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Relativistic heavy ion collision research program was created to discover and
study how hadrons melt into quark gluon plasma (QGP), and QGP turns into
matter again. I will survey strangeness as a signature of QGP across past
decades and show recent results obtained explaining experimental and lattice
data.
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1965-7 – Hagedorn’s singular Statistical Bootstrap

accepted as ‘the’ initial singular hot Big-Bang theory

Boiling Primordial Matter Even though no one was present when the Uni-
verse was born, our current understanding of atomic, nuclear and elementary
particle physics, constrained by the assumption that the Laws of Nature are
unchanging, allows us to construct models with ever better and more accurate
descriptions of the beginning.. . . We would have never understood these things
if we had not advanced on Earth the fields of atomic and nuclear physics. To
understand the great, we must descend into the very small.
Repeated in S.Weinberg’s Cosmology book about the Big Bang singularity
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A quick look at: Explore the Universe: today⇐ QGP
The Universe Composition in Single View 50 y After

dark energy matter radiation ν, γ BBN+leptons hadrons
Different dominance eras: Temperature grows to right

IFJ-Epiphany Krakow: Strangeness Jan Rafelski-Arizona January 10, 2019 3 / 31



1977/8 JR+RH at CERN:
how can we recreate Big-Bang in lab?

Relativistic Heavy Ion Collisions
Universe time scale 18 orders
of magnitude longer, hence
equilibrium of leptons &
photons
Baryon asymmetry six orders
of magnitude larger in
Laboratory, hence chemistry
different
Universe: dilution by scale
expansion, Laboratory
explosive expansion of a
fireball

=⇒ Theory connects RHI collision experiments to Universe
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Physics of 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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QGP signatures: 1980-81: Strangeness s,̄s-many 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 JR-BMüller PRL48 (1982) 1066 show production of strangeness
dominated by gluon fusion GG→ ss̄ strangeness⇔gluons in QGP;

B: coincidence of scales:
ms ' Tc → τs ' τQGP →

strangeness yield can grow gradually - make models of time/size dep.
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QCD strangeness production cross sections

An essential pre requirement for the perturbative
theory to be applicable in domain of interest to

us, is the relatively small experimental value; in
figure α(4)

s (µ) as function of energy scale µ for a
variety of initial conditions. Solid line:

αs(MZ) = 0.118. Were instead αs(MZ) > 0.125
the perturbative strangeness production
approach would have been in question.
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Particle abundance N: T,V and Υ

Overall normalization V (also dV/dy)
Ambient temperature T

Fugacity Υ± = γ e±µ/T where µ Relative” equilibrium chemical
potential and phase space occupancy=γ(t) is time dependent –
creation of strangness – even if everything is stationary relates to
achievement of ”Absolute” chemical equilibrium .
N Obtained from integral of the distribution over phase space

〈N〉 = gV
∫

d3p
(2π)3 n; n (ε; T,Υ) =

1
Υ−1
± e ε/T ± 1

〈N〉 =
gVT3

2π2

∞∑
n=1

(±1)n−1Υn
±

n3

(nm
T

)2
K2

(nm
T

)
Υ± ≤ em/T

Particle properties determine:
degeneracy g (e.g. spin = (2J + 1)), and Hadron mass m
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Strangeness Deconfinement Signatures

A:TOTAL Strangeness: normalized with another conserved yield:
s strangeness/ S entropy s/b baryon # when b measured
depend on evolution dynamics and initial conditions
B: Strangeness at QGP break-up:
i:Is QGP near chemical equilibrium?

ns(t,T(t))
ns(∞,T(t))

∣∣∣∣
QGP
≡ γQGP

s (t)→ 1? γHG
s ' 3γQGP

s → 3

ii: For consistency we need also to consider γHG
q > 1

this over population controls ENTROPY enhancement
C: STRANGENESS MOBILITY IN QGP imprinted at hadronization on
greatly enhanced produced multi (anti)strange hadron abundances.
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strangeness/entropy s/S: both s and S (almost)
conserved in QGP→hadrons→detector

Relative s/S yield measures the number of active degrees of freedom
and the degree of relaxation when strangeness production freezes-out
in QGP. Perturbative expression in chemical equilibrium:

s
S

=
gs

2π2 T3(ms/T)2K2(ms/T)
(g2π2/45)T3 + (gsnf/6)µ2

qT
' 1

35
= 0.0286

much of O(αs) interaction effect cancels out. When considered
s/S→ 1/31 = 0.0323. Now introduce QGP abundance
< 1nonequilibrium

s
S

=
0.03γQGP

(t)s

0.4γG + 0.1γQGP
(t)s

+ 0.5γQGP
(t)q

+ 0.05γQGP
(t)q

(lnλq)2
→ 0.03γQGP

(t)s
.

We return to topic at end of lecture
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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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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
experimental results
agree.
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Today: Effect remains largest medium effect in RHI collisions
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Onset of Deconfinement: NA49/NA61
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Current interest in small systems: Strange antibaryon
enhancement smoothly rising with entropy of fireball
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Hadronization: Recombinant Ξ(ssq)/φ(ss̄) (nearly) constant

M. Petran, J. Rafelski, Multistrange Particle Production and the
Statistical Hadronization Model Phys.Rev. C 82 (2010) 011901
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Hadronization: Recombinant Ξ(ssq)/φ(ss̄): Alice

Found in QM2018 Reports, Adapted with one line.....
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The chemical hadronization analysis invented

Nonequilibrium parameters describe time evolution of fireball system
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Hadronization: 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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Consistentcy with lattice QCD REQUIRES: Chemical
nonequilibrium + supercooling = sudden fireball breakup
Work with Michal Petran
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Smaller systems hadronize earlier (more dense fireball)
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There are also remaining questions about kinetic
process of strangeness production. Today we only
look at QCD perturbative model

Collaboration/project with Inga Kuznetsova
The problem: the Lattice EOS show that we do not have
a simple quark-gluon free gas: QGP is a complicated
thermal plasma with effective particles that interact weakly.

1 Describe the fully thermal and chemical equilibrium state in terms
of effective quark and gluone with thermall mass degrees of
freedom

2 Use these effective particles to model evolution of strangeness in
dynamical fireball to constrain models that were used in step 1

Lesson: A very difficult project: almost always quasiparticles that are
easily used to model lattice incompatible with our knowledge about
strange particle yields.
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Step 1: Level of agreement with Lattice Data

Relative difference between lattice results and our model, deviations of
pressure, (P− PL)/PL (dashed, orange), interaction measure
(Im− ImL)/ImL (solid red) and energy (ε− εL)/εL (blue, dense dashed)
as a function of temperature T. Dotted lines are limits on theoretical
errors in ImL.
Results like this seen in published work. BUT: with ”their” parameters
strangness yield factors away from what we obesrve in experiment.
For our model see next slide.
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Step 2: Strangness growth before hadronizatio:
Step 1 parameters a big constraint on what works

s/S ratio for models with constant γq = 1 and with γq changing with
QGP expansion (dashed and solid lines) for initial γ0

s = 1 and γ0
s = 0.5

as a function of temperature.
γs evolution during QGP expantion with constant γq = 1 and with γq

changing with QGP expansion (dashed and solid lines) for initial γ0
s = 1

and γ0
s = 0.5 as a function of temperature
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SPS, RHIC, LHC AA SHM Digest

Universality of fireball bulk properties across the entire reaction
energy domain we express in terms of the invariant measure
Strange antibaryon signature of QGP leads to discovery of
universal properties of QGP at hadronization; differences in:
Fireball volume size, and in strangeness saturation
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 baryons are stopped?
Advanced models of strangness production
consistent with lattice QCD in progress
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