The hottest matter on earth: what its made of,
how its formed, and how it flows

Raju Venugopalan
Brookhaven National Laboratory

UCT lectures, February 2012




Outline of lectures

@ Lecture I: QCD and the Quark-Gluon Plasma
@® Lecture II: Gluon Saturation and the Color Glass Condensate

@ Lecture lll: Quantum field theory in strong fields. Factorization
and the Glasma

@ Lecture IV: Quantum field theory in strong fields.
Instabilities and the spectrum of initial quantum fluctuations

@ Lecture V: Quantum field theory in strong fields. Decoherence,
hydrodynamics, Bose-Einstein Condensation and thermalization

@ Lecture VI: Future prospects: RHIC, LHC and the EIC
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What happens to matter when it
is heated up to temperatures
100,000 timesghbtter than the

. center of the sun?
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Matter in unusual
conditions

E. Fermi: “ Notes on
Thermodynamics and
Statistics ” (1953)
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Universe evolved from Quarks & Gluons to Hadrons
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Temperatur =~ 10'? Kelvin

Hadron-Gas

How did this happen ?
Is there a phase transition (vapor to liquid) transition ?



QCD-Theory of the Strong Force

1

Relative strength

Interaction range 10-15

2004 Nobel Prize in Physics



What does the strong force act on?

Quarks & Gluons: elementary, fundamental constituents of 99 % of
visible matter in the universe.

DNnuIemIde bulld_l-ngblotj(s./ quar.k Size:
' Ny 10-18 meters
Nucleus
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10""* meters 10 femtometers

Quantum Chromodynamics (QCD): fundamental theory of
the strong force



QCD: theory of the strong interaction
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Symmetries of QCD Lagrangian:
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i) Gauge “color” symmetry: unbroken but confined
if) Global “chiral” symmetry: exact for massless quarks
iii) Baryon number and axial charge (m=0) are conserved
iv) Scale invariance: (z) — A¥?)(Az) ; A%(z) — N A% ()
v) Discrete C,P & T symmetries

Chiral, Axial, Scale and (in principle) P & T are broken
by Vacuum / Quantum effects



QCD: asymptotic freedom
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Super-dense and Super-hot QCD matter

is a weakly coupled gas of quarks and gluons

-- analytical computations feasible
Cabibo-Parisi; Collins-Perry



QCD: Infrared Slavery

o =425 MeV* ; e~ 0.5
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QCD matter is strongly interacting at low Temp. and
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- static properties computed using lattice methods



QCD: Chiral symmetry breaking

l l
Chiral basis : g g =5U0-=v)q, q,=5(04+7%)q

QCD Lagrangian: L, =L,(q,.A)+4L(q,.A)

Quantum QCD vacuum:
Chiral condensate: spontaneously generate mass via /k
quar
ce

ON

s Nambu-Goldstone mechanism

T
Vbt ) £ ~

e <gRqL m, ~ 10 MeV ; my ~ 1 GeV

Axial anomaly: W\~<[: Quantum violation of U(1), auj“ — —2nf§—;F“”’aﬁﬁ,,

Chiral symmetry restoration at large T: <qu> — 0



phase diagram of nuclear matter

QCD Phase diagram

Major theoretical and experimental effort to map
and explore this rich phase structure.




Agnes Mocsy Pratt Institute Brooklyn 03 28 2008

Phase Diagram of Water

Physicists’ way of mapping the phase that will exist for

a given pressure and temperature
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Neutron stars
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Lattice QCD at finite T:

Plasma screens potential between heavy quarks
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Suppression of heavy quarks suggested as possible signature of
Quark-Gluon formation - matsui, Satz 1986



QCD at finite T:
Lattice results for Energy & Entropy Density
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Petreczky, Quark Matter 2009



QCD at finite T:

Lattice results for Confinement and Chiral Symmetry
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Rapid change in same T interval

corresponding to rapid change in

Energy and Entropy densities

Bazavov et al, (HotQCD Coll.) arXiv:0903.4379

Finite T transition is a
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Neutron stars




Facilty
AGS
N
RHIC
[HC

Heavy lon Experiments

Location System  Enerqy (CMS)
BNL, New York ~ AutAu 2.6-4.3 GeV
CERN, Geneva ~ PbtPb 8.6-17.2 GeV
BNL, New York  AutAu 200 GeV
CERN, Geneva ~ PbtPo 5.5TeV




The place to look for quark-gluon plasma

-

-~ Brookhaven Lab

visible from space

/}‘ ‘At fthe Colliderat




Relativistic Heavy Ion Collider RHIC @ BNL

major international enterprise: thousands of scientists and engineers




Decays into 1000s of
sub-atomic particles

Quark Gluon Plasma
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We cannot determine if a QGP was
produced by observing it directly - its
lifetime is too short (~ 1022 seconds...)

but studying the detailed structure
behind these images, RHIC scientists
conclude the QGP was a

nearly perfect fluid




BBC NEWS

| Science/Nature | Early Universe

was 'liquid-like'
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Early Universe was 'liquid-like’

Physicists say they have
created a new state of hot,
dense matter by crashing
together the nuclei of gold
atoms.

The high-energy collisions
prised open the nuclei to reveal
their most basic particles,
known as quarks and gluons.

The researchers, at the US
Brookhaven National
Laboratory, say these particles
were seen to behave as an
almost perfect "liquid".

The Impression
more strongly

IS of matter that Is
Interacting than predicted

The work is expected to help scientists explain the conditions
that existed just milliseconds after the Big Bang.

The details, presented to the
American Physical Society in
Florida, will be published
across a number of papers in
the journal Nuclear Physics A.

They summarise the work of
four collaborative experiments
- dubbed Brahms, Phenix,

66 People like me, who use
model calculations, are already
so excited about the data
because we believe they have
actually found the elusive
state known as the quark-
gluon plasma

Asst Prof Steffen Bass, Duke
University

Phobos and Star - which have been running on Brookhaven's

Low graphics | Accessibility help

&

News services
Your news when you
want it

» Cosmic particle accelerator seen
Science/Nature

08 Apr 05 |
» Cern tunnel machine gets key
part
07 Mar 05 | Science/Nature
» Lab fireball 'may be black hole'
17 Mar 05 | Science/Nature
» Densest matter created
17 Jan 01 | Science/Nature
» 'Little Bang' creates cosmic soup
10 Feb 00 | Science/Nature

RELATED INTERNET LINKS:

* Brookhaven National Laboratory
The BBC is not re nsible for the
content of external internet sites

TOP SCIENCE/NATURE STORIES
» China confirms satellite downed
» Flying dinos had bi-plane design
» Man has partial face transplant

-
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Viscosity

e Introduced by Claude Navier in 1822 (Navier Stokes equation)
y dimension

boundary plate 4

(2D, moving) velocity, u
>

shear stress, t

boundary plate (2D, stationary) - -
Pitch tar: viscosity 230 billion times
that of water




A (nearly) perfect fluid

de (e+P—31)

“Bjorken Hydrodynamics” for D
relativistic fluids dT T

3

1
Viscous term smaller than ideal term for el P ;

From kinetic theory n o Trelax.

S kB Tquant.

SRR

°Li sQGP




A (nearly) perfect fluid

__4n
“Bjorken Hydrodynamics” de (5 + P 3 T)

dt - T
n 1 _an
: : —=-l— <<
Viscous term smaller than ideal termfor - L P+ = 57T
o
M h 1
AdS/CFT: - > —
S ]{JB 4
Fluid T [K] n [Pa - s] n/n [k] | n/s [h/kg]
H,0 370 2.9 x 10~4 85 8.2
“He 2 1.2 x 10-° 0.5 1.9
OLi (las| @ o0) | 23 x 1070 | <1.7x 107 | <1 < 0.5
QGP 2 x 1012 < 5 x 10! - <0.4




Strong flow = (nearly) ideal hydrodynamics

g ‘L O o

Spatlal anisotropy

1420 c0s2(d — Upp) + -+ -
dyp.dp.do 27rdypldpi( 2(p1)cos2(¢ — Ugp) ++++)

v, measures how efficiently hot matter converts spatial
anisotropies to momentum anisotropy
— most efficient way is hydrodynamics



Strong flow = (nearly) ideal hydrodynamics
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g v, at LHC in agreement

with (slightly) viscous
relativistic hydrodynamics

0.1

0.08

0.06

o

(=

N
-"-..#lllllllllllllllllll

0.04 ‘,;:{:--" % v,{q-dist}
: ;‘% i viLYZ)
»-{ ---------------- Luzum 1/s=0.08 (Glauber)
L ;77 IPTETPIPY Luzum 1ys=0.16 (fKLN)
A IREEEREEE Heinz 1y/s=0.20 (fKLN)
_i' - I I I L i —— l I l I l I l ' - I I
0 10 20

w
o
iy
o
3
o
[=2]
o
N
o
(o]
o

centrality percentile

0.14 1

01 | S — Takes a long time ~ R/c;

o+ L

N A1 tobuildupyv,

Vs

006 | Jlr Flow must set in very
00t | g Bicrken hydro ——— early (<1fm)
0.02 I K=001D=05 e il

|

~ L N Kl:0.1 p:o_olj -l
0 05 1 15 2 25 3 35 -+ 45




Even heavy quarks (charm & beauty flow)
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AdS/CFT and the KSS bound

AdS/CFT conjecture: maldacena

“Holographic Duality between strongly coupled N=4 supersymmetric
Yang-Mills theory at large coupling and Nc
& classical 10 dimensional gravity in the background of D3 branes

KSS bound: Kovtun,Son,Starinets

Classical absorption cross-section of a graviton
with energy w on a black brane

O'(Cd) = ? dtdx Giwthxy(taX))Twy(OvO)]>
a(0) _ ¢
From Kubo: 7) = From Beckenstein: S — E

167G

where a= area of black brane
Theorem: O'(O) — Q

Putting it all together:



Détecteur
de Particules
a Grande Energie

Détecteur
Chambre  de Particules
a Derive
Temporelle .
P \ Absorbeur

/ Aimant Bipolaire
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A contemporary view

CERN seminar, Dec. 2"0'2010

'CMS,~ | CMS Experiment at LHC, CERN

»><_ | Data recorded: Tue Nov 9 23:51:56 2010 CEST /
=25\ Run/Event: 150590 / 776435
RS runevent: otk P 0-10% central _—

40— | i —
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Strong flow = (nearly) ideal hydrodynamics
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v, at RHIC and the LHC is large



Dissipation in the QGP relative to other fluids
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RHIC estimates close to

conjectured universal lower
bound of n/s = 1/4x

(based on the AdS/CFT
correspondence)

Kovtun, Son, Starinets




Hard Probes of the sQGP

High p; (>> T) hadrons, heavy mesons
(charm and beauty), JAp and Upsilon, hard photons and JETS...



Aol (%)

The pp Benchmark for Heavy lon Collisions
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Hard probes are modified by strongly interacting medium
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Energy loss dependent on parton path length in medium
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Heavy quarks suppressed
just as much as light quarks!



Energy loss in hot QCD matter

2 k>> 1L Bjorken
Gyulassy-Wang
Baier,Dokshitzer,Mueller,Peigne,Schiff

Zakharov

0 e & T & Characterizes properties
of hot medium

g >
dE OéS NC 2 2 N
Pl =gl

Tdz 4 P
i 72 3 3/4
Qideal gas = 6(3)C¥§T ~ 2¢€ / .
% <
Detailed model estimates all over the place - -
q\ — 15 o 19 GeV2/fm | . [Baier 2003]
e

Significantly higher than ideal gas!



Standard model of HI Collisions

Color Glass Initial Glasma sQGP - Hadron
Condensates Singularity perfect fluid Gas
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