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Lecture #1
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Jamie Nagle
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A Pedestrian’s Guide to 
Heavy Ion Physics
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• Less is more, i.e., not meant to be comprehensive

• Keep It Simple Stupid (KISS) principle…

• Even the experts often miss the big questions…

• Take away goals…
 

     - an appreciation for the science
     - excitement of the field
     - some details on experimental methods
     - open questions and opportunities for discovery by 

young people such as yourselves

Let me know if there are specific things you want to hear

Lecture Philosophy
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Emergent Phenomena…
Collectivity…

What is the underlying origin?
For this flock of birds, it is all short-range interactions (amazing!)

Simplest Goals
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Emergent Phenomena
Connection from the QCD Lagrangian to
phenomena of confinement and asymptotic 
freedom was fundamental

Connection from QCD to the emergent phenomena of 
near perfect fluidity of the Quark-Gluon Plasma is just 
as fundamental 

Perfect fluidity tells us the nature of the QGP,
more importantly we need to reconcile:

 
Most important discovery in field:  perfect fluid 

&
Crucial part of QCD:   weak coupling at short distances



6



Jet Quenching Probes of QGP Fluid



8

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.96.024901 
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https://www.lcdf.org/gifsicle/
Easy Tools

Wild animations are 
distracting, but key 
visualizations stick 

with people.
Make your own!

Create your own ideas and borrow only 
selectively.   The more important the talk, the 
more important it is to show your thoughts…

Data thief programs allow you to choose 
which data sets to show, re-fit your model, etc.

http://arohatgi.info/WebPlotDigitizer/app/
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Side note to students…

 1) Data visualization is very important 
  

2) Leads to breakthroughs via more intuitive 
and physical picture

3) Most talks only get across 2-3 items that a 
given audience member will recall later

What take aways did you get from 
last week’s lectures for example?
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A Brief History of Time (in Heavy Ions)

History can be boring,
though often early in a new field is when the 
most basic questions are discussed openly.

   Later people often focus 
too much on the latest details.
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Start in 1950s à Hadron Zoo

• More and more hadrons being discovered.    
• Too many to be fundamental particles?    

• Hadrons are strings (interesting history).

Mesons Baryons



13http://cds.cern.ch/record/346206

Circa 1965 Hagedorn 
observed that these 

hadrons had an 
exponentially increasing 

density of states r(n)

Modern era compilation from PDG by Zajc

r(n)



http://cds.cern.ch/record/346206

Think about adding more and 
more energy to a system…

• Excite more states
• Give states more energy, 
i.e., a higher Temperature

Equipartition Theorem

With exponentially increasing 
number of states, all the 
energy goes in to equally 

exciting these states, and not 
more energy per state.
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“Ultimate Temperature in the Early Universe”  
K. Huang & S. Weinberg, Phys Rev Lett 25, 1970.

“…a veil, obscuring 
our view of the very 

beginning”  

Steven Weinberg, The First Three 

Minutes (1977).
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Quark Model

up

up down

up

up up

strange

up down

Proton D++ L

New degrees of freedom inside hadrons.

Rapidly people started to think about Quark Matter 
as being relevant at these very high temperatures.
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We have strong evidence that QCD is the 
correct theory of the strong interaction

Perturbative Calculations Lattice Calculations

The field is about understanding 
emergent phenomena from QCD, 

just like condensed matter physics from QED.
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Quark-Gluon Plasma
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Edward 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”

Birth of a Name
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Can we melt the hadrons and liberate these quark 
and gluon degrees of freedom?

Energy density for “g” massless d.o.f.

4
2
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3 Tpe ×=

Hadronic Matter:  quarks and gluons confined
For T ~ 200 MeV, 3 pions with spin=0
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Quark Gluon Matter:
8 gluons;

2 quark flavors, antiquarks,
2 spins, 3 colors

37 !

Melting the Hadrons
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Lattice QCD calculations indicate that as one increases the 
energy input, it is very hard to move the temperature above 

approximately 170 MeV.  
 

However, eventually the temperature does exceed the 
“limiting temperature” with a rapid jump in the 

effective degrees of freedom!

(F. Karsch, hep-lat/0106019)

e/T4

T/Tc

No Limiting Temperature

Question:   
why only 

2 or 3 
flavors?

4
2

30
Tg pe =
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kr
r

V s +-=
a
3
4

No one has ever seen a free quark.

QCD is a “confining” gauge theory.

r

V(r)

“Coulomb”    “Confining”

Free Quarks?
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Lattice QCD (for heavy quarks as a test) show a 
screening of the long-range confining potential 

gradually as one passes the transition temperature.

0.66 TCT =0

0.90 TC

1.06 TC

F. Karsch, hep-ph/0103314

Lattice Thermodynamics
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Phase Diagram of Nuclear Matter
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Nf = 2 (ms= ∞, mu,d = 0 ）
2nd order  (O(4) universality)

  

Nf = 3  (ms = 0, mu,d = 0 )  
  1st order  (fluctuation/instanton induced)
                 

Nf  = 2+1 (ms  >> mu,d ≠0 )   
 1st order or crossover

Pisarski and Wilczek, Phys.Rev.D (’84) 

mu,d

m s

1st 

1st 

cross over

2nd

0 ∞

∞ Yaffe-Svetizky, (’83)

Transition Order?

Lattice QCD results for a realistic strange quark mass indicate a 
smooth cross over transition for zero net baryon density

    
This has substantial implications.
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Huge Paradigm Change in the Field (!)

When I started in the 
field in 1990 as an 

undergraduate student, 
for µB = 0, many 
thought the QGP 

transition was 1st order. Shoji Nagamiya, 
https://academic.oup.com/ptep/article/201

5/3/03A101/1584228

PHENIX Proposal

No bubble nucleation
  

No mixed phase
 

No sudden “onset”

L
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Lattice QCD, 
https://www.nature.com/articles/nature05120

“In a strong first-order phase transition the 
quark–gluon plasma supercools before bubbles 
of hadron gas are formed. These bubbles grow, 
collide and merge, during which gravitational 
waves could be produced8. Baryon-enriched 
nuggets could remain between the bubbles, 
contributing to dark matter. The hadronic phase 
is the initial condition for nucleosynthesis, so 
inhomogeneities in this phase could have a 
strong effect on nucleosynthesis9. As the first-
order phase transition weakens, these effects 
become less pronounced. Our calculations 
provide strong evidence that the QCD transition 
is a crossover, and thus the above scenarios—
and many others—are ruled out.”

Smooth Crossovers are Cool Too!

https://www.nature.com/articles/nature05120
https://www.nature.com/articles/nature05120
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Speed of sound drops near transition (“soft point in EoS”) 
and actually goes to zero in first order transition.

Sound wave transmits energy.  In true mixed phase, all 
energy is absorbed into rearranging constituents.

Speed of Sound
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Phase Diagram of Nuclear Matter



31

QGP
and

Cosmology
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Brief History of Time

Nucleosynthesis builds nuclei up to He
Nuclear Force…Nuclear Physics

Universe too hot for electrons to bind
E-M…Atomic (Plasma) Physics

E/M 
Plasma

Too hot for quarks to bind!!!
Standard Model (N/P) Physics

Quark 
Gluon

Plasma
Too hot for nuclei to bind

Nuclear/Particle (N/P) Physics Hadron
Gas

Solid
Liquid
Gas

Today’s Cold Universe
Gravity…Newtonian/General 

Relativity
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Quark nuggets and strangelets

Inhomogeneous nucleosynthesis

Cold dark matter clumps

Damping of gravitational waves 
at the QCD transition
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.30.272
Over 4500 citations

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.30.272
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Strange Quark Mass

Quark Matter    Strange Quark Matter

• Matter of roughly equal numbers of up, down and strange 
quarks.
 
• Strange Quark Matter could be more stable that Fe55  and 
thus be the ground state of nuclear matter.

• If stable, it could be a source of baryonic dark matter.

Strange Quark Matter
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• Many years later, SQM still theoretically allowed.

• Experiments searches in terrestrial matter and nuclear 
reactions for small A< 100 SQM have yielded null results.

Creating Strangelets
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Neutron star physics via gravitational waves!
http://science.energy.gov/~/media/np/nsac/pdf/201603/Weinstein_LIGO_20160323.pdf
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If the plasma-to-hadrons transition were strongly first order,     
bubble formation could lead to an inhomogeneous early 
universe, thus impacting big bang nucleosynthesis (BBN).

Are the bubbles too small and close together such that 
diffusion before nucleosynthesis erases the inhomogeneities?  
(200 MeV to 2 MeV)

This line of investigation was
quite active when the dark
matter issue raised questions
about the implied baryon
content in the universe from BBN.

Supercooling and Bubbles
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Physics Today, July 2001:  Cosmic Microwave Background Observations

“The value deduced from the second harmonic in the acoustic oscillations for 
WB=0.042 ± 0.008 (cosmic baryon mass density) is in very good agreement with 
the value one gets by applying the theoretical details of primordial big bang 
nucleosynthesis to the observations of cosmic abundances of deuterium.”

In addition, Lattice QCD now confirms a smooth cross over transition.

Boomerang Experiment

No BBN Problem
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Big Bang versus Little Bangs

Study structures that survive to understand earlier epoch

Universe Case:
Fluctuations pre-inflation… 
and not impacted by QGP

Heavy Ion Case:
QGP initial 
condition 

fluctuations
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Heavy Ion
Experiments
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How to Access This Physics?

Neutron stars

Lattice QCD

Accelerators

Big Bang

Only one chance…
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Bevalac-LBL and SIS-GSI fixed target                   
max. 2.2 GeV

AGS-BNL fixed target
max. 4.8 GeV

SPS-CERN fixed target
max. 17.3 GeV

TEVATRON-FNAL (fixed target p-A)
max. 38.7 GeV

RHIC-BNL collider
max. 200.0 GeV

LHC-CERN collider
max. 2760.0 GeV
Now even higher

BRAHMS, PHENIX, PHOBOS, STAR, now sPHENIX

ALICE, ATLAS, CMS,
LHCb (pA)

NA35/49, NA44, NA38/50/51, NA45,
NA52, NA57, WA80/98, WA97, …

E864/941, E802/859/866/917, E814/877,
E858/878, E810/891, E896, E910 …

1992
Au-Au

1994
Pb-Pb

2000
Au-Au

2010
Pb-Pb

Heavy Ion Machine History
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Particle Physics 
the energy frontier

Machine with 
highest energy 
for point-like 
interactions 
dominates 
the world!

Nuclear Physics – studying a state of matter 
(thermodynamics, many-body physics) and 

how that emerges from underlying QCD theory
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Think of mapping out a phase diagram with 
only one temperature?
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Phase Diagram of Nuclear Matter



PHENIX STARRHIC

LHC CMS

ALICE

Experimental Tools



49

STAR
Hadronic Observables over a Large 

Acceptance
Event-by-Event Capabilities

Solenoidal magnetic field
Large coverage Time-Projection 

Chamber
Silicon Tracking, RICH, EMC, TOF

PHENIX
Electrons, Muons, Photons and Hadrons 

Measurement Capabilities
Focus on Rare Probes:  J/y, high-pT

Two central spectrometers with tracking 
and electron/photon PID

Two forward muon spectrometers
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BRAHMS
Hadron PID over broad rapidity 

acceptance

Two conventional beam line 
spectrometers

Magnets, Tracking Chambers, TOF, RICH

PHOBOS
Charged Hadrons in Central 

Spectrometer
Nearly 4p coverage multiplicity counters

Silicon Multiplicity Rings
Magnetic field, Silicon Strips, TOF

Ring Counters

Paddle Trigger Counter

Spectrometer

TOF

Octagon+Vertex

Biggest contributions – intellectually independent thinking!



51



52



53

Can be dismissed with some 
basic General Relativity

metersc
GMRS

49
2 102 -==

metersR 1510-=

much less 
than 

Planck length !

Even if it could form, it 
would evaporate by 

Hawking Radiation in 
10-83 seconds !

End of the World!

Also, concerns about SQM 
nuggets eating the earth
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Large Hadron Collider (2010++)
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ATLAS & CMS – 

full calorimetry, tracking, 
different approaches and 
analysis philosophies

ALICE – dedicated 
heavy ion detector
 

Key advantages – 
particle identification, 
focused 1000+ people
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sPHENIX – new collider detector at RHIC

More on sPHENIX later..
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Lecture #2
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Collision Dynamics
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Structure of the Proton

Momentum transfer 
Q2 = 0.1 GeV2

Q2 = 1.0 GeV2

Q2 = 20.0 GeV2

Wavelength l = h/p

See the whole proton

See the quark substructure

See many partons (quarks and gluons)
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Parton Distribution Functions

• Structure functions rise rapidly at low-x
• More rapid for gluons than quarks
• Watch out for side-by-side plots with different 

vertical scales (left 1.7 and right 30!)

valence

sea

Quarks Gluons
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Bjorken speculated that in the “interiors of 
large fireballs produced in very high-energy pp 
collisions; vacuum states of the strong 
interactions are produced with anomalous 
chiral order parameters.”

Ti
m

e

“Baked Alaska”

QGP in Proton+Proton Reactions?

http://www-minimax.fnal.gov/
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“High Energy Nuclear Events”, 
Prog. Theor. Phys. 5, 570 (1950) 

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.”

Fermi (1950)
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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.”

Landau (1955)
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• High energy density may be achieved in proton-
proton collisions, but the partonic re-interaction 
time scale is only of order 1-3 fm/c

• It is difficult to select events with different 
geometries and avoid autocorrelations

• We will see that probes with long paths through 
the medium are key observables

• We should not rule out p+p reactions, but rather 
study the similarities and differences with A+A 
reactions -- spoiler alert:   this is a big issue

Why Heavy Ions?
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RHIC and LHC = Gluon Colliders

20,000 gluons, quarks, and antiquarks 
are made physical in the laboratory !

What is the nature of this ensemble of partons?
New emergent phenomena?
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1. Initial Nuclei Collide
2. Partons are Freed from Nuclear Wavefunction

3. Partons interact and potentially form a Quark-Gluon Plasma

4. System expands and cools off

5. System Hadronizes and further Re-Scatters

6. Hadrons and Leptons stream towards our detectors

Heavy Ion Time Evolution
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0 fm/c

2 fm/c

7 fm/c

>7 fm/c

Diagram from Peter Steinberg
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Initial Conditions
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Monte Carlo
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Glauber Model and Characterization
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https://tglaubermc.hepforge.org/
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Collision Characterization

Zero 
Degree 

Calorimeter
Spectators

Binary collisions

The impact parameter determines the number of 
nucleons that participate in the collision.

Participants = 2 x 197 - Spectators

Spectators

Participating 
nucleons

n
n

n
pp

p

Participants
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ALICE Centrality Paper – good resource
http://arxiv.org/abs/1301.4361

Relate experimental observables to averages from the 
Monte Carlo Glauber.

Ncoll (binary collisions), Npart (participants), Nspec (spectators)
b (impact parameter), elliptical shape, orientation, overlap 
area,..
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http://journals.aps.org/prc/abstract/10.1103/PhysRevC.90.034902

d+Au
Sometimes the neutron 

misses
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At RHIC out of a 
maximum energy 

of 39.4 TeV 
in central 

Gold+Gold 
reactions, 

26 TeV 
is made available 

for heating the 
system. 

How much energy goes into QGP?
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Bjorken Energy Density

pR2

2ct

÷÷
ø

ö
çç
è

æ
=

dy
dE

cR
T

Bj 2
2
11

2 tp
e

Early energy density 
well above expected 

QGP transition

* Side note about errata or lack thereof…

10 GeV/fm3
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Collision Dynamic Summary
- Depositing majority of kinetic energy into new medium

- Energy density appears above phase transition value,  
  noting that it is a smooth crossover

- Energy is distributed into particle production 
  statistically  

- No sharp global feature distinct from smaller hadron  
  collisions, but instead gradual changes
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The Perfect Liquid
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The Key Paradigm in the Field

What do we mean by Perfect?

What evidence is there?



Non-Central A+A Geometry

v2 = “elliptic flow”



Ideal Hydrodynamics
Key Inputs:
 

• Initial Geometry
• QCD Equation of State

Assumes early thermalization [not proven]
Assumes no dissipation (shear/bulk viscosity = 0)



Fluid cells “freeze-out” below Tfreeze
Isotropic hadrons in cell rest frame, then boosted

Temperature Profile + Fluid Cell Velocity Vectors



83http://journals.aps.org/prd/abstract/10.1103/PhysRevD.10.186

Fluid à Hadrons

An important, but not often discussed, 
assumption in the calculations.



84

Initial elliptical interaction region expands at 
the speed of light and so each rapidity slice 

has approximately the same geometry.

Two particles separated far in rapidity
Just like the Universe event horizon problem
A causes B (at very early time)
B causes A (at very early time)
C causes A and B    (Exam google search story)
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Common problem – not reading the original references…

V = Voloshin (?)

Always Read the Original Material
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How do experiments measure v2?

An entire lecture could be on these details…

http://journals.aps.org/prc/abstract/10.1103/PhysRevC.80.014904

Short introduction to some experimental basics
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Two Particle Correlations
Two independent particles that come from a common 

source distribution 1 + 2v2cos[2(f-y2)]

Random Case

Resulting Df 
Distribution

Divide the two FG/BG

Oscillation 
1 + 2v22 cos(2Df)

à
Near 
Side 
Peak 
Df = 0

ß
Away 
Side 
Peak 
Df = p



88https://root.cern.ch/doc/master/classTGenPhaseSpace.html

Momentum Conservation
Complications and Other Contributions?
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Jet Correlations
Multi-particle 
correlations – 

same jet, 
opposite jet, etc.

Require large pseudorapidity gap
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pT (GeV)

v2

Perfect Fluidity Discovery - 2005

Agreement of ideal 
hydrodynamics with 
experimental data.

Heavier particles get a larger 
momentum boost from the fluid 

velocity and so heavier hadron v2 
pattern shifted to higher pT. 
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What About Viscosity?

Relativistic Viscous Hydrodynamics
major unsolved numerical problem, 

until 2007



92

y
v

A
F xx

¶
¶

-= h

Shear Viscosity
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Weak coupling (s=0)

Strong coupling (s ↑)

<px> top region

<px> bottom region

Honey – viscosity decreases at higher temperatures
                viscosity increases with stronger coupling

Viscosity Review

Inhibited 
diffusion

↓
Small

 viscosity
↓

Perfect fluid
↓

Strong Coupled 
QGP

(i.e. sQGP)
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Gas-Liquid Phase Transition
Superfluidity Transition

What is h/s for the Quark-Gluon Plasma

String Theory
Lowest Bound!

QGP?



95

Lecture #3



Work / Life Balance?
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Perfect Fluid



How to Quantify QGP h/s?

h/s ~ 0

h/s = 1/4p

h/s = 2 x 1/4p

h/s = 3 x 1/4p

t)(experimen 0.1  (theory) 3.1  3.1
4
1 ±±=÷
ø
ö

ç
è
æ

÷
ø
ö

ç
è
æ

p
h
s

Relativistic viscous hydrodynamics compared to data
Luzum, Romatschke, Phys. Rev. C78, 034915 (2008)
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t)(experimen 0.1  (theory) 3.1  3.1
4
1 ±±=÷
ø
ö

ç
è
æ

÷
ø
ö

ç
è
æ

p
h
s

What dominates the uncertainty?

At the time, different experimental flow methods gave 
different v2 results.   Now these differences are 

understood from non-flow contributions and fluctuations.



101

What dominates the uncertainty?

t)(experimen 0.1  (theory) 3.1  3.1
4
1 ±±=÷
ø
ö

ç
è
æ

÷
ø
ö

ç
è
æ

p
h
s

The v2 you get out is directly related to the e2 of the 
initial geometry you put in.   

 

Different initial geometry models yield 20% 
e2 differences resulting in 100% h/s differences.

Different models of 
the initial geometry. 

 

Uncertainty by 
considering model 

A and model B.
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Systematic Uncertainties

Not much help in many practical situations…

Example:  Two model inputs give different results.

Uncertainty = 1 RMS = Difference / sqrt(12)
                                   = Difference / 2
                                   = Cannot determine
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Alver and Roland Revolution 2010

http://journals.aps.org/prc/abstract/10.1103/PhysRevC.81.054905

Fluctuations in geometry yield not only elliptical 
shapes, but triangular, quadrangular, etc.
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Hydrodynamic simulation (SONIC from Paul Romatschke) run with 
h/s = 0.08 ~ 1/4p and z/s = 0.01

...)](5cos[2)](4cos[2)](3cos[2)](2cos[21 55443322 +Y-+Y-+Y-+Y-+= ffff
f

vvvv
d
dN

Bjoern Schenke



Calculation from Bjoern Schenke

Detailed Fingerprint of Early Time
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Global Constraint Analysis

Temperature [MeV]
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Global constraint 
methods using 

Bayesian sampling as 
done in Climate 

Modeling for example.

Includes particle 
spectra, elliptic flow, 
two-particle quantum 

correlations, …

Experimental confirmation of Lattice QCD 
Equation of State
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Expect h/s to increase at higher temperatures 
even just from running of as

    
Key lesson about when and when not to include scenarios 

(story of High Voltage Power Lines)…

Global Constraint Analysis
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Heavy Quarks
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Why are heavy quarks so special?
QCD is flavor blind, so why are charm and beauty quarks 
interesting?

Very difficult to produce charm (beauty) quark-antiquark 
pairs via thermal production in the QGP

            g+g à ccbar or bbbar

However, high energy gluons from the incoming nuclei can 
do the trick.    Production dominated by “initial hard 
scattering” and perturbatively (pQCD) calculable even at 
low pT due to mass scale.

Cannot be destroyed via strong interaction with light quarks 
and gluons (i.e. QGP).
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http://www.lpthe.jussieu.fr/~cacciari/fonll/fonllform.html
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Alternative Fluid Probe:
 

Put a pebble in the stream
and watch something out of 
equilibrium then equilibrate.

Charm Quark
Perfect Fluid?

“Does the Charm Flow at RHIC?”

At the time, many said this idea was “ridiculous”. 

Beauty Quark
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Langevin Model - Drag and Diffusion

Teaney and Moore
http://journals.aps.org/prc/abstract/10.1103/PhysRevC.71.064904
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Charm quarks 
dragged and 

diffused in QGP 
suppresses high pT 

hadrons 
(RAA ↓)

And push generates 
“flow” (v2 ↑)

PHENIX Heavy Flavor Result
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Charm:   Really moves with the medium

Lower momentum – drag and diffusion
Higher momentum – jet quenching energy loss
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State-of-the-art calculations
 

DREENA-B (arXiv:1805.04786)
Dusan Zigic, Igor Salom, Jussi Auvinen, Marko 

Djordjevic, Magdalena Djordjevic
Dynamic energy loss in 1+1D expanding QCD medium 

 

DAB-MOD (arXiv: 1906.10768)
Roland Katz, Caio A. G. Prado, Jacquelyn Noronha-Hostler,

Jorge Noronha, Alexandre A. P. Suaide
2D+1 viscous hydrodynamic expansion with event-by-event 

fluctuations

Both match mass splitting in RAA at low pT
DREENA-B has closer match to elliptic 

flow v2
 

It would be ideal to test both energy loss 
calculations on identical expanding QGP 

background 
(challenge to the theorists)

Bottom quarks are harder to push around

https://arxiv.org/search/nucl-th?searchtype=author&query=Zigic%2C+D
https://arxiv.org/search/nucl-th?searchtype=author&query=Salom%2C+I
https://arxiv.org/search/nucl-th?searchtype=author&query=Auvinen%2C+J
https://arxiv.org/search/nucl-th?searchtype=author&query=Djordjevic%2C+M
https://arxiv.org/search/nucl-th?searchtype=author&query=Djordjevic%2C+M
https://arxiv.org/search/nucl-th?searchtype=author&query=Djordjevic%2C+M
https://arxiv.org/search/nucl-th?searchtype=author&query=Katz%2C+R
https://arxiv.org/search/nucl-th?searchtype=author&query=Prado%2C+C+A+G
https://arxiv.org/search/nucl-th?searchtype=author&query=Noronha-Hostler%2C+J
https://arxiv.org/search/nucl-th?searchtype=author&query=Noronha%2C+J
https://arxiv.org/search/nucl-th?searchtype=author&query=Suaide%2C+A+A+P
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Heavy Quarkonia
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Screening Effects

The y’ and cc melt below or at Tc

   the J/y melts above Tc  and          
       eventually the U(1s) melts.

Different states “melt” at 
different temperatures due to 
different binding energies.

state J/y cc y' U(1s) cb U(2s) cb' U(3s)
Mass [GeV} 3.096 3.415 3.686 9.46 9.859 10.023 10.232 10.355
B.E. [GeV] 0.64 0.2 0.05 1.1 0.67 0.54 0.31 0.2

Td/Tc --- 0.74 0.15 --- --- 0.93 0.83 0.74

hep-ph/0105234 -  “indicate y’ and the cc dissociate below the deconfinement point.”  



Quarkonia Thermometer

PHENIX, STAR, and CMS 
data consistent with melting 

of U(2s,3s)

Need more statistics
Npart 120

Many states 
constrains the 
temperature



Quark recombination
Bound states of cc and bb can be Debye color screened in the 

QGP as one increases the temperature (melting)

J/y Suppression

RHIC

LHC

Bizarre twist 
Less suppression at 

LHC with higher 
temperature.

 

Quark deconfinement 
and charm 

recombination at 
LHC.
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Less J/y suppression at 
LHC with higher 

temperature
 

Charm recombination 
dominant effect, not 

screening.
Color conductivity in QGP!

Heavy Quarkonia Recombination

C
C

J/y Suppression

RHIC

LHC

Look to Upsilons for 
Debye Screening, 

no recombination at RHIC
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Upsilon sequential suppression

“Because the more excited 
states melt at lower 
temperatures, the sequential 
suppression is an excellent 
indicator of the temperature of 
the nuclear medium produced 
in PbPb collisions.”
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Jet Quenching
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Probing the Matter

Calibrated 
LASER

Matter we want to study
Calibrated
Light Meter

Calibrated
Heat Source
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Autogenerated Quark “LASER”

PDF

pQCD

D(z)
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Gluon Radiation

Baier, Dokshitzer, Mueller, Schiff, hep-ph/9907267
Gyulassy, Levai, Vitev, hep-pl/9907461
Wang, nucl-th/9812021
and many more…..

Partons are expected to lose energy via 
induced gluon radiation in traversing a 

dense partonic medium.
Coherence among these radiated 

gluons can lead to DE a L2 
q

q

Look for an effective modification 
in the jet fragmentation properties.

L
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Flux of incoming 
partons (structure 

functions) from Deep 
Inelastic Scattering

In heavy ion collisions we can calculate the yield of high pT hadrons

Perturbative QCD

ò=
cb

AAppcAA Tdbb
0

2)( ss

Fragmentation 
functions D(z) in order 

to relate jets to 
observed hadrons

pQCD + Factorization + Universality
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High energy probes are well described in 
proton-proton reactions by NLO Perturbative QCD.

 

Reconstructed Jets

Calibrating Our Probes

What are Jets?
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Jets-to-Parton Map

Jet algorithm sums the energy (typically in 
calorimeters) and can approximate catching an 

individual parton’s energy.

Very useful in particle physics, but often used in a 
different way in heavy ion physics.
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Jet Algorithms

Different methods to “group” energies.   
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FastJet Code Publicly Available

http://fastjet.fr/
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Jets in Heavy Ions

Start with single hadrons, then go to jets.
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Much Higher Energy Jets at the LHC
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(from quark and gluon jets)

Size of Medium

Nuclear Modification Factor
A+A yield

Scaled p+p yield=

Photons unaffected by medium, pizeros suppressed
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W,Z Bosons

Hadrons

Probe expectations
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Quarks versus Gluons



RHIC Jet Probes
LHC Jet Probes
QGP Influence

RHIC Jet Probes
LHC Jet Probes
QGP Influence

R
es

ol
ut

io
n 

[1
/fm

]

Parton virtuality evolves 
quickly and is influenced by 

the 
medium at the scale it 

probes
Thick lines indicate where 

the QGP significantly 
influences virtuality 

evolution

Bare Color Charges

Thermal Mass Gluons

Perfect Fluid Only

Critical microscope 
resolution at RHIC.

 

Also, overlap between 
RHIC and LHC for 

simultaneous 
description.
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Does the fluid response to the energy input?
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Jet probe precision data
RHIC – 2023++

LHC – Run 3 + 4 statistics

Precision Imaging of QGP Over Key Kinematics



143

Small QGP
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The idea about small QGP was somewhat lost, but 
maybe not for good scientific reasons. 

No particles à think fields / disturbed vacuum

Maybe the small number of final state particles is just 
not relevant…

Remember your History



145

CMS Proton-Proton Hint

http://link.springer.com/article/10.1007%2FJHEP09%282010%29091



Fall 2012 Revolution – p+Pb Collisions

• Very clear ridge
• Higher moments
• Particle dependence
• Cumulants

Almost every Pb+Pb 
collective flow 
signature by 

ALICE, ATLAS, CMS 
now seen in p+Pb!
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.112301

Geometry Tests at RHIC



Glauber +Hydrodynamics+Cascade Predictions

Romatschke, Nagle et al. , http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.112301
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One fluid to rule them all!

p+p                    p+Pb              Pb+Pb

Has raised a lot of questions about the 
requirements for hydrodynamic behavior, 

equilibration, QGP droplet size.. 
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The Future
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science.energy.gov/~/media/np/nsac/pdf/2015LRP/2015_LRPNS_091815.pdf

Well worth reading for 
young people…

A roadmap for the 
future.    Note that 
large $0.5 - $1.5B 
projects take 7-15 

years at least.

Capitalize on key 
investments.

Future facilities.

New 2023 Long Range Plan 
being written now!
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Beam Energy Scan – Phase II

New precision in phase 
diagram mapping.

Data now collected by 
STAR experiment and 

analysis underway! 
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A New Detector at RHIC

High data acquisition rate capability,  15 kHz

Sampling 0.6 trillion Au+Au interactions in one-year
Maximizing efficiency of RHIC running 

BaBar Magnet 1.5 T

Coverage |h| < 1.1

All silicon tracking
Heavy flavor tagging

Electromagnetic
Calorimeter

Hadronic 
Calorimeter



Very Fun to Build Something New!Napkin Drawing à Prototype à Detector à Physics



Top fiber Bottom fiber 

If you have the chance to get involved in hardware 
(even a little) it is well worth while.
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sPHENIX Reality

Commissioning underway as I speak…
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https://cerncourier.com/a/alice-3-a-heavy-ion-detector-for-the-2030s/

Longer term…  ALICE-3 Letter of Intent
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Stay Curious


