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We study how energy turns into (anti)matter
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Objective of presentation:
What is Quark-Gluon Plasma and
how did we discover this new state of matter
Survey the research program development from early day and
describe in historical perspective how we got to recognize a
characteristic signature – strangeness and differentiate the
different main ideas.
WHY about 3,000 physicists participate today?

1. RECREATE THE EARLY UNIVERSE IN LABORATORY:

2. PROBING OVER A LARGE DISTANCE THE CONFINING
VACUUM STRUCTURE

3. STUDY OF THE ORIGIN OF MASS OF MATTER
4. OPPORTUNITY TO PROBE ORIGIN OF FLAVOR?
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50 years ago 1964/65: Coincident Beginning

I Quarks + Higgs→ Standard Model of Particle Physics
I Hagedorn Temperature, Statistical Bootstrap

→ QGP: A new elementary state of matter

Topics of three lectures:
1. Convergence of 1964/65 ideas:

from Hagedorn Temperature TH → Quark-Gluon Plasma
2. Heavy Ion Experiments & QGP Discovery
3. Fireball & Strange Particle Production
4. Statistical Hadronization of QGP Fireball
5. Theory of Strangeness Signatures of QGP
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Convergence of Ideas
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1964: Quarks + Higgs→ Standard Model
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Hagedorn Strongly Interacting Matter
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Hagedorn Temperature October 1964 in press:
Hagedorn Spectrum January 1965⇒ March 1966
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Fit of hadron mass spectrum defines TH

To fix TH in a limited range of mass need prescribed value of a
from SBM. However, since at TH the sound velocity vanishes
there is a way of fixing TH both in experiment and in lattice QCD
and when this is done, the critical power a is also determined.
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TH Singular point of partition function

From J.R. and R. Hagedorn: Thermodynamics of Hot Nuclear Matter
in the Statistical Bootstrap Model 1979, in memorial volume.
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Exponential Mass Spectrum
We search and discover new particle

checking this extreme idea
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by 1967 – Hagedorn’s SBM: Statistical Bootstrap Model
‘the’ initial singular Hot Big-Bang theory

Boiling Primordial Matter Even though no one was present when the
Universe 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.
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Hadrons→ Quarks→ laboratory tests: 1965-82
I Cold quark matter in diverse formats from day 1: 1965

D.D. Ivanenko and D.F. Kurdgelaidze, Astrophysics 1, 147 (1965)
Hypothesis concerning quark stars

I Interacting QCD quark-plasma: 1974
P. Carruthers, Collect. Phenomena 1, 147 (1974)
Quarkium: a bizarre Fermi liquid

I Quark confining vacuum structure dissolved at high T
A.M.Polyakov, Phys. Lett. B 72, (1978)
Thermal properties of gauge fields and quark liberation

I Formation of hot quark-gluon matter in RHI collisions:
conference talks by Rafelski-Hagedorn (CERN) 1978-9
Chapline-Kerman MIT-CTP 695 unpublished 1978

I First practical experimental signature:
Strangeness and Strange antibaryons 1980 ff.
Rafelski (with Danos, Hagedorn, Koch (grad student), B. Müller

I Statistical materialization model (SHM) of QGP: 1982
Rafelski (with Hagedorn, Koch(grad student), B. Müller

Birth of QGP/RHI formation: CERN/TH 1977-80
Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 14/86
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Quarks make pions (mesons); squeeze many together

In the early Universe the building blocks of baryons and
mesons were liberated!
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relativistic Heavy Ions Make QGP
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QGP-fireball explodes making hadrons
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My expertise:
Cooking strange
quarks→ strange
antibaryons etc

APS car sticker from period

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 18/86



Convergence of Ideas QGP Discovery Experiments on Strange Particles SHadronization of QGP Theory of strangeness signatures of QGP

Heavy Ion Experiments & QGP Discovery
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QGP has fleeting presence in laboratory
We need to Diagnosis and Study QG properties at 10−23 s scale

Diletpons and photons 1970’s: ‘weakly’ coupled probes: access
to early staged masked by abundant secondary production.
J/Ψ suppression 1986: ‘one measurement’, ongoing and
evolving interpretation.
Jet quenching 1983: signal of dense matter (not very
characteristic)
Dynamics of quark matter flow : demonstrates presence of
collective quark matter dynamics
Strange quark strongly interacting probes: a diverse set of
observables addressing both initial and final stages of the
fireball: Strangeness enhancement (1980), Strange antibaryon
enhancement (1982), Strange resonances (2000); all this
generalizes to heavy flavor (c, b) with and without strangeness.

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 20/86



Convergence of Ideas QGP Discovery Experiments on Strange Particles SHadronization of QGP Theory of strangeness signatures of QGP

CERN RHI experimental SPS program is born
1980-86
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SPS and later LHC for heavy ions
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A picture to remember: Hadrons in Collision,
Tucson 1988 - Arguably a first meeting with Heavy Ion Data

Do you know anyone seen in this family picture?
Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 23/86
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A new ‘large’collider is build at BNL: 1984-2001/operating today
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press.web.cern.ch/press-releases/2000/02/new-state-matter-created-cern
Preeminent signature: Strange antibaryon enhancement

See:From Strangeness Enhancement to Quark-Gluon Plasma Discovery
arXiv 1708.0811 P Koch, B Müller, J Rafelski
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9AM, 18 April 2005; US – RHIC announces QGP
Press conference APS Spring Meeting

Preeminent feature: matter flow at quantum limit

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 26/86
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Current interest: Exploration of the QGP phase
diagram
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Fireball & Strange Particle Production

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 28/86
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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: 270 vs 240 today

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 29/86
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EXPERIMENT: LOOK AT PARTICLE YIELDS AS

FUNCTION OF y (p⊥-INTEGRATED SPECTRA)
Particle yields allow exploration of the source bulk properties in the
co-moving frame – collective matter flow dynamics integrated out.
This avoids the dynamical mess:

One of our key interest in the bulk thermal properties of the source
evaluated independent from complex transverse dynamics is the
reason to analyze fully integrated spectra (also integrated in y).
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ABC of relativistic kinematics (c = 1)
E =

√
m2 +~p 2

⊥ + p2
L =

√
m2
⊥ + p2

L,

m⊥ =
√

m2 +~p 2
⊥,

pL ≡ m⊥ sinh y,→ E = m⊥ cosh y,

→ vL ≡
cpL

E
= c tanh y

y =
1
2

ln
(

1 + vL

1− vL

)
=

1
2

ln
(

E + pL

E − pL

)
= ln

(
E + pL

m⊥

)
; cosh y =

1√
1− v2

L

≡ γL, sinh y = γL vL

The longitudinal momentum pL of a particle depends in a nonlinear
way on the velocity. The rapidity y is additive under successive
Lorentz transformations along the same direction. With

cosh yc = γc, sinh yc = γc vc E′ = γc(E + vc pL), p′L = γc(pL + vc E).,

→ E′ = mT cosh(y + yc), p′L = mT sinh(y + yc).
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Non-identified particles and pseudo rapidity
Often we do not know what is the mass of the particle
observed. For relativistic particles E =

√
p2 + m2 → p, so often

the value of m will not matter. When m is ‘small’ we introduce
pseudo rapidity η:

p = p⊥ cosh η, pL = pT sinh η,

y(m→ 0)→ η =
1
2

ln
(

p + pL

p− pL

)
=

1
2

ln
(

1 + cos θ
1− cos θ

)
= ln

(
cot

θ

2

)
.

θ is the particle-emission angle relative to the beam axis. Thus
we obtain a remarkably simple way to measure pseudo rapidity
spectra when mass m can be neglected this is also the rapidity
y.
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Large stopping even in smallest CERN-SPS system
π− from pp

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 33/86
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RHIC-PHOBOS stopping experiment (no part. ID)
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Strangeness - a popular QGP diagnostic tool
EXPERIMENTAL REASONS
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(s̄s), Ξ(qss), Ξ(q̄s̄̄s), Ω(sss), Ω(̄s̄s̄s)

B: Production rates hence statistical significance is high
C: Strange hadrons are subject to a self analyzing decay within a few cm
from the point of production (more detail in⇓)
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Two-step strange hadron formation
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. P.
Koch, B. Muller, and J. Rafelski; Strangeness in Relativistic Heavy Ion
Collisions, Phys.Rept. 142 (1986) pp167-262
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Induces matter-antimatter symmetry
Initial symmetry of m⊥ spectra of (strange) baryons and antibaryons;
if present in i final state originating from baryon rich environment this
implies a negligible antibaryon annihilation, thus a nearly
free-streaming particle emission by a quark source

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 37/86
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Pb-Pb SPS collisions also show matter-antimatter
symmetry

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 38/86
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RHIC collisions also show matter-antimatter
symmetry...

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 39/86
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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 (see next).
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NA35 S-S SPS collisions: central excess of
Antilambdas

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 41/86
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NA49 Pb-Pb SPS confirmation Λ/p̄ > 1 (1980
prediction)

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 42/86
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Strangeness pair enhancement (1980 prediction)

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 43/86
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Evidence for a threshold: Marek’s horn in baryon rich
matter

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 44/86
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Note Ξ(ssq)/φ(ss̄) constant!!

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 45/86
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JR-Prediction: 1980-86 confirmed by experimental
results: Particle yields=integrated spectra

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 46/86



Convergence of Ideas QGP Discovery Experiments on Strange Particles SHadronization of QGP Theory of strangeness signatures of QGP

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 47/86



Convergence of Ideas QGP Discovery Experiments on Strange Particles SHadronization of QGP Theory of strangeness signatures of QGP

Note Ξ(ssq) from Alice 2014 needs attention

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 48/86
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The horn and chemical nonequilibrium

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 49/86
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Reminder: When and how did we discover QGP?

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 50/86
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Statistical Hadronization of Strangness Rich QGP

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 51/86
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Chemical potential tutorial

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 52/86
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Chemical reactions involving quarks

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 53/86
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STATISTICAL HADRONIZATION MODEL (SHM)
Very strong interactions: equal hadron production strength irrespective of
produced hadron type particle yields depending only on the available phase
space
I 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

I 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

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

Our interest in the bulk thermal properties of the source evaluated independent
from complex transverse dynamics is the reason to analyze integrated spectra.

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 54/86
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Sudden hadronization context

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 55/86
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STANDARDIZED PROGRAM TO FIT SHM
PARAMETERS

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 57/86
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Data analysis 2003-2008 as a function of
√

sNN and A

Left: Energy dependence; Right: Centrality dependence
Interest in (thermal) energy cost of strangeness pair E/s as it
should show appearance of a more effective strangeness
production reaction mechanism.
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Statistical Hadronization Model Interpretation (SHM)
equal hadron production strength SPS, RHIC, LHC ⇓ bulk
yield depending on available phase space
Example data from LHC⇓

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 62/86
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SHM fits LHC Pb-Pb 2.76 TeV data; γq 6= 1

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 63/86
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SHM fit Quality LHC Pb-Pb 2.76 TeV data

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 64/86
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SHM fit: is γq 6= 1? LHC Pb-Pb 2.76 TeV data

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 65/86
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SHM fit: RHIC-LHC parameter comparison

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 66/86
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Strangeness at LHC grows faster compared to RHIC
as function of A

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 67/86
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Universality of Hadronization Condition:
Bulk intensive properties

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 68/86
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Volume only quantity to change comparing QGP
production at RHIC and LHC

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 69/86
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Universality requires chemical nonequilibrium γq 6= 1

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 70/86
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Consistency of SHM models with Lattice-QCD

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 71/86
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Theory of strangeness signatures of QGP

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 72/86
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By 1980: SBM⇒ Quark-Gluon Plasma
HI collisions+strangeness
JR & Michael Danos of NIST
JR & Rolf Hagedorn of CERN

PLB 97 pp.279-282 (1980)
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The idea of 1980 in detail:CERN-TH-2969 of October 1980; Published

in “Statistical Mechanics of Quarks and Hadrons”, H. Satz, editor,

Elsevier 1981; Also other conferences 1980 incl Quark Matter I

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 74/86
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Fledgling strangeness signature 1980:
ratio of s̄/q̄ in Λ/p̄ triggers immediate interest!

In Statistical mechanics of quarks and hadrons proceedings of Bielefeld,
August 24-31, 1980 picked up by Marek Gaździcki in Dubna.
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THEORETICAL CONSIDERATION within QCD followed
A: 1982 JR-Müller 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.

C: Expect as noted in 1980: s̄ > q̄ → strange antibaryon
enhancement and (anti)hyperon dominance of (anti)baryons
growing with strangeness contents Make hadronization models
Effect preeminent for SPS since baryochemical potential large
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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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Thermal averages

Johann Rafelski, October, 2017, JR Group Tutorial SHM AND Strangeness Signature of QGP 78/86



Convergence of Ideas QGP Discovery Experiments on Strange Particles SHadronization of QGP Theory of strangeness signatures of QGP

Strangeness relaxation to chemical equilibrium
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EVALUATION OF PARTICLE ABUNDANCES: V , Υ AND T
I Obtained from integral of the distribution over phase space

〈N〉 = gV
∫

d3p
(2π)3 n; n (ε; T,Υ) =

1
Υ−1e ε/T ± 1

〈N〉 =
gVT3

2π2

∞∑
n=1

(±1)n−1(Υ)n

n3

(nm
T

)2
K2

(nm
T

)
Υ ≤ em/T

I Particle properties: degeneracy g (e.g. spin = (2J + 1)),
and Hadron mass m
Fireball properties

I Overall normalization V (also dV/dy
I Ambient temperature T
I Fugacity Υ = γ eµ/T where phase space occupancy=γ(t),

chemical potential µ. Distinct according to ”Absolute” and
”Relative” chemical equilibrium.
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Interest in strangeness/entropy(=4×particle multiplicity)

s/S: both s and S 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
.
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Strangeness / Entropy: QGP-HG comparison in
chemical equilibrium
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Summary: Strangeness Deconfinement Signatures
A:TOTAL Strangeness: normalized with another conserved yield:

s strangeness/ S entropy s/b baryon # when b measured

depend primarily on initial conditions and evolution dynamics
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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Summary
I 50 years ago abundant particle production in pp reactions prompted

Hagedorn to propose exponential mass spectrum of hadrons and he
introduced slope parameter TH; soon after recognized as the critical
temperature at which matter surrounding us dissolves into primordial
new phase of matter made of quarks and gluons – QGP. Mass
spectrum of strange hadrons impacts the value of TH .

I 35 years ago we proposed to recreate a new primordial phase of matter
smashing heaviest nuclei and developed laboratory observables of this
quark-gluon phase of matter: cooking strange quark flavor in the QGP
fireball.

I Global effort to discover QGP - followed. 10-15 years ago CERN and
BNL Laboratories announced the discovery of new phase, the QGP.

I Today: We understand the properties of QGP. Among key results is the
universal hadronization behavior of the QGP formed in vastly different
environments of SPS, RHIC, LHC.
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