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Beginning with the CERN SPS experiments 30 years ago we search for the
understanding of how energy becomes matter, that is we study the
hadronization of primordial phase of matter, quark-gluon plasma. Today the
ALICE is the experiment at the CERN LHC build predominantly to study this
process. The key information is derived in study of multistrange hadrons
which carry information both, about the process of matter production
(hadronization) E ⇒ mc2, as well as about earlier stages when entropy and
strangeness are produced. Very recent results show that even a relatively
small pp and pA collisions at the LHC energy-scale are creating the new
quark-gluon plasma (QGP) phase of matter.
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Background: 1992 NATO School Il Ciocco Poster
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What is special with RHI collisions & Quark Gluon Plasma?

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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Phases of hadronic matter have roots in this room
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First question; is there a fireball of matter?
Two extreme views on stopping in RHI collisions
Fly-through full stopping

Transparency ⇐Two opposite views⇒ SPS-RHIC large stopping
LHC a nice fireball in all cases
Citations favor wrong paper: 272 vs 239 today
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(Small System) Strangeness Enhancement and
Canonical Hadronization Phase Space

For many details I recommend reading the 20 year old text
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At CERN: Strangeness a popular QGP signature
I argued 1980-81 that anti-strangeness in QGP can be more abundant than
anti-light quarks. Many experiments followed.

A: There are many strange particles allowing to 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)

B: Production rates hence statistical significance is high.
C: Strange hadrons are subject to a self analyzing decay
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....till today we live with some consequences
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Instant success of strangeness signature proposal
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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
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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
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Anticipated: Central QGP fireball
Proposed evidence: (Strange)Antimatter
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NA49 Pb-Pb SPS confirmation Λ/p̄ > 1 (1980
prediction)
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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. Enhancement with respect to yield in p–Be collisions, scaled up with the
number of ‘wounded’ nucleons. Result → CERN QGP discovery announcement
in 2000. All other CERN strangeness experimental results agree.
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Today: Effect remains largest medium effect in RHI collisions
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Reminder: When and how did we discover QGP?
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Current interest in small systems: Strange antibaryon
enhancement smoothly rising with entropy of fireball
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Small systems: Ξ(ssq) Alice 2014 needs minor attention
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Small system: particle yield constrained by conservation law:
Canonical phase space required
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Small system: An elegant nonabelian group theory approach
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.... and the strangeness part is REDISCOVERED decade later
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Strangeness conservation alone: in QGP book JL/JR; p225-232:
1-2-3-strange flavored particle suppression factors

〈NCE
κ 〉 = NGC

κ

Iκ(2NGC
pair)

I0(2NGC
pair)

.

Canonical yield-suppression factors Iκ/I0 as function of the grand-canonical
pair yield N. Short-dashed line: the suppression of triply-strange-flavored
hadrons; long-dashed line: the suppression of doubly-strange-flavored
hadrons; and solid line, the suppression of singly-strange-flavored hadrons.
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Ξ(ssq)/φ(ss̄) (nearly) constant: same production mechanism

M. Petran, J. Rafelski, Multistrange Particle Production and the
Statistical Hadronization Model Phys.Rev. C 82 (2010) 011901
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The chemical hadronization analysis
from (re)invention to generalization

Magic coincidence: while we battled our referee for 6 months Krzysztof
Redlich enters this field with the 2 page preprint in August 1998:
Unified description of freezeout parameters in relativistic heavy ion
collisions, Phys.Rev.Lett. 81 (1998) 5284-5286
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Chemical reactions involving quarks
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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 irrespective of
produced hadron type
=⇒ ‘elementary’ hadron yields depend only on the available phase space
Historical approaches:

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

E. Fermi, Prog.Theor.Phys. 5 (1950) 570: HOWEVER
Experiments report event-average rapidity particle abundances,
model should describe an average event

Canonical phase space: sharp number of particles
ensemble average energy E → T temperature
T could be, but needs not to be, a kinetic process temperature

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

Our interest: bulk QGP fireball properties of hadron source evaluated
independent of complex explosion dynamics =⇒ analyze integrated
hadron spectra.
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SHARE Idea/Team: US-Polish NATO collaboration 2002/04
Statistical 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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SHM fit Quality LHC Pb-Pb 2.76 TeV data
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SHARE consistent with lattice QCD
Chemical nonequilibrium + supercooling
= sudden fireball breakup
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SPS, RHIC, LHC AA SHM Digest

Strange antibaryon signature of QGP leads to discovery of
universal properties of QGP at hadronization; differences in:
Volume size, Strangeness saturation.
Universality of fireball bulk properties across the entire reaction
energy domain we express in terms of the invariant measure

At SPS, RHIC: Baryon number deposition varies strongly as
function of collision energy. This is the chemical potential
dependence on collision energy. WHY? – To clarify question: why
there is no McLerran-Bjorken transparency?
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A few first analysis observations and summary

ALICE small system results shows growth γs of strangeness yield with
size of the system.

Hadronization condition T a few MeV higher compared to large systems:
conclusion there is less/no supercooling in less explosive expansion.

Corresponding bulk matter properties are higher. No test of universal
hadronization / conformal anomaly was as yet performed.

Small system net flavor content universally zero (and it seems we are
sensitive due to small system): there is no electric charge, etc.

There is no doubt that after 38 years of waiting the pp → AA ALICE
results demonstrate that there are 10-20-30% canonical phase
space effects: when strange pairs are few and baryon number is
rare, strange antibaryons are slightly suppressed as the correct
theory predicts. Dominant effect still from strangness chemical
non-equilibrium γs . No publication forthcoming as lack of
resources prevents appropriate analysis effort.
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