
Strange and Productive Strong Interactions:
With the Kraków School of Theoretical Physics

The relativistic heavy ion collision research program had been created to dis-
cover and study how hadrons melt and later freeze again out of the transient,
a new phase of matter, the quark gluon plasma (QGP). We learn in the labora-
tory about matter creation in the early Universe. Here I will describe the strong
relationship across past decades between the Kraków School of Theoretical
Physics and research work on strangeness as THE signature of QGP.
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1984-87: From Cape Town To Krakow?
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1997 I made it to Zakopane
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1997: A special occasion
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1997: What occasion? Wieslaw Czyż 70th BD, and,
In my opinion QGP had been observed
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QGP signatures: 1980- Strangeness proposed, several CERN experiments

followed: Anti-strangeness in QGP: s̄ > q̄ in SPS experiments

A: Strange hadrons are subject to a
self analyzing decay

B: There are many strange particles
allowing study different physics questions
(q = u, d):

K(qs̄), K(q̄s), K∗(890), . . .

Λ(qqs), Λ(q̄q̄s̄), Λ(1520), . . .

φ(ss̄), Ξ(qss), Ξ(q̄s̄s̄), . . .

Ω(sss), Ω(s̄s̄s̄)

C: Production rates hence
statistical significance is high.
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THEORETICAL CONSIDERATION within QCD

A: 1982 Berndt Müller & JR PRL48 (1982) 1066 show production of
strangeness dominated by gluon fusion GG → ss̄
strangeness⇔gluons in QGP;

Berndt at age 34.
B: coincidence of scales:
ms ' Tc → τs ' τQGP →

strangeness yield can grow gradually - make models of time/size dep.
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Instant success of strangeness signature proposal

Tucson, SQM January 1995
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1985/6: Strange hadrons from QGP: two-step formation mechanism

1 GG → ss̄ (thermal gluons collide)
GG → cc̄ (initial parton collision)
gluon dominated reactions

2 hadronization of pre-formed
s, s̄, c, c̄, b, b̄ quarks

Evaporation-recombination formation of complex rarely produced (multi)exotic
flavor (anti)particles from QGP is signature of quark mobility thus of
deconfinement. Enhancement of flavored (strange, charm,. . . ) antibaryons
progressing with ‘exotic’ flavor content. J. Rafelski, Formation and
Observables of the Quark-Gluon Plasma Phys.Rept. 88 (1982) p331;P. Koch,
B. Muller, and J. Rafelski; Strangeness in Relativistic Heavy Ion Collisions,
Phys.Rept. 142 (1986) p167: Photo of authors above is contemporary.
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Anticipated: Sudden hadronization of QGP
Proposed evidence: matter-antimatter symmetry
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Pb-Pb SPS collisions also show matter-antimatter
symmetry: Sudden hadronization of QGP
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Predicted: Strange antibaryons enhanced
WA97 SPS Antihyperons: The largest observed QGP medium effect

Enhancement GROWS with
a) strangeness b) antiquark
content as we predicted. En-
hancement with respect to yield
in p–Be collisions, scaled up
with the number of ‘wounded’
nucleons. Result → CERN
QGP discovery announce-
ment in 2000. All other
CERN strangeness experi-
mental results agree.

Emanuele Quercigh, Federico Antinori, Karel Safarik in picture: Hagedorn
Fest in Divonne, 1994 a couple years before these results were
obtained
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25 years of experiments: the strange (anti)baryon enhancement
predicted 1980-1986 is the largest QGP medium effect observed
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The chemical hadronization analysis (SHM, 1991)

Nonequilibrium parameters describe time evolution of fireball system
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Hadronization: Chemical reactions involving quarks
Requires understanding of kinetic theory: picture from Koch-Müller Rafelski
1986 Physics Reports (1000+citations).
Invitation to read before reinventing SHM incorrectly.
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WHY STATISTICAL HADRONIZATION MODEL. . . (SHM) WORKS

a) Confinement : =⇒ breakup into free quarks not possible;
b) Strong interaction : =⇒ equal hadron production strength
=⇒ ‘elementary’ hadron yields depend only on the available phase space
Different approaches:

Micro-canonical phase space :
sharp energy and sharp number of particles

E. Fermi, Prog.Theor.Phys. 5 (1950) 570: HOWEVER
Model should describe an average event

Canonical phase space : sharp number of particles
R. Hagedorn started here in 1960’s

ensemble average energy E → T +Tsallis+. . .
T could be, but needs not to be, a kinetic process temperature

Grand-canonical phase space : average energy and number of
particles: N → µ ⇔ Υ = e(µ/T)

Our interest: use SHM to characterize bulk QGP fireball properties of hadron
source evaluated independent of complex explosion dynamics =⇒ analyze
integrated hadron spectra.
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I coauthored in APPB+Proc 12 SHM relevant works:
(out of 22 APPB contributions)

Above is 177 pages
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more... !

Above is 110 pages
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end!

Above is 40 pages
Total of 12 articles (out of 22 in APPB) is 327 pages across 20 years.
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SHARE Idea/Team: US-Polish NATO collaboration 2002/04
Sstatistical HAadronization with REsonances
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Examples SHM Analysis (Chemical Nonequilibrium)

Particle Yield Example:LHC

M. Petran, J.Letessier, V. Petracek, J. Rafelski Phys.Rev.
C 88 (2013) no.3, 034907

Bulk properties from SHM yields

J. Letessier, J. Rafelski, Eur.Phys.J. A 35 (2008) 221-242
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Bulk properties smooth as function of centrality – smaller systems

hadronize a bit earlier: ε=energy density, σ=entropy density,

P=pressure balance between bulk source and hadron gas
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Consistency with lattice QCD REQUIRES: Chemical
nonequilibrium + supercooling = sudden fireball breakup
Work with Michal Petran

Review: 2020
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Conclusion 1: This meeting demonstrated that
The future is assured for RHI collisions

Many future opportunities; old projects find new purpose: says Marek
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Conclusion 2: Rapid progress addressing foundations of RHI col.

1 RECREATE THE EARLY UNIVERSE IN LABORATORY
Recreate and understand the high energy density conditions prevailing
in the Universe when matter formed from elementary degrees of
freedom (quarks, gluons) at about 20 µs after the Big-Bang.

2 PROBING OVER A ‘LARGE’ DISTANCE THE (DE)CONFINING
QUANTUM VACUUM STRUCTURE
The quantum vacuum, the present day relativistic æther, determines
prevailing form of matter and laws of nature.

3 STUDY OF THE ORIGIN OF MATTER & OF MASS
Matter and antimatter created when QGP ‘hadronizes’. Mass of matter
originates in the confining vacuum structure

4 PROBE ORIGIN OF FLAVOR
Normal matter made of first flavor family (d, u, e, [νe]). Strangeness-rich
quark-gluon plasma the sole laboratory environment filled ‘to the rim’
with 2nd family matter (s, c, [µ, νµ])). and considerable abundance of b
and even t.

5 PROBE STRONGEST FORCES IN THE UNIVERSE
For a short time the relativistic approach and separation of large charges
Ze ↔ Ze generates EM fields 1000’s time stronger than those in
Magnetars; strongfields=strong force=strong acceleration
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Conclusion 3: Strangeness+SHM+non-eq-HG works

Strange antibaryon signature of QGP leads to discovery of universal
properties of QGP at hadronization; differences in:
Fireball volume size, baryon content, and in strangeness saturation

distinguishes SPS, RHIC, LHC, small vs large bulk systems

We found across the entire SPS,RHIC,LHC reaction energy domain
Universality of fireball bulk properties

shown above in terms of the invariant measure

Volume at hadronization grows with available energy. Strangness in
QGP reaches saturation. Baryon number deposition varies:
Puzzle: why are baryons stopped at SPS and even at RHIC?
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Conclusion 4: We are in ZOOM since
Krakȯw cherishes Traditions!!

10 Years ago: 50 years, today 60 years, . . . in 2060 . . . someone in
this ZOOM-room is looking forward to the 100 year celebrations!
Long Live The Krakȯw School of Theoretical Physics! Sto Lat, Sto Lat niech żyje, żyje nam
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Our plan: recapture in person the many different spirits
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Time has come to thank for this wonderful hospitality
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A dedication

Jean Letessier - whose name appeared in this talk multiple times, has
passed away in Paris in midst of the Covid this Spring – he needed a
‘minor’ follow-up hospital treatment which did not work out. We see
him below in company he did sail with (not quite) around the world.
Harbor is near in this 2003 picture.

Hans Gutbrod Jean Letessier JR

Jean was a great friend, his advise was cherished by his colleagues at
the LPTHE lab at Paris-University where he worked for 50 years.
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