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History of the early universe


The tools need to study the early history of the universe: 
- Accelerator based high energy and nuclear experiments (LHC, RHIC) 
-  Observational cosmology (LSST, HAWC, etc.) 



Nuclear Physics and the Universe 
• Quark Gluon Plasma: quarks form protons and neutrons – RHIC, LHC  

• Big Bang Nucleosynthesis – protons and neutrons form elements – F-RIB 
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What is a Quark-Gluon Plasma? 

An atom 
contains a 
nucleus... 

…which 
contains 

protons and 
neutrons... 

…which 
contain up 
and down 

quarks. 



What is a Quark-Gluon Plasma? 

“Flavors” 
of 

Quarks 

light and 
abundant 

heavier, rare very heavy, 
very rare 



What is a Quark-Gluon Plasma? 



What is a Quark-Gluon Plasma? 

… and gluons 
are the guards... 

Set the Quarks 
Free !!! 

How? Create a Quark-
Gluon Plasma ! 

Quarks are confined 
(hadrons)... 



Phase Transitions


ICE
 WATER
 STEAM


Add 
heat


Add 
heat


Quark Gluon Plasma is another phase of matter!




Phase Diagram 

A familiar 
phase 
diagram... 



Generating a deconfined state


Nuclear Matter 
(confined) 

Hadronic Matter 
(confined) 

Quark Gluon Plasma 
deconfined ! 

Present understanding of 
Quantum Chromodynamics (QCD) 
•  heating 
•  compression 
 deconfined color matter ! 



Expectations from Lattice QCD

ε/T4 ~ # degrees of freedom 

confined: 
few d.o.f. 

deconfined: 
many d.o.f. 

TC ≈ 173 MeV ≈ 2⋅1012 K ≈ 130,000⋅T[Sun’s core] 
εC ≈ 0.7 GeV/fm3 



The phase diagram of QCD
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baryon density


Neutron stars


Early universe


nuclei

nucleon gas


hadron gas

colour 


superconductor


quark-gluon plasma

Tc


ρ0


critical point ?


vacuum


CFL




Accelerating to discovery… 
Previous Nuclear Collision Experiments. 

Laboratory Accelerator Collisions: 
Bevelac 

11.6 Gev/A 
Gold 

2 GeV/A 
Oxygen 

160 GeV/A 
Lead SPS 

SPS 





The Relativistic Heavy Ion Collider 

A Quark-Gluon Plasma Factory 

•  RHIC is a very versatile 
collider. 

•  RHIC accelerates particles 
from protons to gold to an 
energy of 100 + 100 GeV/A  

•  RHIC can also accelerate 
protons with their spins 
aligned. 

•  Energy for particle production 
at RHIC is 10 times that at the 
CERN SPS. 



The Relativistic Heavy Ion Collider 
A Quark-Gluon Plasma Factory? 

The Collision... 

Special Relativity takes over! 

E=mc2 



Where Is RHIC?


New 
York 
City




RHIC
 BRAHMS
PHOBOS

PHENIX


STAR


AGS


TANDEMS


Relativistic Heavy Ion Collider (RHIC)


1 km 

v = 0.99995⋅c 

Au+Au @ √sNN=200 GeV 



Where is RHIC? A Closer View




Inside the RHIC Ring


•  Underground 
tunnel


•  Super-
conducting 
magnets


•  Cooled by 
liquid helium




RHIC Beam Collisions




RHIC Collisions


Each 
collision 
produces 
thousands 
of particles!




Measuring RHIC Collisions


•  Detect particles

•  Record information 

•  Reconstruct what happened

•  Analyze data






STAR




PHENIX




PHOBOS




BRAHMS




The STAR Experiment

Overview 

while under 
construction








The future is bright

A three prong approach: 

lower energy   better facility  higher energy 

FAIR:  
Facility for  
Antiproton &  
Ion  
Reseach 

                                                       

LHC:  
Large Hadron Collider 
with ALICE, CMS,  
ATLAS 

RHIC-II: 
RHIC upgrade 
with higher  
luminosity and 
upgraded detectors 



Measuring pp/AA in all LHC experiments


 ALICE

  Dedicated & most versatile heavy ion 

detector

  Important for particle identified 

fragmentation measurements in pp


 CMS/ATLAS

  Dedicated & most versatile  p+p 

detectors

  Important for calorimeter based jet 

measurements in A+A.




Fate of jets in heavy ion collisions?


p 

p 

? 

Au+Au 

idea: p+p collisions @ same 
    √sNN = 200 GeV as reference 

ask: what happens in Au+Au to jets 
    which pass through medium?  

Prediction: scattered quarks 
radiate energy (~ GeV/fm) in the 
colored medium: 
→  decreases their momentum 
(fewer high pT particles) 
→  “kills” jet partner on other side 



Perfect Liquid


Sergei Voloshin, STAR 



How Perfect?




The RHIC Complex

1. Tandem Van  

de Graaff


2. Heavy Ion  

Transfer Line


3. Booster

4. Alternating Gradient 

Synchrotron (AGS)


5. AGS-to-RHIC 


Transfer Line


6. RHIC ring



