
Intro Strangeness Experiments First Results Press Releases News QGP Properties ExtraSlides

Strangeness from Quark-Gluon Plasma
Presented at ODU Physics Colloquium, Sept. 19, 2017

Quark-Gluon Plasma filled the early Universe in first 20 microseconds. It has
been recreated in experiments carried out colliding atomic nuclei. The energy
threshold for the formation of quark-deconfined state is near 3.5 GeV per
nucleon-CM. This is allowing exploration of QGP properties. The
experimental challenge is fireball explosion requiring recognition of
characteristic signatures operating at sub-nuclear time scale. An in-depth
discussion of the strangeness observable, including a survey of the past and
ongoing experimental effort at CERN-SPS, BNL-RHIC, and CERN-LHC will
show how we know QGP was formed and how a measurement of physical
properties of QGP is achieved..
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We will be talking about creation of (anti)matter from energy

CREDITS: Results obtained in collaboration with:
Long ago: Berndt Müller, Peter Koch,

and
Jeremiah Birrell, Inga Kuznetsowa, Michal Petran, Giorgio Torrieri
Former Graduate Students at The University of Arizona

Johann Rafelski, Arizona, Strangeness from Quark-Gluon Plasma 2/50



Intro Strangeness Experiments First Results Press Releases News QGP Properties ExtraSlides

Vocabulary: RHI; BNL; RHIC; CERN; LHC; SPS;...

I RHI: Relativistic Heavy Ion Collision(s)
heavy ions = atomic nuclei

I BNL: Brookhaven National Laboratory, Long Island, NY
I RHIC = RHI Collider, at BNL
I LHC: Large Hadron Collider (25 × higher energy).
I CERN: Laboratory in Geneva, Switzerland - home of

European particle physics with strong nuclear physics
presence. Acronym from French precursor organization

I SPS: Super Proton Synchrotron at CERN, in early 70’s top
accelerator in the world. converted to Spp̄S
proton-antiproton collider where in ’80s W, Z mesons were
discovered, today the injector of the LHC with protons and
RHI, still used as RHI stand alone beam source
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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 today:
1. Convergence of 1964/65 ideas and discoveries:

understanding back to 10 ns our Universe
2. Roots of QGP: from Hagedorn TH → Big Bang; to
3. QGP in Laboratory & Discovery
4. Strangeness in QGP: ideas and results
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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

Johann Rafelski, Arizona, Strangeness from Quark-Gluon Plasma 7/50



Intro Strangeness Experiments First Results Press Releases News QGP Properties ExtraSlides

Hagedorn Temperature TH

Singular point of partition function

J.R. and R. Hagedorn: Thermodynamics of Hot Nuclear Matter in the
Statistical Bootstrap Model 1979, in Hagedorn memorial volume.
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Fit experimental mass spectrum
ρ(m) = cem/TH /(m2

0 + m2)a/2

The understanding of critical temperature TH' 140–160 MeV
depends on precise knowledge of the mass spectrum shape at
moderate masses.
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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
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Can we make a fireball of hadron 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
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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.
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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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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 Rafelski-Müller PRL48 (1982) 1066 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 with size of collision system

C: Often as noted in 1980: s̄ > q̄ → strange antibaryon
enhancement and (anti)hyperon dominance of (anti)baryons
growing with strangeness contents Effect preeminent for SPS since
baryochemical potential large
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Strangeness 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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A model of 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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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 first meeting September 1988 with RHI data

“Hadronic Matter in Collision,” Tucson, September 1988 – in the picture Wit
B., Marek G.,Roy G., Walter G., Hans G., Berndt M., Stanislaw M., Emanuele
Q., Chris Q., JR, Gena Z., . . . and some who are in our memory: Mike D.,
Walter G., Maurice J., Leon VanH, . . . .
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A new ‘large’collider is build at BNL: 1984-2001/operating today
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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=

1p
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).

Use of y allows exploration of the source bulk properties in the
co-moving fireball frame
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Study particle yields for a given y calling this ‘central’=CM
domain. Explore collisions as function of centrality=impact
parameter as seen in picture

We can study integrated particle y, p⊥ spectra: when integrated
in p⊥ this is dN/dy and when also integrated in y this is Ni

multiplicity of produced i-particles. Ni is independent from flow
of matter. Allows to study bulk thermal properties of the source
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Preproduced quark combination implies matter-antimatter ‘symmetry’
Initial symmetry of m⊥ spectra of (strange) baryons and antibaryons;
if present in final state originating from baryon rich environment this
implies a negligible antibaryon annihilation, thus a nearly
free-streaming particle emission by a quark source
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Pb-Pb SPS collisions also show matter-antimatter
symmetry

Johann Rafelski, Arizona, Strangeness from Quark-Gluon Plasma 25/50



Intro Strangeness Experiments First Results Press Releases News QGP Properties ExtraSlides

WA97 SPS Antihyperons: The largest observed QGP
medium effect

Enhancement GROWS with a) strangeness b) antiquark content as
predicted. Enhancement is defined with respect to yield in p–Be
collisions, scaled up with the number of ‘wounded’ nucleons.
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NA35-SPS: S-S predicted central excess of
Antilambdas
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Λ/p̄ > 1 (1980 prediction)
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Strangeness pair enhancement (1980 prediction)
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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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RHIC collisions also show matter-antimatter symmetry
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9AM, 18 April 2005; US – RHIC announces QGP
Press conference APS Spring Meeting

Emphasis on matter flow at quantum limit
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AFTER: Energy threshold: horn in baryon rich matter
Marek Gaździcki
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Note Ξ(ssq)/φ(ss̄) constant: competing models killed
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LHC Alice antibaryon yields enhanced as a function of
participants
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. . . and as a function of multiplicity
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Note Ξ(ssq) from Alice 2014 needs attention
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NEW OBJECTIVE: Precision analysis of data

Model relies on:
I Matter-antimatter symmetry implies hadrons emitted

directly in breakup of QGP fireball into abundance stable
final states.

I Yields are characterized by phase space an not interaction
strength which is always at maximum unitarity limit.

I Thermal nature of particle spectra implies that hadrons are
born from a source (QGP) that is in kinetic equilibrium but
for heavy quarks can deviate from abundance equilibrium.

We will study particle abundances. Thus our model parameters
are: Volume V, abundance (chemical) freezeout temperature T,
‘chemical ’ potentials for each particle.
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AVERAGE PER COLLISION YIELD OF HADRON i
I Obtained from integral of the distribution over phase space

〈Ni〉 = giV
∫

d3p
(2π)3 ni; ni (εi; T,Υi) =

1
Υi
−1e εi/T ± 1

〈Ni〉 =
giVT3

2π2

∞∑
n=1

(±1)n−1(Υi)n

n3

(nmi

T

)2
K2

(nmi

T

)
I Degeneracy (spin), gi = (2J + 1)
I Hadron mass (experimental mass spectrum)
I Overall normalization
I Hadronization temperature
I Fugacity Υi (chemical factor, next slides)
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CHEMICAL POTENTIAL TUTORIAL: QUARK CHEMISTRY

I Chemical factor based on
constituent quark flavors

I Relative λ chemical
equilibrium controls
difference between quarks
and antiquarks of same
flavor q− q̄

I Absolute γ chemical
equilibrium controls
number of qq̄ pairs

FUGACITY Υ = γλ

I example: Λ(uds) (q = u, d)
ΥΛ(uds) = γ2

qγs λ
2
qλs

ΥΛ(ūd̄s̄) = γ2
qγs λ

−2
q λ−1

s

q
−
q q

−
q

γ λ
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Chemical reactions involving quarks
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STANDARDIZED PROGRAM TO FIT MODEL PARAMETERS
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AGS,SPS,RHIC bulk properties⇒
⇓Fit to ALICE data⇓
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Universality of Hadronization Condition:
Bulk intensive properties
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Volume main quantity to change comparing QGP
production at RHIC and LHC
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Strangeness at LHC grows faster compared to RHIC as function of

participant number Npart and cost in thermal energy of making

strangeness decreases faster QGP value
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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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Consistency of SHM models with Lattice-QCD
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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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QGP discovered/confirmed by 1996: Λ/p̄
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EXTRA:Strangeness relaxation to chemical equilibrium

Johann Rafelski, Arizona, Strangeness from Quark-Gluon Plasma 52/50



Intro Strangeness Experiments First Results Press Releases News QGP Properties ExtraSlides

EXTRA:Strangeness / Entropy
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EXTRA:Fits 2003-2008 as a function of
√

sNN and A

Energy threshold of QGP formation

Interest in energy cost of strangeness pair E/s as it may show
change in reaction mechanism.
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EXTRA:Two phases: s/S difference of equilibrium condition
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EXTRA:Strangeness as Deconfinement Signatures

A: TOTAL Strangeness YIELD: s strangeness/ S entropy

depends 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

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

over population controls ENTROPY enhancement
C: STRANGENESS MOBILITY IN QGP implies
s–s̄ phase space symmetry, relevant in baryon rich (SPS, RHIC)
environment; imprinted on hadron abundances at
hadronization.
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EXTRA: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.
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EXTRA: The horn and chemical nonequilibrium
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