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How Did We Get Here ?

• Duality has become an important theme in 
modern physics

• My title is deliberately dual :

 A (brief) history of the universe

 A (not so) brief history of heavy ion physics

19-Jul-17 W.A. Zajc
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19-Jul-17

3Fermi’s Vision

Today
From Fermi Notes on Thermodynamics and Statistics

• ~1950: (Almost) included physics of 21st century
• See also remarks in his “statistical model” paper

dyne/cm2 !

(Thanks to
A. Melissinos)



19-Jul-17 W.A. Zajc

History of the Universe
• Density

1 GeV / fm3

~ 1015 gm/cm3

• Temperature
~ 160 MeV
~ 1012 K

• Conditions
that
prevailed
~ 10 µs
after the
Big Bang
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The Early Universe, 
Kolb and Turner

History of the Massless Species
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Exercise 1:
Understand this
(may be easier 
after Lecture 2).  



First Application of Statistical Methods 
in “High Energy” Physics

• 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.”

 (Emphasis added by WAZ)
19-Jul-17 W.A. Zajc
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First Application of Statistical Methods 
in “High Energy” Physics

• Fermi (1950)
 “High Energy Nuclear Events”,

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

• Nothing more than phase space:

• Total number of produced particles N ~ s¼

where s = (p1 + p2 )2

19-Jul-17 W.A. Zajc
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Fermi Statistical Model

• Was deliberately intended as an extreme 
assumption:
 “may then be possible to bracket 

the correct state of fact between the two theories”
(statistical model and perturbation theory)

• Later severely criticized by Landau
 H.L. Anderson: “In the later literature this made it 

appear the theory was always wrong, a point that 
Fermi didn’t enjoy at all.”

19-Jul-17 W.A. Zajc
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Essential Role of Hydrodynamics
• 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.”

 (Emphasis added by WAZ)
19-Jul-17 W.A. Zajc
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Essential Role of Entropy

• Strongly interacting system 
 Particle number not conserved
 Entropy  is conserved

♦ Compute initial entropy density

19-Jul-17 W.A. Zajc
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See Lecture 2
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Alternative History

• Circa 1955-1960:
 The essential of 

♦ Statistical distribution of energy
♦ Hydrodynamic expansion

 in the strong interaction was widely recognized
 This became the prevailing method for modeling

the “bulk” in hadron+hadron collisions
• 1960 to present:

 Deviations from the hydro expectations were 
recognized as new physics

• But that’s not what happened…
19-Jul-17 W.A. Zajc
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Hydro Developments 1955-1975
• Zero
• Above statement true to 0-th, 1st (?) order

 Hydro developed by a few workers
 Statistical methods by Hagedorn and his collaborators
 Both viewed as well outside mainstream

• Instead
 Mesons:
 Baryons: 
 1955: anti-proton
 1957: Parity violation
 1961-64: Eightfold way
 1962: Two neutrinos
 1964: CP Violation
 1968: Electroweak unification (Theory)
 1968-73: Scaling in deep-inelastic scattering
 1973: QCD (Theory)

19-Jul-17 W.A. Zajc
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1970’s: New Motivation
• T.D. Lee and G.C. Wick, 

``Vacuum Stability And Vacuum 
Excitation In a Spin 0 Field Theory,'' 
Phys. Rev. D9, 2291 (1974). 

• This also motivated the start of the 
experimental program in high 
energy nuclear collisions

• “Bear Mountain Workshop”,1974
• Long interregnum:

 LBNL Bevalac
 (GSI-SIS, Dubna, CERN ISR)
 BNL AGS
 CERN SPS 
 ….
 RHIC
 LHC19-Jul-17 W.A. Zajc
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New Motivation
• Simple argument:

 HEP: Concentrate ever higher energies in 
(effectively) ever smaller volumes

 NP: Create highest possible energies over an 
‘extended’ volume

• Goal: Search for new, exotic forms of 
matter
 Super-heavy nuclei
 Stable strange nuclei
 Nuclear shock-waves
 Pion condensates

• To 0-th order: all predates QCD
19-Jul-17 W.A. Zajc
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It Began at the  Bevalac
• ~1972-1984
• First machine capable of accelerating 

~all nuclei to “relativistic” energies
 Beam (kinetic) energies of 1.5-2.1 GeV per nucleon

19-Jul-17 W.A. Zajc
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Bevalac Physics

• Achievements:
 Established basic terminology
 Development of “new” techniques

♦ Crude flow measures
♦ “Hanbury Brown  Twiss” (HBT) interferometry
♦ Hadrochemisty

• Review: Relativistic Nucleus-Nucleus Collisions: from the BEVALAC to RHIC, 
R. Stock, nucl-ex/0405007

• Liabilities
 “Parasitic” program
 Absence of underlying theory

19-Jul-17 W.A. Zajc
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https://arxiv.org/abs/nucl-ex/0405007


It Continued at the AGS and SPS

• Fixed-target programs

• AGS
 Au beams up to 11.6 GeV/N

( aka 11.6 A･GeV )

• SPS
 Pb beams up to 158 GeV/N

( aka 158 A･GeV )

19-Jul-17 W.A. Zajc
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https://www.bnl.gov/tandem/capabilities/heavy-ion.php
https://home.cern/about/accelerators/super-proton-synchrotron


AGS + SPS Program

19-Jul-17 W.A. Zajc
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• Extensive “spectral”
measurements

• Described by 
“blast-wave”
parameterizations

• Development of 
 HBT technology
 Elliptic flow methodology

• Observation of 
“anomalous” J/ψ
suppression (SPS)

https://www.bnl.gov/tandem/capabilities/heavy-ion.php
http://ac.els-cdn.com.ezproxy.cul.columbia.edu/S0375947496003508/1-s2.0-S0375947496003508-main.pdf?_tid=423b56fa-633f-11e7-a93e-00000aab0f6b&acdnat=1499451080_42809a4cec851b3df9fdc20cb1c8920f
http://ac.els-cdn.com.ezproxy.cul.columbia.edu/S0375947496003545/1-s2.0-S0375947496003545-main.pdf?_tid=c3cedb38-633f-11e7-960b-00000aab0f02&acdnat=1499451298_d4544c52f853d7e8798609e4ec61d364


HEP Livingston Plots
• M.S. Livingston c. 1960  

(pre-Moore’s Law)
noted exponential growth of 
accelerator energies:

19-Jul-17 W.A. Zajc
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High Power Accelerators for Very Intense Neutron Sources, 
S. Barbanotti and C. Pagani, presented at the International 
Workshop on Accelerator based on Neutron Sources for Medical, 
Industrial and Scientific Applications in Torino, May 23, 2008

http://wwwsrf.mi.infn.it/publications/presentations/2008/file/C.P.-S.B._High%20Power%20Accelerators.pdf
http://wwwsrf.mi.infn.it/publications/presentations/2008/file/C.P.-S.B._High%20Power%20Accelerators.pdf
http://wwwsrf.mi.infn.it/publications/presentations/2008/file/C.P.-S.B._High%20Power%20Accelerators.pdf
http://www.quantumdiaries.org/2011/11/05/the-ponderator-a-one-trick-pony/
http://www.quantumdiaries.org/2011/11/05/the-ponderator-a-one-trick-pony/


HEP Livingston Plots Meet Reality
• M.S. Livingston c. 1960  

(pre-Moore’s Law)
noted exponential growth of 
accelerator energies:

19-Jul-17 W.A. Zajc
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High Power Accelerators for Very Intense Neutron Sources, 
S. Barbanotti and C. Pagani, presented at the International 
Workshop on Accelerator based on Neutron Sources for Medical, 
Industrial and Scientific Applications in Torino, May 23, 2008

LHC

http://wwwsrf.mi.infn.it/publications/presentations/2008/file/C.P.-S.B._High%20Power%20Accelerators.pdf
http://wwwsrf.mi.infn.it/publications/presentations/2008/file/C.P.-S.B._High%20Power%20Accelerators.pdf
http://wwwsrf.mi.infn.it/publications/presentations/2008/file/C.P.-S.B._High%20Power%20Accelerators.pdf
http://www.quantumdiaries.org/2011/11/05/the-ponderator-a-one-trick-pony/
http://www.quantumdiaries.org/2011/11/05/the-ponderator-a-one-trick-pony/


HEP Livingston Plots Meet Reality
• M.S. Livingston c. 1960  

(pre-Moore’s Law)
noted exponential growth of 
accelerator energies:

19-Jul-17 W.A. Zajc
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High Power Accelerators for Very Intense Neutron Sources, 
S. Barbanotti and C. Pagani, presented at the International 
Workshop on Accelerator based on Neutron Sources for Medical, 
Industrial and Scientific Applications in Torino, May 23, 2008

LHC

X
SSC

http://wwwsrf.mi.infn.it/publications/presentations/2008/file/C.P.-S.B._High%20Power%20Accelerators.pdf
http://wwwsrf.mi.infn.it/publications/presentations/2008/file/C.P.-S.B._High%20Power%20Accelerators.pdf
http://wwwsrf.mi.infn.it/publications/presentations/2008/file/C.P.-S.B._High%20Power%20Accelerators.pdf
http://www.quantumdiaries.org/2011/11/05/the-ponderator-a-one-trick-pony/
http://www.quantumdiaries.org/2011/11/05/the-ponderator-a-one-trick-pony/


RHI Livingston Plot
• M.S. Livingston c. 1960  

(pre-Moore’s Law)
noted exponential growth of 
accelerator energies:

19-Jul-17 W.A. Zajc
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High Power Accelerators for Very Intense Neutron Sources, 
S. Barbanotti and C. Pagani, presented at the International 
Workshop on Accelerator based on Neutron Sources for Medical, 
Industrial and Scientific Applications in Torino, May 23, 2008

LHC

X
SSC

Exercise 2:
Make sure you can 
“effortlessly” 
convert between 
two vertical scales
Exercise 3:
Make sure you 
understand why 
heavy ion “line” is 
displaced from HEP 
line.

http://wwwsrf.mi.infn.it/publications/presentations/2008/file/C.P.-S.B._High%20Power%20Accelerators.pdf
http://wwwsrf.mi.infn.it/publications/presentations/2008/file/C.P.-S.B._High%20Power%20Accelerators.pdf
http://wwwsrf.mi.infn.it/publications/presentations/2008/file/C.P.-S.B._High%20Power%20Accelerators.pdf
http://www.quantumdiaries.org/2011/11/05/the-ponderator-a-one-trick-pony/
http://www.quantumdiaries.org/2011/11/05/the-ponderator-a-one-trick-pony/


• The world’s first light  ion collider   
The CERN ISR

23
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https://home.cern/about/accelerators/intersecting-storage-rings


• The world’s first light ion collider
(and first hadron collider detectors)

The CERN ISR
24

19-Jul-17 W.A. Zajc

http://cerncourier.com/cws/article/cern/44856
http://cerncourier.com/cws/article/cern/44856
http://cds.cern.ch/record/969578?ln=ka


• The world’s first purpose-built heavy ion collider
RHIC Changed Everything

25

19-Jul-17 W.A. Zajc

Exercise 4:
Map CM energies to 
indicated rapidity ranges.

https://www.bnl.gov/rhic/news2/news.asp?a=3758&t=today


19-Jul-17

Purpose-Built for What?

W.A. Zajc
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RHIC 
27

 The world’s first purpose-built heavy ion collider
Has demonstrated its enormous flexibility
Has enabled a decade+ of fundamental discoveries

19-Jul-17 W.A. Zajc

http://www.rhichome.bnl.gov/RHIC/Runs/


RHIC’s First Two Major Discoveries
• Discovery of 

strong “elliptic” flow:
 Elliptic flow in Au+Au collisions

at √sNN= 130 GeV, 
STAR Collaboration, 
Phys.Rev.Lett.86:402-407,2001

 654 citations

• Discovery of 
“jet quenching”
 Suppression of hadrons with large 

transverse momentum in central Au+Au 
collisions at √sNN = 130 GeV, 
PHENIX Collaboration, 
Phys.Rev.Lett.88:022301,2002

 967 citations

28

19-Jul-17 W.A. Zajc

http://arxiv.org/abs/nucl-ex/0009011
http://arxiv.org/abs/nucl-ex/0109003


19-Jul-17 W.A. Zajc
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Luminosity
• Consider collision of ‘A’ ions per bunch

with                           ‘B’ ions per bunch:

• LuminosityA
B

Cross-sectional 
area ‘S’

S
BAL ⋅~
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• Consider collision of ‘A’ nucleons per nucleus
with                           ‘B’ nucleons per nucleus:

• ‘Luminosity’

A

B

Cross-sectional 
area ‘S’

BAN
S

BAL Coll ⋅∝
⋅ ~~

Provided:
No shadowing
Small 

cross-sectionsBANnot Part +∝
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Rare Processes
• Particle production via rare processes should scale with Ncoll , the number of 

underlying binary nucleon-nucleon collisions

• Roughly: Small σ  no shadowing 
 per nucleon luminosity is relevant quantity

• Take scaling with Ncoll as our null hypothesis
for hard processes

FunctionThickness
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Exercise 5: Show  this.
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no effect ⇒

Systematizing 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

Events) ppin  B)(Yield(A
EventsAu Auin  Yield

+•
+

≡
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• Suppression effect not present at lower √s ’s

Consistency Checks
33
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Consistency Checks

⇒Perturbative primordial yields in Au+Au
collisions absorbed in strongly-coupled 
dense, opaque medium

34

19-Jul-17 W.A. Zajc



Pedestal&flow 
subtracted

• “Fine structure” 
in elliptic flow:
 Elliptic flow of identified hadrons

in Au+Au collisions at √sNN= 200 GeV, 
PHENIX Collaboration, 
Phys.Rev.Lett.91:182301,2003

 711 citations

• Disappearance of 
away-side “jet”
 Disappearance of back-to-back

high pT correlations in central
Au+Au collisions at √sNN = 200 GeV, 
STAR Collaboration, 
Phys.Rev.Lett.90:082302,2003 

 742 citations

Extending Those Major Discoveries
35

Hydro from P. Huovinen et al., 
Phys. Lett. B503, 58 (2001)

19-Jul-17 W.A. Zajc

https://arxiv.org/abs/nucl-ex/0305013
https://arxiv.org/abs/nucl-ex/0210033


• 2000 – first collisions 
• 2001 – major results

from all 4 collaborations
• 2002 – first full-energy

Au+Au run
• 2003 – d+Au control run 

Critical in situ Control Measurement
36

19-Jul-17 W.A. Zajc

http://www.bnl.gov/newsroom/news.php?a=11047


• 2000 – first collisions 
• 2001 – major results

from all 4 collaborations
• 2002 – first full-energy

Au+Au run
• 2003 – d+Au control run 

Critical in situ Control Measurement
37

19-Jul-17 W.A. Zajc

http://www.bnl.gov/newsroom/news.php?a=11047


• 1983:  “an extended 
quark-gluon plasma 
within which the quarks are 
deconfined and move 
independently”

Theoretical Guidance
38

19-Jul-17 W.A. Zajc

http://science.energy.gov/%7E/media/np/nsac/pdf/docs/lrp_1983.pdf


• 1983:  “an extended 
quark-gluon plasma 
within which the quarks are 
deconfined and move 
independently”

• 1989: “quark-gluon 
plasma, in which hadrons 
dissolve into a plasma of 
quarks and gluons, which 
are then free to move over 
a large volume.”

Theoretical Guidance
39
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http://science.energy.gov/%7E/media/np/nsac/pdf/docs/lrp_1989.pdf


• 1983:  “an extended 
quark-gluon plasma 
within which the quarks are 
deconfined and move 
independently”

• 1989: “quark-gluon 
plasma, in which hadrons 
dissolve into a plasma of 
quarks and gluons, which 
are then free to move over 
a large volume.”

Theoretical Guidance
40

 2000: “Quarks and gluons 
would then freely roam 
within the volume of the 
fireball created by the 
collision.”

19-Jul-17 W.A. Zajc

http://science.energy.gov/%7E/media/np/nsac/pdf/docs/lrp_1989.pdf


• Quark gluon plasma and color glass condensate at RHIC? The 
Perspective from the BRAHMS experiment, 
Nucl.Phys. A757 (2005) 1-27, nucl-ex/0410020

• Formation of dense partonic matter in relativistic nucleus-
nucleus collisions at RHIC: Experimental evaluation by the 
PHENIX collaboration, 
Nucl.Phys. A757 (2005) 184-283, nucl-ex/0410003

• The PHOBOS perspective on discoveries at RHIC,
Nucl.Phys. A757 (2005) 28-101, nucl-ex/0410022

• Experimental and theoretical challenges in the search for the 
quark gluon plasma: The STAR Collaboration's critical 
assessment of the evidence from RHIC collisions, 
Nucl.Phys. A757 (2005) 102-183, nucl-ex/0501009 

The (Famous) RHIC “White Papers”
41
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http://arxiv.org/abs/nucl-ex/0410020
http://arxiv.org/abs/nucl-ex/0410003
http://arxiv.org/abs/nucl-ex/0410022
http://arxiv.org/abs/nucl-ex/0501009


Addressing the nature of QGP discovery
42

 From the 
PHENIX 
“White Paper”

 nucl-ex/0410003

 (2363 citations)

Q: What is the most 
relevant 
“experimentally 

observed property”?
A. Viscosity

(suitably normalized)
19-Jul-17 W.A. Zajc

http://arxiv.org/abs/nucl-ex/0410003


Viscosity – “Suitably Normalized”?
• First, this is the shear viscosity η

• It is a dimensionful quantity:

• The ratio η/s , where s is entropy density, 
has units of  
⇒Dimensionless in natural units

• It may satisfy a fundamental bound

(re)-discovered using black holes in 5-d space-time (!)
19-Jul-17 W.A. Zajc
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Exercise 6: Show this.
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