewicz::
4Dissipative Phenomena 

In Quark-Gluon Plasmas
P. Danielewicz, M. Gyulassy 
Phys.Rev. D31, 53,1985. y , ,

noted restrictions on smallest allowed noted restrictions on smallest allowed  ::

Most restrictive:Most restrictive: Most restrictive:Most restrictive:
  > ℏℏ /<p>           > ~ n / 3
 But recall s = 3.6 n for But recall s = 3.6 n for 

the quanta they were consideringthe quanta they were considering

  /s  > 1 / (3.6 x 3) ~ /s  > 1 / (3.6 x 3) ~ ℏℏ / (4 / (4 ))

12-Aug-12 W.A. Zajc

~ 0.1 ℏℏ



An Aside on Reynolds Number
46

 Show thatShow that 1~ RTe Show that Show that 

So that ifSo that if  


)/(4 s
e




 So that ifSo that if
4


s

RT
 ThenThen  6~~



RTe 

for Au+Au or for Au+Au or Pb+PbPb+Pb collisions    collisions    
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Alternative History
47

 So the “perfect fluid” observed at RHIC withSo the “perfect fluid” observed at RHIC with

 .1~
s
η 0





 ℏ
s RHIC

was immediately recognized  as was immediately recognized  as 
confirming the 1985 uncertainty principle confirming the 1985 uncertainty principle g y p pg y p p
estimate of estimate of DanielewiczDanielewicz and Gyulassyand Gyulassy

 Except that’s not what happened…Except that’s not what happened…
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Instead …
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 In 2003In 2003--4 a new 4 a new estimateestimate (bound?) appeared (bound?) appeared 
ffrom the rom the AdSAdS/CFT correspondence /CFT correspondence pp
in string theory (!): in string theory (!): 
4Viscosity in Strongly Interacting Quantum Field y g y g Q

Theories from Black Hole Physics,  
P.    Kovtun, D.T. Son,  A.O. Starinets, 
hep-th/0405231
(968 citations) η 



4

4s
4in a rigorous calculation with no (apparent) appeal 

to the uncertainty principle.
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AdS / CFT in a Picture
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AdSAdS
Graviton with Graviton with 

55--momentum  k  in bulk momentum  k  in bulk 
satisfies satisfies kkkk = 0 = 0 

described by described by 44 numbersnumbers
 A hard 
(strongly-

((AdSAdS = Anti de Sitter space )= Anti de Sitter space )

(strongly
coupled) 

gauge theory 
calculation is 

Those Those 44 numbers numbers 
describe virtual gaugedescribe virtual gauge

dual to an 
easy semi-
classical describe virtual gauge describe virtual gauge 

quanta on quanta on 44--dd
boundaryboundary

gravitational 
calculation.

(CFT = Conformal Field Theory )(CFT = Conformal Field Theory )

13-April-12 W.A. Zajc( Adopted from S. Brodsky figure )
flatflat

( y )( y )



The Required Disclaimer
50

 The “dual” field theory (CFT) is at best The “dual” field theory (CFT) is at best 
a very distant cousin of QCD:a very distant cousin of QCD:yy
4No confinement
4No running coupling constantNo running coupling constant
4Many more (supersymmetric) degrees of freedom

 But at the same timeBut at the same time But at the same timeBut at the same time
4The AdS/CFT calculation is an exact result
4In a strongly (infinitely) coupled theory4In a strongly (infinitely) coupled theory
4Also shows infinitely-coupled entropy density is 

¾ that of free entropy density(!)¾ that of free entropy density(!)
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The Paradigm Shift - Before 
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2 1π
 Recall StefanRecall Stefan--Boltzmann Boltzmann  perper d.o.fd.o.f..442 T3

1~T30
πε

QGP

3
d.o~T

ε4
ALMOST 

asymptotically free3T4 y p y

“Pion” 
gas
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The Paradigm Shift – After  
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2 1π
 Recall StefanRecall Stefan--Boltzmann Boltzmann  perper d.o.fd.o.f..442 T3

1~T30
πε

QGP

3
d.o~T

ε4
ALMOST 

infinitely coupled3T4 y p

“Pion” 
gas

12-Aug-12 W.A. Zajc
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The LHC Regime
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 Enormously successful first heavy ion run(s)Enormously successful first heavy ion run(s)
4Clearly established that the bulk remains C ea y es ab s ed a e bu e a s

at or near the /s bound
4Dramatically extended Q2 reachy
4Discovered a new form of jet quenching
4Performed quantitative Upsilon spectroscopyPerformed quantitative Upsilon spectroscopy
4(Etc., etc.) 

 Asymptotically free quarks and gluons when?Asymptotically free quarks and gluons when? Asymptotically free quarks and gluons when?Asymptotically free quarks and gluons when?
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Asymptotically Free When?
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 LHC dramaticallyLHC dramatically
extends ourextends our
reach.reach.

 UnderstoodUnderstood
quantitatively?quantitatively?

 Perhaps:Perhaps:pp

(next page)(next page)

RHIC  LHC

12-Aug-12 W.A. Zajc

RHIC  LHC



Asymptotically Free When?
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 LHC dramaticallyLHC dramatically
extends ourextends our
reach.reach.

 UnderstoodUnderstood Bozek, Broniowski & Wyskiel-Piekarska, 

quantitatively?quantitatively?
 Perhaps:Perhaps:

Bozek, Broniowski & Wyskiel Piekarska, 
arXiv:1207:3176

pp

(next page)(next page)

(/s)LHC = ~2 (/s)RHIC = 0.08  
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Asymptotically Free When?
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 But for the “bulk” at RHIC or at But for the “bulk” at RHIC or at the LHCthe LHC

 It is hardly clear at what point we would declareIt is hardly clear at what point we would declare It is hardly clear at what point we would declareIt is hardly clear at what point we would declare
“Free at last, free at last!”“Free at last, free at last!”
QM12:QM12: The test of all theory is experimentThe test of all theory is experiment QM12: QM12: The test of all theory is experiment.The test of all theory is experiment.

 Enjoy the test !Enjoy the test !
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