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•  Important caveat: 
–  This is not a review of HI exp. physics talk 

– This is not a review of HI exp. physics talk 

– This is not a review of HI exp. physics talk 
 

•  Rather – my view of : 
–  Why ? 
–  What ? 
–  Where ? 
–  How ? 

Disclaimer 
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11 Physics Questions for the New Century 

The February 2002 issue of Discover 
magazine based its cover story on 
the recent 105-page public draft of 
the National Research Council 
Committee on Physics of the 
Universe report, Connecting Quarks 
with the Cosmos 

1.  What is dark matter?  
2.  What is dark energy? 
3.  How were the heavy elements from iron to uranium made? 
4.  Do neutrinos have mass? 
5.  Where do ultra-energy particles come from? 
6.  Is a new theory of light and matter needed to explain what 

happens at very high energies and temperatures?  
7.  Are there new states of matter at ultrahigh temperatures 

and densities?  
8.  Are protons unstable?  
9.  What is gravity?  
10. Are there additional dimensions?  
11. How did the Universe begin?  

“11 Greatest Unanswered Questions of Physics” – rep of Nat.Res.Council Comm. on Physics of the Universe 



These lectures are about : 

•  Introduction to Heavy Ion Physics 
                -  why we study QCD matter 

•  Short tour of RHIC and RHIC experiment  
–  where and how 

•  Finding RHIC place on the phase diagram  
–  what 

                -  some results at top energy from STAR experiment   

•  Turning the knobs 
–  early results from BES I program: looking for change of phase and the CP  

•  Turning the knobs even further, BES II 
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An apology 

•  Search for ultimately “small” require a very good understanding of 
laws of nature that governs the world 

•  It is not easy, because laws of nature are complicated 
•  To appreciate the rock-solid logic of the laws of physics, one actually 

can not avoid math 
•  Need to translate math to English; this is what I shall reluctantly do 
•  It is possible, but part of the picture will be lost, translating 

mathematical formulae into plain English is sometimes impossible 
without a little of cheating 

•  The goal is that you get some rough idea about the situation while 
avoiding all details; not much of the history,  

•  These lectures are on what we know and what is next 
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Not so simple ! 

•  Two important aspects of the laws of physics: 
–  Many laws of nature stays as they are when you change the 

scale 
–  But there are phenomena that do not change accordingly 
 

Property “foldable 
into an airplane” has 
been lost 

7 



Relative sizes 

 world of very tiny 
objects will be entirely 
different from ordinary 
world 

Gerard’t Hooft, “In search of the ultimate building block” 
 Cambridge University Press, 2000 8 
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In particle physics: ever smaller, ever higher energy 
Exploring smaller scales has always required 

more energetic probes: 

10-9 meters 

Atoms (1800) 

The Nucleus (1910) 

Protons & 
Neutrons (1920) 

Quarks & Gluons 
(1970) 

10-12 meters 

10-14 meters 

New physics has consistently been revealed 
at new energy frontiers accessed by ever 

more powerful accelerators 

100 MeV 7.7 MeV 3 GeV 400 GeV  TeV 



about understanding … (1) 

When you have a lecture, there many reasons why you might not understand  
the speaker: 
 

 - his/her language is bad   
 

 - he/she is using (especially if the lecturer is a physicist) ordinary words in  
   a funny way e.g. work, action, energy, etc use for technical purpose 

 
 - I’m describing how nature works and you won’t understand why nature 
   works this way 
   but … nobody understands that ! 
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about understanding … (2) 

  Finally: 
 After I tell you something, you just can’t believe it, you can’t 
accept it or you don’t like it  

 
Learn to deal with it ! 

 
     whether you like it or not – it is not essential question 

    Rather, it is whether or not theory gives predictions that 
agree with experiment  

 
 
 

11 



12 

What is matter made of ? 

n  Fire 
n  Water 
n  Earth 
n  Air 
… that is, according to the 

Greeks! 
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… mankind has always wondered what our world is made if, when and 
where and how did it come to existence, and what kind of rules govern 

the events that take place in it… 

Ancient people already 
carried out “systematic” 
investigations in order 
to understand the laws 
of the Universe -> 
Stonehenge - huge 
Stone Age observatory 
– was most probably 
built for that purpose 

 

3000 - 2000 years BC 
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Fast forward: 
The world is built of matter, held together or driven apart by interactions 
 
Concept of force – introduced by Newton 
 
Concept of fields - introduced by Faraday 
 
    Long-standing paradox whether light (or in general, the electromagnetic interaction 
    between electromagnetically charged particles) is a particle or a wave, was resolved by 
    quantum mechanics, which was later unified with special relativity (the kinematics of bodies 
    for large velocities) 
                      quantum mechanics + special relativity -> quantum field theory (QFT) 
 
Quantum Field Theory (QFT) describes both matter and interactions with quantum fields. 
                 particles are elementary excitations of these fields: 
                   particle of matter: carry half-integer spin (fermions) 
                   particle of interactions carry integer spin (bozons) 
 
 -> QED 
          -> QCD – theory of strong interactions (color force) between quarks and gluons which make up hadrons 

 



Today: Standard Model 

Everything in the Universe is found to be made 
from 12 basic building blocks called fundamental 

particles, governed by four fundamental forces 
 

Two basic types: quarks and gluons 
Four basic forces: strong, weak, electromagnetic 

and gravitational  
 

Our best understanding of how these twelve 
particles and three forces (out of 4, omitting gravity) 

are related to each other is encapsulated in the 
Standard Model of particles and forces 
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QCD (very important part of SM) 

•  Quantum Chromodynamics (QCD)  

•  Fundamental particles: quarks and gluons : 
           quarks: fractional electric charge: 2/3*e for u,c,t and -1/3*e for d,s,b 
                             + color charge (red, green and blue) 

•  Gluons hold quarks together to form hadrons: 
      color singlets 

    meson                        baryon 
16 

It is the strong force that holds nuclei of atoms together  
Color charge is the source of the strong force  
Quantum Field Theory of strong force is called quantum chromodynamics  
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Conventional Wisdom – the Standard Model 
•  Properties governed by  

 QuantumChromoDynamics (QCD) 
 
•  Forces between quarks: exchange of gluons 
•  Confinement:  

–   at large distances coupling between quarks is strong 
⇒ Free quarks not observed in nature  

•  Asymptotic Freedom:  
–  at short distance the coupling is weak (quasi-free) 
 

•  QCD predicts phase transition to QGP state 

q q 

q q q q 

quark pairs 
produced from 

vacuum 



Lattice QCD* predicted a new phase of strongly interacting 
matter : 

 
i.e. in special circumstances of enormous high temperature 
and pressure -> deconfinement: i.e. hadrons would “melt up” 

to a large medium of interacting q and g  
                                                 -> Quark Gluon Plasma  

 
 

 Cosmology: quark-hadron transition in early Universe 
 

*also early phenomenological consideration predicted phase transition   
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 QCD predictions: Phase Transition 

 Large increase in energy density at TC ~ 170 MeV   ( è 154 MeV)  
            Not reached the non-interacting S.B. limit 

 
                           F. Karsch et al. Nucl. Phys. B524, 123(02). Z. Fodor et al, JHEP 0203:014(02). 

               

Temperature 

Energy density 

few d.o.f. 
→confined 

many d.o.f. 
→deconfined 

19 



Collins and Perry (1975)  

•  Term “quark soup” was originally proposed by Collins and 
Perry and comes from cosmology… 
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! 

21 



Quark-Gluon Plasma : 

•  Standard Model → Lattice QCD calculations predict  QCD 
deconfinement phase transition at T = 150 -170 MeV 

•  Cosmology → Quark-hadron phase transition in early Universe 

•  Astrophysics → Cores of dense stars (?) 

•  Can we make it in the lab? 
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STOP -  Digression ! 

How did the Universe begin ?  

 

before we get too far on QGP … 

remember question 11 on first slide ? 

 

Cosmology killer question:  

perhaps we can kill more birds (well, more than one !) with one stone … 

23 
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The Night Sky 

•  The stars 
•  And the wonders 

•  The planets 
•  What else ? 

? 



Big Bang Model 

= a broadly accepted theory for the origin and evolution of 
our universe. 

It postulates that 12 to 14 billion years ago, the 
portion of the universe we can see today was only 
a few millimeters across. It has since expanded 
from this hot dense state into the vast and much 

cooler cosmos we currently inhabit. 

In the beginning, there was a Big Bang, a colossal explosion from which 
everything in the Universe sprung out. 
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How did we get from there…         … to here?  

26 
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“- time” in lab (RHIC, LHC, … ) accelarators are like time machines ! 

End of digression 



Coming back to our “main” question: 

Can we create it in the lab ? 
 
 
as we said – we need to confirm it with experiment 
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Phase Transitions 

ICE WATER STEAM 

Add 
heat

Add 
heat

Quark Gluon Plasma is another phase of matter ! 



Q G P 

pressure 

nucleon boundary irrelevant –  
quark-gluon plasma 

- 

matter 

atom 

nucleus 

strong interaction 
gluons and quarks 

confined inside hadrons 

heat 
-> produce particles  

-> number density becomes high 

heavy ion collisions !!!!   
Colliding heavy nuclei results in compression 

and heating (creating pions) 

30 heat or squeeze or both 



Generating a deconfined state 

Nuclear Matter 
(confined) 

Hadronic Matter 
(confined) 

Quark Gluon Plasma 
deconfined  

Present understanding of Quantum 
Chromodynamics (QCD) 

•  heating 
•  compression 

à deconfined color matter 
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“Mini-Bang” in the lab 
Let’s go for the Mini-Bang: 
•  We need a system that is small so that we can accelerate it to 

very high speeds: ~ 99.9% of the speed of light. 
•  But we need a system (i.e. a chunk of matter and not just a 

single particle) so that the system can follow simple rules of 
thermodynamics and form a new state of matter in a particular 
phase. 

•  We use heavy ions (e.g. a Gold ion which is made of 197 protons 
and neutrons). It is tiny (about a 10-14 m in diameter) but it is a 
finite volume that can be exposed to pressure and temperature. 

We try to force matter we know (e.g. our Gold nucleus) 
though a phase transition to a new state of matter predicted 

by the Big-Bang, called a Quark-Gluon Plasma   
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How to find and explore the Quark Gluon Plasma ? 
 

•  by colliding large nuclei at the highest possible   
  energy 

           How high is “high” ? 
 

•  Numeric QCD calculation (lattice QCD) tells us: 
•  Critical temperature:  Tc ≈ 2  · 1012 K 
•  Critical energy density:  6× normal matter 

To be more specific … 
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So, can it be done  ? 
 

Y E S  ! 
 
 
but, 

Requirements 
•  system must be at equilibrium (for a short time) 

 ⇒ system must be dense and large  

but (2), 
what equilibrates/thermalizes ? 
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DETOUR #2 :  Some interesting (!) numbers 

- Hadron (confinement, no free quearks): 
  
   Δv0 ~ 1 fm3,      ε0 ~ 0.15 GeV/fm3 

 
- Heavy ion collisions: Large, hot, and dense system 

   
  

      Δv  ~  1000 fm3      =  1000 v0 
    
                                                                  ⇒ QGP(?)    

  ε   >> 3 GeV/fm3  ~  20 ε0  
 
                                                    Quarks and gluons are ‘freely’ 
                                                        moving in a large volume 
   

 
 

end of detour    35 
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practical question: 

•     How do we do it ? 
 

–  high-energy nuclear  collisions 
–  RHIC     

Accelerators function a bit like time machines, they 
take us to the early stages of the Universe when 

matter was extraordinary hot and dense 
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RHIC Beam Collisions 

Approach    Collision          Particle Shower

Collision time ~ 10-22 seconds 



Hot QCD and high energy collisions of heavy nuclei 

38 

Model calculation 

Au+Au @ 200 GeV, STAR: 
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Heavy Ion Collisions 
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RHIC: Relativistic Heavy Ion Collider 

Brookhaven 
National Laboratory, 
Long Island, NY

New 
York  
City
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Who’s Involved in RHIC? 

People from around the world 
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RHIC BRAHMSPHOBOS
PHENIX

STAR

AGS

TANDEMS

Relativistic Heavy Ion Collider (RHIC) 
Brookhaven National Laboratory (BNL), Upton, NY 

v = 0.99995⋅c = 186,000 miles/sec 
          Au + Au at 200 GeV 

Animation M. Lisa 
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RHIC requires a complex of machines 

44 



some RHIC facts worth knowing 

•  RHIC ‘s two rings made of 1740 super-conducting magnets are 
cooled by liquid helium to -269oC 

•  RHIC contains seven tons of helium 

•  The refrigerator to cool the helium needs a power of 15 MW (as much 
as 15000 homes !) 

•  Over 20 years for Au beams, less than one gram of gold is used 
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Brief “summary” of RHIC  

•  Flexible dedicated HI machine 
•  Complex chain of machines: Van de Graff, Booster, AGS, 

RHIC 
•  Any A on any A 
•  √smax=Z/A x 500 GeV 
•  Exceeds design luminosity by factor 4-6 
•  Luminosity limited by intra-beam scattering 
•  Can run at lower energies √S = 5-50 GeV 

–  Beam Energy Scan – most exciting of all ! 
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How RHIC is different ? 

•  It’s dedicated to high energy Heavy Ion Physics 
   Heavy ions run 20-30 weeks/year 

•  It’s a collider 
   Detector systematics independent of       

•  It’s high energy 
   Access to perturbative phenomena, calculable processes 

•  Its detectors are comprehensive 
   All final state species measure with a suite of detectors that  
   have significant overlap for comparisons 
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RHIC – the QCD Collider 
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RHIC experiments: 

•  Two big experiments: 
–  STAR  
–  PHENIX  

•  Two small experiments: 
–  PHOBOS* 
–  BRAHMS*  

* decommissioned  
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Scale of RHIC experiments 

7.7  50 
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 STAR   

Large experiment: global observables 
 
large acceptance (barrel TPC, EMCal):
Δφ=2π, Δη=+/- 1  + forward (FTPC, EMCal) 
huge data volume/event 
moderate data taking rate  
measurements of hadronic observables  
using large acceptance,  
event-by-event analysis of hadrons and jets 
heavy flavor, forward physics  
leptons, photons … 
 
- 

+ HFT (2014-2016) 
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 STAR @ RHIC 



              STAR Detector Overview 
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0.5T Solenoidal Magnet 
Time Projection 
Chamber (TPC): 

Charged 
particle 

tracking |η| < 
1.3 

Beam-Beam 
Counter (BBC): 
Luminosity 

Monitor 
Triggering Barrel EM 
Calorimeter (BEMC): 

|η| < 1 

Triggering Endcap EM 
Calorimeter (EEMC): 

1.1 < η < 2 

Froward Rapidity 
EM Calorimeter(s): 

FPD/FMS 
2.5 < η < 4 
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TPC: How does it work ? 

Time to reach the end of the TPC determines the distance drifted in the gas –
a 3-D camera to measure particle position  55 
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STAR TPC: from West to East Coast 
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Another digression: experimentalist vs theorist 

“classes” like: experimentalists, theorists, accelerator physicists, technicians, … 
 (and each class is convinced to be dominant over all others) 
 
they all think that the other categories exist only to provide them with the technicalities 
they either do not want – or are not able – to work out: long but straightforward 
calculations, subtle but repetitive measurements, powerful but dirty tools, … 
 
All this can be true at a time, but what is the difference between theorists and 
experimentalist ? 
 
An experimentalist has worked out an empirical equation that seems to 
explain his data. He asks the theorists to have a look. A week later, the 
theorist says that the equation is invalid, but the experimentalist used his 
equation to predict results of future experiment and gets excellent 
results. So he asks theorist to look again. Another week goes by and they 
meet again. The theorist tells the experimentalist that the equation does 
work, “but only in the trivial case where the numbers are real and positive” 
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Difference between experimentalist  and theorist (II) 

The two “species” do quite different and often very specialized things 
(it is hard to find people like Leonardo da Vinci who know and are active on “everything”) 
 
The relation between experimentalists and theorists is often one of healthy competition for truth 
and  …  
 
riddle: 
What is similar and what is different between the following two sets? 
First set: farmer, his pig and truffles 
 
 
 
Second set: theorist, experimentalist and the big discovery 
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Difference between exp. & th. – part III 

 
 

Differences: the farmer always takes the pig to woods where there are truffles, while more often 
than not, the suggestions by the theorists take the experimentalists to “woods” where there are 
no “truffles” (by suggesting experiments that do not lead to interesting discoveries) 
 
There are notable exception to these rules: progress is made by trial and error, and  theorists’ 
guidance is occasionally in the right direction ! 
 
 
Even more often, 
            while looking for the theorist’s “truffles” the experimentalists find “gold”: 

    something unexpected but even more interesting ! 
                                   (nature tends to be more creative than we are)     

vs 
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Thank you 
 

Questions ? 
(you can send me a e-mail: G_Odyniec@lbl.gov) 
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