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● the very beginnings – Bear Mountain 1974
● the long way toward SPS heavy ions
● the AGS ion program
● towards RHIC and LHC
● selected highlights of the program up to now
● looking into the crystal ball – future opportunities

 four decades of experiments with relativistic heavy ions
past, present, and future
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shortly thereafter, in 1977,
big accelerator plans were
contemplated at GSI
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RHIC at GSI in the 1980ties?  This was too big a step for the
German and  European communities and 'only' SIS18 was realized
in the 1990ties, also ISR at CERN had started in 1971, with α-α
collisions at √s =  up to  64 GeV/nucleon pair running in the 80ties
Many interesting but no spectacular results came out as 'new
physics' was expected at large rapidities, not near y = 0...

...but a 100 Tm ring is now the
work horse for FAIR at GSI
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First workshop on ultra-relativistic nuclear collisions,  
Berkeley, May 1979 (w. GSI) (L. Schroeder) = QM 0

High-energy nuclear interactions and the properties of dense nuclear matter, 
Hakone, Japan, July 1980, K. Nakai & A. Goldhaber

Workshop on 'Statistical mechanics of quarks and hadrons', 
Bielefeld, Aug. 1980, H. Satz,  QM 1A, focussed on theory

Workshop on 'Future relativistic heavy ion experiments'
GSI,  Oct. 1980, R. Bock,  R. Stock, QM 1B, focussed on experiments

Quark matter formation and heavy ion collisions
Bielefeld, May 1982, M. Jacob, H.Satz, QM 2

Quark Matter 1983
Brookhaven National Laboratory, Sep. 1983, T. Ludlam and H. Wegner, QM 3

the origin of the Quark Matter conferences

a defining moment for me, 
I joined the field
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Quark Matter 1984
June 1984, Helsinki,  K. Kajantie, QM 4

Quark Matter 1986
April 1986, Pacific Grove (Ca),  L.S. Schroeder, M. Gyulassy, QM5

Quark Matter 1987
Aug. 1987, Nordkirchen (Germany), H. Satz, H. Specht, R. Stock, QM 6
                                                      a defining moment for me, Johanna and I joined the field

Quark Matter 1988
Sep. 1988, Lenox (MA), G. Baym, P. Braun-Munzinger, S. Nagamiya, QM7
                                                             the Kandinsky for the poster was spotted in the
                                                                                             Guggenheim museum (NYC) by Johanna and myself

… the rest you find on the web, Quark Matter 2021 will be in Oct. 2021 in
Krakow, as QM 29

the origin of the Quark Matter conferences
continued
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enjoying a moment
during a QM 1
reception
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just before QM 3 an important US Nuclear Science Advisory Committee
meeting (NSAC) took place, slide courtesy Gordon Baym  
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a consequence of QM 3: 1983 International RHIC task force

B. Baym, J. Bjorken, C.K. Gelbke, H.H. Gutbrod, A. Kerman, C.
Leeman, L. Madansky, A. Mueller, I. Otterlund, 
A. Ruggiero, L. Schroeder, G. Young, W.I. Willis

in 1995, timeline for completion of RHIC shifted to1999
first RHIC run in 2000 
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...and during QM 3, the ideas for a fixed target program at the BNL AGS
and at the CERN SPS were planted and bore fruit very quickly

first Si beams at BNL in 1986 at 14.5 GeV/nucleon, first O and S beams at CERN in 1986 200
GeV/nucleon

… and the more ambitious collider plans for RHIC took shape

for a detailed account of the history of the RHIC facility, 
see G. Baym, talk at QM2015 and  Nucl.Phys.A 956 (2016) 1-10, arXiv:1701.03972
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Panel discussion at Quark Matter 1983
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ideas about BNL fixed target and collider program
Arthur Schwarzschild,
then chair of BNL
physics
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Reinhard Stock as the driving force behind the CERN
fixed target and collider program
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begin of the program
with ultra-relativistic nuclear

beams at CERN

first SPS S and Pb beams
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also LBNL contribution to RFQ development



18

impressive experimental data base from the fixed target program and
from RHIC

● fixed target data from AGS (2 – 14.6 A GeV) from 1986 – 2002  and SPS
(20 – 200 A GeV) from 1986 till now

● this culminated in the CERN press release of Jan. 31, 2000
'evidence for a new state of matter' with nuclear collisions at the CERN SPS

● collider data from RHIC (√snn = 7.7 – 200 GeV) from 2000 on

● at all energies, production yields have been measured for (nearly) all stable
or weakly decaying hadrons over a substantial part of the available phase
space.

most important physics results

● the fireball produces particles near Tc in chem. equilibrium

● strong collective expansion flowing like a liquid is observed 

● jet suppression: the fireball is opaque to fast partons  

● low mass lepton pairs enhanced

● 'anomalous' charmonium production    (now seen in a completely new light)

ideal fluid scenario and jet quenching 
discovered at RHIC

interdisciplinary connections to string 
theories, cold quantum gases,

 black holes, ... 
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CERN Press Release

arXiv:nucl-th/0002042
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 and now on to physics – a few remarks only
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tremendous progress of the past decade 

for highlights from the past 5 years, see:

   pbm, Koch, Stachel, Schaefer, 
Phys. Rept. 621 (2016) 76-126

        Busza, Rajagopal, van der Schee,
Ann. Rev. Nucl. Part. Sci. 68 (2018) 339-376

here, I will concentrate only on 2 examples:

1. statistical hadronization of (u,d,s,c) quarks at the
QGP phase boundary and the fate of J/ψ in the fireball

 2. the search for a possible critical end point in the QCD
phase diagram 

 
see also the talks by M. Lisa , M. van Leeuwen, and J. Steinheimer  at this
conference
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(u,d,s) hadrons and the QGP phase boundary
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statistical hadronization of (u,d,s) hadrons
A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel, Nature 561 (2018) 321

data: ALICE coll.,  
Nucl. Phys. A971 (2018) 1

similar results at lower energy,
each new energy yields a pair of
(T, μB) values

connection to QCD (QGP) phase

diagram?
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the QGP phase diagram, LatticeQCD,  and hadron
production data

quantitative agreement of
chemical freeze-out parameters
with most recent LQCD
predictions for baryo-chemical
potential < 300 MeV 

cross over transition at 
μB = 0 MeV, no experimental
confirmation

should the transition be 1st 
order for μB (large net
baryon density)?

then there must be a critical
endpoint in the phase
diagram, see below

experimental determination of phase boundary at  
Tc = 156.6 ± 1.7 (stat.)  ± 3 (syst.) MeV and μB = 0 MeV 

Nature 561 (2018) 321

note: all coll. at SIS, AGS, SPS, RHIC and LHC involved in data taking 
each entry is result of several years of experiments, variation of μB via variation of cm energy

μB  (MeV)

HOTQCD:  
Phys. Rev. D 90 (2014) 094503
Wuppertal-Budapest:    
Nature 443 (2006) 675-678
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how about charm and statistical hadronization?
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charmonium as a probe for the properties of the QGP

the original idea:  (Matsui and Satz 1986) implant
charmonia into the QGP and observe their modification,
in terms of suppressed production in nucleus-nucleus
collisions with or without plasma formation – sequential
melting (suppression)

new insight (pbm, Stachel 2000) QGP screens all
charmonia, but charmonium production takes place at
the phase boundary, enhanced production at colliders –
signal for deconfined, thermalized charm quarks
production probability scales with N(ccbar)

2

reviews:  L. Kluberg and H. Satz, arXiv:0901.3831
                           
                          
                          pbm and J. Stachel, arXiv:0901.2500

both published in Landoldt-Boernstein Review, R. Stock, editor,
Springer 2010 
                         

n.b.  at collider energies
there is a complete
separation of time scales

tcoll << tQGP < tJpsi
  

implanting charmonia
into QGP is an
inappropriate notion 

this issue was already
anticipated by Blaizot
and Ollitrault in 1988

also charm quark
production increases
strongly with collision
energynearly simultaneous:  Thews, Schroeder, Rafelski 2001  

formation and destruction of charmonia inside the QGP
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charmonium as a probe for deconfinement at the LHC
the statistical (re-)generation picture

charmonium enhancement as fingerprint of color
screening and  deconfinement at LHC energy

pbm, Stachel, Phys. Lett. B490 (2000) 196
Andronic, pbm, Redlich, Stachel,  Phys. Lett. B652 (2007) 659

prediction long before the
LHC started data taking
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sequential suppression vs statistical hadronization

LHC data settle the issue in favor of statistical hadronization/generation at the
phase boundary

charmonium formation from uncorrelated c quarks at the phase
boundary              direct proof of deconfinement for charm quarks,
see Nature 561 (2018) 321 
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enhancement is at low (transverse) momentum and at angles
perpendicular to the beam direction, as expected for a thermal,

nearly isotropic source

enhancement is due to statistical combination of  charm- and anti-charm quarks
these heavy quarks have masses O(1 GeV) and are not produced thermally since 
Tcf = 156 MeV << 1 GeV. Interactions in the hot fireball bring the charm quarks close to

equilibrium → production probability scales with Nccbar
2 
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newest result from the Bielefeld/BNL/Wuhan lattice group
arXiv:2002.00681

little modification of quarkonia in QGP: 
charmonium  melts at Tc

bottomonium melts at < 1.5 Tc
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statistical hadronization for hidden and open charm

quantitative agreement for open and hidden charm hadrons, same
mechanism should work for all open and hidden charm hadrons,
even for exotica such as Ωccc where  enhancement factor is nearly 30000
quantitative tests in LHC Run3/Run4

J/ψ enhanced compared to other M = 3 GeV hadrons since  number of c-quarks is about 30
times larger than expected for pure thermal production at T = 156 MeV due to production in
initial hard collisions  and subsequent thermalization in the fireball.  
production probability scales with Nccbar

2             enhancement factor is 900 for J/ψ

enhancement factor is 30 for D0

Andronic et al, PLB 792 (2019) 304
and in preparation
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search for a possible critical endpoint in the
 QCD phase diagram

If the QCD phase transition is of cross-over type at vanishing net-baryon density, and of 1st 
order at large baryon density (large μB)  then there must be a critical endpoint at the end of
the 1st oder line (Asakawa and Yazaki, Nucl. Phys. A 504 (1989) 668-684, Stephanov,
Rajagopal, Shuryak,   Phys.Rev.Lett. 81 (1998) 4816-4819). This leads to critical fluctuations
 which could be observed by studying fluctuations of net baryons along the chemical freeze-
out line, i.e. through their variation with √s. 

variation with √s of 4th moment ω4 of net baryons near a
hypothetical critical endpoint (Stephanov,
Phys.Rev.Lett. 102 (2009) 032301
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experimental search for the critical endpoint

the STAR collaboration has pioneered this search, by measuring at RHIC net
proton fluctuations in central Au-Au collisions up to the 6th moment
(arXiv:2001.02852 and refs. there) over a wide range of √s. the most recent
results are shown below and compared to a non-critical baseline evaluated in
(arXiv:2007.02463, pbm, Friman, Redlich, Rustamov, Stachel)

comparison of baseline prediction with data on the energy dependence of
moment ratios. statistical analysis implies a  1.5 σ significance for non-
monotonic behavior in the data, no evidence yet for a critical point

we all look forward to much improved data from the RHIC beam energy scan 2 
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future programs with relativistic nuclear collisions 
in the high baryon density region
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Figure courtesy Tetyana Galatyuk

a variety of facilities for the baryon-rich region promises a
rich physics program centered around critical endpoint

and exotica for the coming decade and beyond
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 1982  first discussion on LHC in LEP tunnel
 1987: La Thuile WS: first discussion of Pb ions  in LHC

       1985-90  4 workshops on physics and detectors

 1990: Aachen: first ideas for HI expt.
 1992: Evian: Expression of Interest EoI
 1994/6: approval of LHC
 1997: approval of ALICE
 1998-2008: Technical Design Reports
  Sep. 2008             LHC start   and stop

     Nov. 2009             pp physics program starts at 0.9 and 2.36 TeV
     March 2010         pp physics at 7 TeV
     Nov. 2010             Start LHC Run 1, Pb beams, 2.76 TeV
     Nov. 2015             Start LHC Run2, Pb beams, 5.0 (5.46) TeV
     Nov. 2021             Start LHC Run3, from pp to pPb to Pb-Pb
     2027                      Start LHC Run4
     2032 -                    LHC Run5/6 with full pp, pA, ion program

LHC overall timeline and future prospects
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LHC Run3 and Run4 will feature for ALICE a factor 100 increase in 'effective'
luminosity, with upgraded TPC and entirely new inner tracking system plus many
other upgades:

physics focus will be on:
● light flavor hadrons including light nuclei
● heavy flavor hadrons including quarkonia and exotica
● jets with particle ID
● low mass lepton pairs and real photons from 100 MeV to 100 GeV
● ultra-peripheral collisions
● correlations and hadron-hadron interactions

all LHC collision systems
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ALICE Future: ALICE3

Slide courtesy Luciano Musa
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