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50 years ago
Momentous discoveries

Cosmic microwave background Exponential mass spectrum

Rolf HagedornPenzias & Wilson



What is the hottest matter?

§ The CMB discovery raised the question: What kind of matter filled the 
universe at its hot beginning? 

§ Hagedorn’s exponential mass spectrum hypothesis implied that matter, in the 
form of a dense gas of hadron resonances, cannot exceed TH ≈ 180 MeV. 

§ In the early 1970s scientists realized that temperatures in this range can be 
reached in collisions of heavy nuclei. 

§ First experiments at LBNL (Bevalac) confirmed this concept in the years  
1975−1980. 

§ The insight that all hadrons are composed of quarks and gluons suggested 
that TH may not be the highest possible temperature, but that matter would 
dissolve into a novel type of plasma containing quarks and gluons (ca. 1978). 

§ This led to experiments at AGS, SPS, RHIC and LHC and motivated theorists 
to calculate properties of quarks and gluons at high temperature on the 
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RHIC: Champion of versatility

PHENIX STAR
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You want it - you can have it!



LHC: Champion of energy
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LHC: Champion of energy
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ATLAS
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Ulrich Heinz:  
Setting the pace



Comprehensive models

694 citations on inSPIRE-HEP
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Model-data comparison today
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Calibrated posterior 
distributions:

Temperature-dependent viscosities 
from the calibrated posterior:J. Bernhard, S. Moreland,  

S.A. Bass, J. Liu, U. Heinz 
arXiv:1605.03954



752 citations on inSPIRE-HEP



Flow analysis today
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Gale, Jeon, Schenke, Tribedy, Venugopalan, arXiv:1209.6330Saturated Glasma 

MC-Glauber 
LHC

RHIC

Gaussian gluons energy
density fluctuations:
BM & A. Schäfer,
PRD 85 (2012) 114030
Moreland, Qiu & Heinz,
NPA 904-5 (2013) 815c



272 citations on inSPIRE-HEP



Standard model of the “Little Bang”
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345 citations on inSPIRE-HEP



Chemical freeze-out today
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… from fluctuations of conserved quantum numbers (Q, B):

Comparison of lattice results with the STAR data for the µB and Q fluctuation 
ratios in the temperature range 140−150 MeV permits to read off µB. Both 
methods are consistent with each other.

Borsanyi et al. 
Wuppertal-Bielefeld Coll.

Quark deconfinement from LGT MB/σB2  and  MQ/σQ2
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An opportunity for heavy ion theory being tackled now



s-enhancement probes τQGP
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Strangeness enhancement grows with fireball life-time / size and saturates 
at grand canonical equilibrium in Pb+Pb collisions

The LHC data, soon to be complemented by RHIC data from p+Au, will permit a 
systematic study of quark chemistry equilibration as function of the life-time and 
size of the QGP fireball.

Fireball life-time/size ➝

J. Rafelski & BM,  
PRL 48 (1982)1066
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An opportunity for heavy ion theory ready to be tackled
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RHIC:  
Looking Ahead



Continuing the RHIC scientific mission

Status:  RHIC-II configuration is operational 
• RHIC reached 44 times design luminosity  
Plan: 
▪ 2014−16: Heavy flavor program (complete) 
▪ 2017: Transverse spin physics in QCD        
▪ 2018: Isobar system test of chiral symmetry 
▪ 2018: Low energy e-cooling & iTPC upgrade 
▪ 2019−20: High precision scan of the QCD 

phase diagram & search for critical point 
▪ 2021: Install sPHENIX 
▪ 2022−??: Probe structure of perfect liquid 

QGP with precision measurements of  jet 
quenching and other hard QCD probes

21

RHIC remains a unique discovery facility

STAR HFTLEReC

sPHENIX
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Quark Gluon Plasma

Breaking of chiral symmetry in QCD generates most of the visible mass of 
the universe. Is chiral symmetry restored in these collisions? 

At low density, the phase transition between QGP and hadrons is smooth. 
Is there a 1st order transition and a critical point at higher density?

Studying the Phases of QCD with RHIC



Probing Chiral Symmetry with Quantum Currents

But models with magnetic field-independent flow backgrounds can also be 
tuned to reproduce the observed charge separation.

charge separation

The chiral anomaly of QCD creates differences in the number of left and right 
handed quarks. 
In a chirally symmetric QGP, this imbalance can create charge separation along 
the magnetic field (chiral magnetic effect – just discovered in CM at BNL)

+
-

B=1018 Gauss

A similar mechanism in the electroweak theory is likely responsible 
for the matter/antimatter asymmetry of our universe

observed at all but the lowest energy



Probing Chiral Symmetry (Run-18)
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Current understanding: backgrounds unrelated to the chiral magnetic effect 
may be able to explain the observed charge separation

Isobar collisions will tell us what fraction of the charge separation is 
due to CME to within +/- 6% of the observed signal
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Critical behavior?
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Non-monotonic trend observed in BES-I with limited statistical precision!

The moments of the distributions of conserved charges are related 
to susceptibilities and are sensitive to critical fluctuations

Higher moments like kurtosis*variance 
κσ2 change sign near the critical point



Mapping the QCD phase diagram in BES-II
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Higher statistics 
Low energy RHIC electron cooling upgrade

Larger acceptance



The overarching scientific question:
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How	do	asymptotically	free	quarks	and	gluons		
create	the	near-perfect	liquidity	of	the	QGP?	

or	
What	degrees	of	freedom		

not	manifest	in	the	QCD	Lagrangian		
produce	the	near-perfect	liquidity	of	the	QGP?

The (experimental) answer:

Deploy	probes	with	a	resolution	that	reaches	well	
below	the	thermal		~	1	fm	scale	of	the	bulk:	

Jets	&	b-quark	(Upsilon)	states



The RHIC Facility in 2022

s



Probing scales in the medium
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How does the perfect 
fluidity of the QGP 
emerge from the 
asymptotically free 
theory of QCD?

Jets probe sub-thermal 
length scales

LHC

RHIC

Upsilon states probe 
thermal length scales



RHIC & LHC complementarity
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The Future of  
 Ultrarelativistic Heavy-ion Collisionz 

is Bright !


