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Science Questions

X Uninteresting question:

» What happens when | crash
two heavy nuclei together?

v Interesting question:

» Are there new states of matter
at the highest temperatures and densities?



Fermi’'s Vision

o ~1950: (Almost) included physics of 2012

o J€ee also remarks in his “statistical model” paper
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An Updated Version of Fermi’'s Diagram
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Phase Diagrams |

o A fundamental tool to summarize the
qualitatively different phases of a complex system
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A Familiar Phase Diagram |

o Our best known
examples of
first-order phase
transitions

» Note that here we

100°C can independently
vary T and P

> Note also
presence of
critical point =
vanishing of 18t
order transition
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Ultracold Fermi Gas in Unitary Limit

« Ultracold Fermi gases:
Pre-pairing for condensation,
Mohit Randeria,

Nature Physics 6, 561-562
(2010)

o Abstract: Pair formation and
condensation 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 development.
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Phase Diagram of a Truly Complex System8

Financial Market Phase Diagram
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Phase Diagram of a “Simple” System
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Science Questions

X Uninteresting question:

» What happens when | crash two gold nuclei
together?

v Interesting question:

» Are there new states of matter at the highest
temperatures and densities?

$ Compelling question:

“"What fundamental, thermal properties
of our gauge theories of nature
can be investigated experimentally?

“"Hint: Gravity is a gauge theory...

12-Aug-12 W. A, Gage



The QCD Phase Diagram

Early Universe The Phases of QCD

£ Future LHC Experniments

1 Current RHIC Expenmenis

Temperature

Crfical Point

Culnr/—.

Hadron Gas Superconductor

Nuclear /
Matier Neutron Stars
©

900 MeV
Baryon Chemical Potential

12-Aug-12 W.A. Zaje



On the Meaning of Fundamental

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

- 1
£ =9{i7" Dy — m)yp — 7Fu F*"

D,=0,+1ed, +ieB,

o But in practice, they are
(deeply) emergent, and depend
on “unnatural” ratios:

> m/m, = 1836.15
» Fine-tuning
(to reach unitary limit)
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“Natural” Appearance of the QCD Phase Transition
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To Be Fair...

» Order of QCD transition sensitive to m/m,,
O E. Laermann and O. Philipsen, hep-ph0303042

N;=2 Pure
Gauge
M. Stephanoy, =
- 2nd order
‘“ z‘oday. . y O(4)? 2nd order
Our world s : 2(2)
not ideal” _
Nf = 3
L“ |:.nh-:..r_'.;.t Ny =1
poin
m ¥ 4
2nd order
¥ Z(2)
ﬂ

m, , My

o But qualitative features persist for "all” m/m,, 4

W. A, Gage



15

Robustness of QCD Phase Transformation

Q. Why is
there “always”

a phase change
in QCD?

A. Asymptotic
freedom:
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L]
— VOLUME 30, NUMRBER 26 PHYSICAL REVIEW LETTERS 25 Ju~E 1973
o — DI 0
Uy, Nambu and G. Jona- Lasino, Phys. Rev, 122, 345 Y. A, Bardeen, H. Fritzsch, and M. Gell-Mann,

(1961); 8. Coleman and E. Weinberg, Phys. Rev. D 7, CERN Report No. CERN-TH-1538, 1872 (to be pub-
1BB8 (1973). lished).
YK, Symanzik (to be published) has recently suggested "H, Georgi and S. L. Glashow, Phys. Rev. Leit. 28,

| ] n
that one consider a Ay theory with a negative A to 1494 (1972); 5. Weinberg, Phys. Rev, D 5, 1962 (19721,
. achieve UV stability at A=0, However, one can show, "®For a review of this program, see 5. L. Adler, in
, , uging the renormalization-group equations, that in such Proceedings of the Sixteenth International Conference
theory the ground-state energy is unbounded from below on High Energy Physics, National Accelerator Labora-
E I . d
Reliable Perturbative Results for Strong Interactions?*
n
H. David Politzer
S I I I O I C re e O I I l Jdefferson Physical Iabovatories, Havvavd University, Cambridge, Massachusetts 02138
({Received 3 May 1973)

(S. Coleman, privale communication). tory, Batavia, Tllinois, 1972 (to be published),
An explicit caleulation shows perturbation theory to be arbitrarily good for the deep

FEuclidean Green’s funetions of any Yang-Mills theory and of many Yang-Mills theories

} I l lfra re d S I ave r with fermions, Under the hypothesis that spontaneous symmetry breakdown is of dynami-
cal origin, these symmetric Green's functions are the asymptotic forms of the physical-

1y significant spontanecusly broken solution, whose coupling could be sirong.

Renormalization-group techniques hold great goes to zero, compensating for the fact that
promise for studying short-distance and strong- there are more and more of them, But the large-
coupling problems in field theory.* Symanzik® p* divergence represents a real breakdown of

FHYSICAL REVIEW D VOLUME 8, NUMBER 10 15 NOVEMBER 1973

Asymptotically Free Gauge Theories. I*
David J. Gross'

National Accelevator Labovatory, P. O, Box 500, Batavia, Illinois 60510
and Joseph Henry Laboratovies, Princeton University, Princelon, New Jevsey 08540

Frank Wilczek
Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08540
(Received 23 July 1973)

Asymptotically free gauge theories of the strong interactions are constructed and analyzed. The reasons = 5
for doing this are recoumted, imcluding a review of renormalization-group techniques and their n avld J L] G oSS H L] D E“rld Fra mn k

applu_:allcm to scaling p}?.elwmem_ I‘fle rmormalizgll@-ﬁmp equations. are derived ffar Ya.t.’lg-_MI]h I{E '|."|I II.I Etitl.l‘tE Pﬂ'litzE'r WilEEEk

theories. The parameters that cnter into the equations are calculated to lowest order and it is shown _ i i

that these theories are asymptotically free. More specifically the effective coupling constant, which FD r Th =10 rEt| ca | CE I ] FD rmis M SEs53 |:|'| us E‘L‘tE
determines the ultraviolet behavior of the theory, vanishes for large spacelike momenta. Fermions are . . .

incorporated and the construction of realistic models is discussed. We propose that the strong ph 'rrE IS I n EtItI_ItE o F I M Etltl_ltE l:lF
interactions be mediated by a “color™ gauge group which commutes with SU(3) x SU(3). The problem E e . .

of symmetry breaking is discussed. It appears likely that this would have a dynamical origin. It 15 "'I nivers It fr I:'F TE Eh no I o g Fr TE Eh no I o g Fr
suggested that the gauge symmetry might not be broken and that the severe infrared singularities EE I | FI:I rri | a2, E = I'I‘|:E| I-' CE H:E I:I'I :l . I.- M I_I_:I .
prevent the occurrence of noncolor singlet physical states. The deep-inelastic structure functions, as well - - i
as the electron-positron total annihilation cross section are analyzed. Scaling obtains up to calculable Ea rb ara, LSA FPasa d 2MNda; Cam I:‘ rl |:| ge,
logarithmic corrections, and the naive light-cone or parton-model results follow. The problems of LI E.IEL LI E.IE'.

incorporating scalar mesons and breaking the symmetry by the Higgs mechanism are explained in detail. 176



Quantum Chromodynamics (QCD)




Quantum Chromodynamics (QCD)
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QCD’s Running Coupling “Constant”
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A. What Sets the Scale ?

o Simple answer — Quantum Mechanics:
» 7 ¢ = 200 Mev-fm = 0.2 GeV-fm

» So 71 /(1 fm) = 200 MeV ~ light hadron masses

o Deeper answer — vacuum condensate that
establishes confinement scale A ~ 200 MeV

o (0%) = 127 _ L As %fVOZGeV

(33—-2N,) log(%) log(i2 0

12-Aug-12 WA, Goje



One  Approach to Asymptotic Freedom 21

o High Energy Physics:

» Highest possible momentum transfer Q
probing smallest possible distances r:

> Q>>20GeV = r<<0.01fm

12-Aug-12 WA, Goje



Discovery of QCD Jets ~1983

o Rutherford scattering of asymptotically free

quarks and = |
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Another Approach to Asymptotic FreedomB

o High Energy Physics:

» Highest possible momentum transfer Q
probing smallest possible distances r:

»Q>>20GeV = r<<0.01fm

o Nuclear Physics

» Study bulk behavior of hadronic matter
at highest possible temperatures T and/or densities

» Turns out that T ~ 0.2 GeV suffices
~ 2x1012K

12-Aug-12 WA, Goje



24

“QCD” Prediction of Deconfining Phase Transition

&~ Note false dichotomy!

e 1975: J.C. Collins and M.J. Perry,
Superdense Matter or Asymptotically Free Quarks?,
Phys. Rev. Lett. 34, 1353.

“...matter at densities higher than nuclear
consists of a quark soup.

The quarks become free at

sufficiently high density.”

12-Aug-12 WA, Goje
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Naming It

o Shuryak publishes
first “review” of

thermal QCD-
and coins a phrase:

“Because of the appare

analogy with similar
phenomena in atomic
physics, we may call this
phase of matter

the QCD

(or quark-gluon) plasma.”

QGP
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“‘Plasma” Leads To Prejudice

Create account & Login

Article Talk Fead Edit View history Q

WikpepiA | Plasma (physics) ®

The Free Encyclopedia From Wikipedia, the free encyclopedia

plasma 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 ionized.
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The Tyranny of Asymptotic Freedom |

o From QCD Made Simple

(F. Wilczek, August, 2000 Physics Today ):

Hoping to bypass this forbidding mess, we invoke a procedure
that is often useful in theoretical physics. | call it the Jesuit
Stratagem, inspired by what I'm told is a credal tenet of the
Order: "It is more blessed to ask forgiveness than permission."
The stratagem tells you to make clear-cut simplifying
assumptions, work out their consequences, and check to see
that you don't run into contradictions. In this spirit we tentatively
assume that we can describe high-temperature QCD starting
with free quarks and gluons...

But there is a second, more rigorous level that remains a
challenge for the future. Using fundamental aspects of QCD
theory, similar to those | discussed in connection with jets, one
can make quantitative predictions for the emission of various
kinds of "hard" radiation from a quark-gluon plasma. We will not
have done justice to the concept of a weakly interacting plasma
of quarks and gluons until some of these predictions are
confirmed by experiment.



Also From 2000: The

o A series of experiments using CERN's lead beam have presented compelling
evidence for the existence of a new state of quark-gluon matter in which quarks,
instead of being bound up into more complex particles such as protons and
neutrons, are liberated to roam freely.

o Present theoretical ideas provide a more precise picture for this new state of
matter: it should be a quark-gluon plasma (QGP), in which quarks and gluons,
the fundamental constituents of matter, are no longer confined within the
dimensions of the nucleon, but free to move around over a volume in which a
high enough temperature and/or density prevails.

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

o A common assessment of the collected data leads us to conclude that we now
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
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
at the SPS features many of the characteristics of the theoretically predicted
guark-gluon plasma.

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

& (All emphasis added by WAZ)

12-Aug-12 WA, Goje



Lattice Results (Prejudice) circa 2000:

« Rapidriseind.o.fatT ~ 170 MeV seen as
“near” the Stefan-Boltzmann limit for
free

.I 6 i | | | | | 4 _/ .
and ; 1 i
gluons - | 1\
10 | ' LHC |
I‘ 8 3 flavor .
2 flavor
6 “2+1-flavor” X
c i d.of .| O flavor -
T 3
2 T [MeV]
0 . | | 1
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RHIC’s Two Major Discoveries = Paradigm Shift

o Discovery of
strong “elliptic” flow:

» Elliptic flow in Au + Au collisions at
Vsy= 130 GeV,
STAR Collaboration,
(K.H. Ackermann et al.).
Phys.Rev.Lett.86:402-407,2001

» 473 citations

o Discovery of
strong “jet quenching”

» Suppression of hadrons with large
transverse momentum in central Au+Au
collisions at \sy, = 130 GeV,

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

» 657 citations

12-Aug-12
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The New Paradigm

o Understood as manifestations of

strongly-coupled Quark-Gluon Plasma (sQGP):
o Not “freely roaming” quarks and gluons

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

12-Aug-12 WA, Goje



The Tyranny of Asymptotic Freedom

» The conceptual beauty of
asymptotic freedom was (is)
hugely prejudicial for
the QCD phase transition:

» Rather than ice melting
to liquid water

» Thought it would be like the
sublimation of frozen CO, to
gas, i.e, QCD phase
transformation like
“sublimation” of (p,n) = (q,9)

12-Aug-12 WA, Goje



Could This Have Been Anticipated?

o Perhaps: .
2y g (0) E _
as(Q )= 0.4 % =
4r =) T o B
> <p>~3T & 818 3
»T~200MeV 2ox NEES B, , 3
E-: % oo ) £ i)
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Could This Have Been Anticipated?

o Perhaps:

» “Real” plasma physicists always want to know the
value of the classical coupling parameter I'":

I < Potential Energy >

< Kinetic Energy >
> A (very) rough estimate:

< Potential Energy >  Debye Mass gl |

I =
< Kinetic Energy > < Kinetic Energy > 3T

o Caveat: Not a useful measure in a truly
relativistic system (but n/s is”?)

12-Aug-12 W.A. Gaje



Actually, It Was Anticipated (in 1982)

o This property has been known long enough
to be forgotten several times:

» 1982: Gordon Baym,
proceedings of Quark Matter ‘82:

“...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 (N5 = 3)

1972 54
s(T) = 1- —oadJT) +... - T*
(T) 5 { Om (1) }

which turns negative for ag > 1.1"

12-Aug-12 W.A. Gaje



Actually, It Was Anticipated (in 1992)

o This property has been known long enough
to be forgotten several times:

» 1992: Berndt Mueller,
Proc. of NATO Advanced Study Institute

“For plasma conditions realistically obtainable in the
nuclear collisions (T ~250 MeV, g = V(4no,) = 2) the
effective gluon mass m;* ~ 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

m * << T when g <<1, but this condition is never
really satisfied in QCD, because g ~ 1/2 even at the
Planck scale (10'° GeV), and g<1 only at energies

above 100 GeV.”

12-Aug-12 WA, Goje



Actually, It Was Anticipated (in 2002)

o This property has been known long enough
to be forgotten several times:

12-Aug-12

» 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 2T..... The quark-hadron phase
transition is arguably the most strongly coupled
regime of QCD.”

WA, Goje



Fermi Knew It (in 1950)

790 241. - High Energy Nuclear Events Y

o Fermi (1950

» “High Energy Nuclear Events”, Prog. HIGH ENERGY NUCLEAR BVENTS
Theor PhyS 5’ 570 (1950) « Progr. Theor. Theoret. Phys.», 5, 570-383 (1950).

ABSTRACT

Lays g ro u I I dWO rk fo r A statistical method for computing high energy collisions of protons with multiple

production of particles is discussed. The method consists in assuming that as a result of
fairly strong interactions between nucieons and mesons the probabilities of formation of
the various possibile numbers of particles are determined essentially by the statistical weights

L} L}
Statl Stl Ca I a p p roa‘ h to of the various possibilities.
pa ticle P oduction in stro
r I r u I n I n S r n g The meson theory has been a dominant factor in the development of
. . physics since it was announced fifteen years ago by Yukawa. One of its
] outstanding achievements has been the prediction that mesons should be pro-
I n e ra C IO n S » duced in high energy nuclear collisions. At relatively low energies only one

meson can be emitted. At higher energies multiple emission becomes possible. -

1. INTRODUCTION.

I . . R . In this paper an attempt will be made to develop a crude theoretical

D Slnce the Inte raCtlonS Of the plon approach for calculating the outcome of nuclear collisions with very great
energy. In particular, phenomena in which two colliding nucleons may

give rise to several m-mesons, briefly called hereafter pions, and perhaps

f|e|d are Strong, we may eXpeCt also to some anti-nucleons, will be discussed.

In treating this type of processes the conventional perturbation theory

that rapid Iy thiS energ Wi” be solution of the production and destruction of pions breaks d.own entirely.
y Indeed, the large value of the interaction constant leads quite commonly

to situations in which higher approximations yield larger results than do

d I t I b t d th i lower approximations. For this reason it is proposed to explore the possi-
IS rl u e among e Va rlous bilities of a method that makes use of this ?;i((:t. The general idea is the
following :

d eg rees Of freed O m p rese nt i n th iS When two nucleons collide with very great energy in their center of mass

system this energy will be suddenly released in a small volume surrounding the

VOI u m e aCCO rd i n g to Stati Sti Cal two nucleons. lVVe may think pictorially of the event as of a collision in which
the nucleons with their surrounding retinue of pions hit against each other so

1] that all the portion of space occupied by the nucleons and by their surrounding

IaWS . pion field will be suddenly loaded with a very great amount of energy. 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

D (EmphaSiS added by WAZ) this volume according to statistical laws. One can then compute statisti-

cally the probability that in this tiny volume a certain number of pions will
be created with a given energy distribution. It is then assumed that the

12-Aug-12 WA, Goje



Landau Knew It (in 1955)

« Landau (1 955) Significant 88. A HYDRODYNAMIC THEORY OF
extension of Fermi’s approach MULTIPLE FORMATION OF PARTICLES

. 1. INTRODUCTION
o Considers fundamental roles _ o .
Experiment shows that in collisions of very fast particles a large number

Of of new particles are formed in multi-prong stars. The energy of the particles
which produce such stars is of the order of 10'?eV or more. A characteristic
feature is that such collisions oceur not only between a nucleon and a nucleus
} . . but also between two nucleons. For example, the formation of two mesons
h yd ro d y n a m I C eVOI u tl O n in neutron—proton collisions has been observed at comparatively low energies,
of the order of 10°eV, in cosmotron experimentsl.
Fermi®? originated the ingenious idea of considering the collision process
} e ntro py at very high energies by the use of thermodynamic methos. The main points
of his theory are as follows.
“T . (lg It isd assumed that, xlalrheri two npmf‘ncleoﬁs of very high energy co]]id;, energy
is released in a very small volume V in their centre of mass system. Since the
[ he defe CtS Of Ferml S nuclear interaction is very strong and the volume is small, the distribution
of energy will be determined by statistical laws. The collision of high-energy

theOl'y arlse malnly because particles may therefore be treated without recourse to any specific theories

of nuclear interaction.

th e ex pa ns i on Of th e (2) The volume ¥ in which energy is released is determined by the dimensions

of the meson cloud around the nucleons, whose radius is %/uc, x being the mass

I of the pion. But since the nucleons are moving at very high speeds, the meson

com pou nd SyStem 1S nOt cloud surrounding them will undergo a Lorentz contraction in the direction
correctly taken into

of motion, Thus the volume ¥V will be, in order of magnitude,
dm (kR \*2M ¢
account...(The) expansion P~ () @
Of the System can b e where M is the mass of a nucleon and E’ the nucleon energy in the centre of

‘l',t c Ei’ 2
mass system.
(3) Fermi assumes that particles are formed, in accordance with the laws

COnSidered On the baSiS Of of statistical equilibrium, in the volume ¥ at the instant of collision. The

particles formed do not interact further with one another, but leave the volume

relatiViStiC hyd rOdynamICS.” in a “frozen” state.
O (Emphasis added by WAZ) ey e S

8. Z. Belenkij and L. D. Landau, Hydrodynamic theory of multiple production of particles,
Nuovo Cimento, Supplement, 8, 15 (1956).
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Landau on Viscosity
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1) Use of hydro relies on R/A >> 1

2) Negligible viscosity n equivalent to
large Reynolds number cRe >>1

Re=pVRM ~V R /vy A
so for relativistic system V ~ v, and

e >>1 = R/ A>>1:see #1
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A Funny Thing About Viscosity

« Strong interactions imply small viscosity:

» Viscosity n ~ Transverse momentum diffusion
~ n<p>A , n =number density
, <p> = mean momentum
, A =mean free path
=1/no,
G = cross section

n-~ n<p>k~<p>/g

» Large interparticle cross section =» small viscosity
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What Is The Viscosity at RHIC?

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

11
77QGP 2 x10" Pa-s }:> 77QGP ~2><1()14

Mw,0

Ny ~2.3%x10° Pa-s f)

Mo ~1 x107 Pa s

12
nGZaSS(A.P.) ~ 10 Pa 'S
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3

Small Viscosity Compared to What ? 4

o Any engineer will tell you

» Kinematic viscosity n / p ~ [Velocity] x [Length]
IS what matters

o Any relativist will tell you

> p>e+p

o Any thermodynamicist will tell you
»re+p=sT (at ug =0)

e SOMN/p—onle+p)—> (@n/s) (1T/T)

~ (damping coefficient ) x (thermal time)

13-April-12 WA Zaje



How Small Can We Make n/s ?

o Recall

» Viscosity n ~ Transverse momentum diffusion
~ N <p>A
» Entropy density s ~ 4 n (massless non-interacting
quanta )

e« Then 7 _ n{p) A g
S dn 4<p>

h
. But uncertainty principle &  (p)4 2 >

Z
« Which in turn implies -~ > >
\)

12-Aug-12 W.A. Gaze



This Is Yet Another Thing We Forgot (1985)

o Miklos Gyulassy and Pawel Damelewu:z

» Dissipative Phenomena
In Quark-Gluon Plasmas

P. Danielewicz, M. Gyulassy
Phys.Rev. D31, 53,1985.

noted restrictions on smallest allowed n:

o Most restrictive:
A>T /<p> = mn>~n/3

o Butrecall s =3.6 nfor
the quanta they were considering

e =nis >1/(3.6x3)~7/(4n)

~01n

12-Aug-12

Before estimating A; via Eq. (3.2) we note several physi-
cal constraints on A;. First, the uncertainty principle im-
plies that quanta transporting typical momenta {(p) can-
not be localized to distances smaller than (p)~'. Hence,
it is meaningless to speak about mean free paths smaller
than (p)~'. Requiring A;>{p);”' leads to the lower
bound

]

n=5n, (3.3)

where n=n, H the total densn_'-,f ﬂrf quanta. What

s i s i 2 21 i i

W—L-L I“ﬂ ‘-lll{'{llllﬂ ’.‘]'J‘u‘lll L 5 i ll'.l.}:l.l. ll ! [l'_[(ltlf}i“l'll![ III[ ﬁ I

p o S 2 :

LJ\ 'l lﬂﬂli.l&. fl_l 1uLl t]l} Jl JIIL;[I I EI. llllll“_ l L_AJF‘ II\ ll S llllll’ ‘l ﬁll

Baanwnr 0 5= = I=E Y ey Sy

r lll l: L l"t» llil LI Cl ‘ ||'I1Il ‘C [ Ill.]"\ "s.K"Q l|||| e LIRS |'Iﬂe’i.l Il IIIII i]ll L]

ta. See Refs. 21 and 22 for examples illustrating how lhr:
thermalization rate of many-body systems is limited by
the uncertainty principle.



An Aside on Reynolds Number

o Show that ¢Re ~ L IR
4 (n/s)
. Sothatif 7>t
s A
e Then ‘Re > ~r %N67Z'

for Aut+Au or Pb+PDb collisions
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Alternative History

o S0 the "perfect fluid” observed at RHIC with

n

\S

RHIC

~ 017

was immediately recognized as
confirming the 1985 uncertainty principle
estimate of Danielewicz and Gyulassy

o Except that's not what happened...

12-Aug-12
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Instead ...

o In 2003-4 a new estimate (bound?) appeared
from the AdS/CFT correspondence
in string theory (!):
» Viscosity in Strongly Interacting Quantum Field
Theories from Black Hole Physics,
P. Kovtun, D.T. Son, A.O. Starinets,

hep-th/0405231 7
(968 citations) I >

S 4r
» in a rigorous calculation with no (apparent) appeal
to the uncertainty principle.
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AdS / CFT in a Picture

a-dimensional
Black hole AdS spacetime

Graviton with — - -
5-momentum k in bulk (AdS = Anti de Sitter space )

satisfies kek = 0 —

T~ A hard
(strongly-
coupled)
gauge theory
o 4 _ calculation Is
}h!}'!'ﬂ A =1L i dual to an
el e, | easy semi-
classical
quanta on 4= g gravitational
boundaf A — g calculation.

(CFT = Conformal Field Theory )
Quark-gluon d-dimensional

plasma flat spacetime
Adopted from S. Brodsky figure

described by 4 numbers

Those 4 numbe
describe virtual gauge




The Required Disclaimer

o The “dual” field theory (CFT) is at best
a very distant cousin of QCD:

» No confinement
» No running coupling constant
» Many more (supersymmetric) degrees of freedom

o But at the same time
» The AdS/CFT calculation is an exact result

» In a strongly (infinitely) coupled theory

» Also shows infinitely-coupled entropy density is
% that of free entropy density(!)
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The Paradigm Shift - Before

16 | QOGP esp/T =
14 | =" L"""J i’ "
12 a7
€ 0.C ALMOST
—Ir" — 10 | asymptotically free-
\
81 e Ng=4 ——
5 | 6 —a—i
8 —m—
4t 3pT*: No=4
Pion” __o | 6 ——
gas TMev] °

100 200 300 400 200 600 700

12-Aug-12 WA, Goje



The Paradigm Shift — After

16 | QGP “sB’
14 B F I; ! 1' L ‘ i' _=_‘F___ __1‘..
12 e '
€ 0.C ALMOST
—Ir" — 10 ¢ infinitely coupled H
\ ¥
8 | e Ng=4 ——
5 | 6 —a—
8 —m—
4t 3pT*: No=4
Pion” __o | o 6 ——
gas TMev] °

100 200 300 400 200 600 700
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The LHC Regime

o Enormously successful first heavy ion run(s)

» Clearly established that the bulk remains
at or near the n/s bound

Dramatically extended Q2 reach

Discovered a new form of jet quenching
Performed quantitative Upsilon spectroscopy
» (Etc., etc.)

o Asymptotically free quarks and gluons when?

vV VvV Vv
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Asymptotically Free When?

0.5
« LHC dramatically )
extends our E -
reach. 2 G
dJ 2. 1
. Understood * By £ B .
s . =2 8 3 S
quantitatively? = o3 282 Bg g 2
L. = oo g o i)
« Perhaps: 0 282 &8 5 & &
2 nal S I B
2 e
(next page) & L, E :
0.1 <
0
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Asymptotically Free When?

o LHC dramatically
extends our

Betz & Gyulassy, arXiv:1201.0281 Bozek, BroniOV\{ski & Wyskiel-Piekarska,
oe arXiv:1207:3176
=03 =1
o7 iPriENIlAuM.ﬂIJ-J.:u %] — 1: -
A OME PosPoes TE.0S%L 3 107 Lo Pb-Pb 276 TeV 0-5%
0.6 Q. -
. )| ©
= i
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1 -
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Asymptotically Free When?
o But for the "bulk™ at RHIC or at the LHC

A Tt T B B I B B I

'Y ISRPOR VNS ST rrnL SUITI TTPIIPPN VPP YOS RRION TP

P/Ps

0.5 -

o=
.

u = l - - - L] - - - =
1 10 100 1000 10* 10® 10® 107
T/T,

o Itis hardly clear at what point we would declare
“Free at last, free at last!”

o« QM12: The test of all theory is experiment.
— Enjoy the test !
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