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Objective of Lecture |

1. RECREATE THE EARLY UNIVERSE IN LABORATORY:
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.
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Convergence of Ideas

50 years ago 1964/65: Coincident Beginning

» Quarks + Higgs — Standard Model of Particle Physics

» 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

Roots of QGP: from Hagedorn Ty — Big Bang; to
QGP on Laboratory & Discovery

Strangeness in QGP: a sample of ideas and results
A short outlook

2.
3.
4.
5.
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Convergence of Ideas

1964: Quarks + Higgs — Standard Model
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A schematic model of
baryons and mesons
M. Gell-Mann

California Institute of Technalogy,
Pasadena, California, USA
Received 4 January 1964,

Physics Letters

Volume 8, Issue 3,
1 February 1964, Pages 214215

Nearly 50 years atter its prediction, particle physicists
have finally captured the Higgs boson. M ass

o Broken Symmetries and the Broken Symmetry and the
it o E W Masses of Gauge Bosons

Mass of Gauge Vector Mesons
F. Englert and R. Brout

Phys. Rev. Lett. 13,508 (1964)  Phys. Rev. Lett. 13,321 (1964)
Fublished Octcber 19, 1964

Published August 31, 1964
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Convergence of Ideas

Hagedorn Temperature October 1964 in press:

Hagedorn Spectrum January 1965 = March 1966
WU AREE

25 Junuary 1965
CM-PO00ST 114 s
&
STATISTICAL THERMODYNAMICS OF STROING. [ONS AT HIGH ENERGIES o
IS
&
s
R. Hagodorn &
s <=263x10“ [Mev¥2)
e mg=500 [MeV]
To=160 [Mev]

In this statistical-thermodynarical approach to strong inter-
sctions at high enexgies it ir asoumed that higier and higher ye-
onences of strongly interscting perticles occur and take part in
the thermodynanics as if they were warticles, For m—y o these
objects axe elves very similar to those which shall be des-
crived by this thermodynarics, Expressed
y

p

in a slogan

s descrive
of fire-balla, which
consist of fire-balls, which nis principle, which could be
called Masymptotic bootstrap®,Leads to & cy zequire-
nent for the asymptotic fom of the mass spectrum. The equation
following from this requirement has only a solubion if the mass |
spectrun grows exponeatially:

10g 0 [gtm) 1N MevT]

S

S SLANUARY 1967(1432 STATES)

~ JAPRIL1966 (971 STATES)
OCTOBER 1964 (809 STATES

T, is a remarkable quantity: the pertition function corresponding
to the above o(m) diverges for T-—»To. T is therefore the
higheat possible temperature for strong intersctions. It showld -
via o Maxvell-Boltzmann aw - govers the transversal momentum dis-
tribution in sll high energy collisions of hadrons (including e.ms
forn factors, etc.). There is exporinentsl evidence for that, and
then T, is sbout 158 He¥ (% 10'2 OK). With this value of To .
the asymptotic mass spectrun of our theory has a good chance to be
don of the experimentally knows spectrun.

A PARTICLE OR RESONANCE IS COUNTED
WITH ITS STATISTICAL WEIGHT 2Z=(2Js1)( 21 +1)s2%
e e pannce s |

OIF PARTICLE - ANTIPARTICLE
AND THEN REPRESENTED BY A GAUSS
FUNCTION NORMALIZED TO Z WITH WIDTH
200 Mev.

the correct extrapol ST S WU W
2 & 0 400 800 1200 1600 2000 2400
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Convergence of Ideas

What is the Statistical Bootstrap Model (SBM)?

arbitrary volume natural volume

A volume comprising a gas of fireballs compressed to
natural volume is itself again a fireball.

T(m?)dm? = p(m)dm  p(m) cx m™" exp(m/Th).
Exponential Mass Spectrum

We search and discover new particle
checking this extreme idea
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Convergence of Ideas

by 1967 — Hagedorn’s SBM: Statistical Bootstrap Model
‘the’ initial singular Hot Big-Bang theory

Actes de la Societe Helvetique des Sciences Naturelles.
Partie scientifique et administrative 148 (1968) 51
Persistenter Link: http:/fdx.doi.org/10.516%/seals-90676

Sicdende Urmaterie
R. Hacepory, CERN (Genéve)

Wenn auch niemand dabei
war, als das Universurn entstand, so erlauben uns doch unsere heutigen
Kenninisse der Atom-, Kern- und Elementarteilchenphysik, verbunden
mit der Arnahme, dass die Naturgeselze unwandelbar sind, Modelle zu
konstruicren, dic mchr und mehr auf mégliche Beschreibungen der An-
finge unserer Welt zustevern.

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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Convergence of Ideas

Hagedorn Temperature Ty
Singular point of partition function

p a P n € de/e Cy = de/dr
:,u t(pRle Bertdtp " Tl AT
Inserting 1 = [ &(m* —p* ydmr? 1 C/AT? C+CATY™ | /AT
Ireplacing T(m® )dm’ by pr (m)dm 32 || C/ar C/ar c cjar?
veT i : z C/aTY® cyari/? C/ATH? C+CAr'™ | cyars?
Zi(B, V) 3 /{'“"’“’”“’3“”&"”" - sz | cingaar) | cinmosar) c c/aT?
3 Py—CAT2 | my—CATY2 cjarle C/ATIA
72 | m—car iy —CAT £ AT C/AT
4 M—CATY? | my—CATY? | g —CATYZ | /AT C/AT 2

energy density diverges for a < 7 /2. Thus only for a < 7 /2 can we expect Ty
a maximum temperature
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Convergence of Ideas

Experimental mass spectrum defines 7y

p(m) [GeV-1]

50—

L " L L L " L L L 1 1 L it 1
0 1 2 o

m [GeV] a (Power of M-t)
To fix Ty in a limited range of mass need prescribe value of a
obtained from SBM. In 1978 we noted that at 7y sound velocity
vanishes. This creates another way of fixing 7Ty both in
experiment and in lattice QCD and when this is done, the
critical power « is also determined.
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Convergence of Ideas

Melting Hadrons, Boiling Quarks: From
Hagedorn Temperature to Ultra-Relativistic
Heavy-lon Collisions at GERN. With a
Tribute to Rolf Hagedorn

By Johann Rafelski (ed.)

Springer

The statistical bootstrap model (SBM), the
exponential rise of the hadron spectrum, and
the existence of a limiting temperature as
the ultimate indicator for the end of ordinary
hadron physies, will always be associated
with the name of Rolf Hagedorn. He showed
that hadron physics contains its own limit,
and we know today that this limit signals
quark deconfinement and the start of a new
regime of strong-interaction physics.

This book is edited by Johann Rafelski,
who was a long-time collaborator with
Hagedorn and tock part in many of the
early conceptual developments of the
SBM. It may perhaps be best characterised
by pointing out what it is not. It is not a
collection of review articles on the physics
of the SBM and related topics, which could
be given to newcomers as an introduction
to the field. It is not a collection of reprints
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Johann Rafelski Editor

Melting adrons,
Boiling Quarks

From Hagedorn Temperature
to Ultra-Relativistic Heavy-lon
Collisions at CERN

With a Tribute to Rolf Hagedorn

CERN Courier June 2016
relativistic heavy-ion programme at
CERN that took place in the early 1980s
It starts with his thoughts about a possible
programme of this kind, presented at the
workshop on future relativistic heavy-ion
experiments, held at the Gesellschaft
fuer Schwerionenforschung (GSI). It also
includes the draft minutes of the 1982
CLRN SPC meeting, and some early works
on strangeness production as an indicator
for quark—gluon plasma formation. as put
forward after many years by Rafelski

The book 1s undoubtedly an ideal
companion to all those who wish to recall
the birth of one of the main areas of today’s
concepts in high-energy physics. and it is
definitely a well-deserved credit to one of
the great pioneers in their development.
® FithjofKarsch, Biclofeld University, Germany.

Bookshelf




Convergence of I[deas Heavy lon Experiments

My expertise:
Cooking strange
quarks — strange
antibaryons etc

QGP Discovery Announced Theory of strangeness signatures of QGP Hadroniza

[he European Physical Journal volume 51 - number 9 - september - 2015

A Hadrons and Nuclei

Recognized by European Physical Society

From: Melting hadrons, boiling quarks
by Johann Rafelski

APS car sticker from period

PHYSICISTS have ) e
sTRANGE QUARKS S’ &\ Springer
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Convergence of Ideas

Birth of QGP/RHI formation: CERN theory division 1977-80

>

Cold quark matter in diverse formats from day 1: 1965
D.D. lvanenko and D.F. Kurdgelaidze, Astrophysics 1, 147 (1965)
Hypothesis concerning quark stars

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

Formation of quark matter in RHI collisions: 1978
conference talks by Rafelski-Hagedorn (CERN)
unpublished document (MIT web page) Chapline-Kerman

Hot interacting QCD QGP: 1979 (first complete eval!)

J. Kapusta, Nucl. Phys. B 148, 461 (1979)QCD at high temperature
Formation of QGP in RHI collisions 1979-80

CERN Theory Division talks etc Hagedorn, Kapusta, Rafelski, Shuryak
Experimental signature:

Strangeness and Strange antibaryons 1980

Rafelski (with Danos, Hagedorn, Koch (grad student), Mdiller
Statistical materialization model (SHM) of QGP: 1982
Rafelski (with Hagedorn, Koch(grad student), Mdller
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Convergence of Ideas

QGP has fleeting presence in laboratory

We need to Diagnosis and Study QG properties at 10> s scale
Diletpons and photons 1970’s: ‘weakly’ coupled probes: access
to early staged masked by abundant secondary production.

J /U 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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Convergence of Ideas

CERN RHI experimental SPS program is born
1980-86

dimuons
2004
In hadrons NAGO
" dielectrons
multistrange T
2000
photons
Pb strangelets NA49 hadrons NA50 hadrons
NA52 CERES WAQ8
1994
[ | Nas aimiors | I
1992 hadrons
s T Helios-3 WAQ3
NA3S NA38
NA36
o N Helios-2 WA80
1986

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia




Convergence of Ideas

SPS and later LHC for heav

; F:AHCE =)
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Convergence of [deas Heavy lon Experiments QGP Discovery Announced Theory of strangeness signatures of QGP Hadroniza

A picture to remember: Hadrons in Collision,
Tucson 1988 - Arguably a first meeting with Heavy lon Data

il

Do you know anyone seen in this family picture?
Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia 17/77




Convergence of Ideas

A new ‘large’collider is build at BNL: 1984-2001/operating today

The Relativistic Heavy lon Collider (RHIC)
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Heavy lon Experiments

First question; is there a fireball of matter?
Two extreme views on stopping in RHI collisions

Fly-through full stopping

[PHYSICAL REVIEW D VOLUME 22, NUMBER 11 1 DECEMBER 1980

Central collisions between heavy nuclei at extremely high energies: The fragmentation region

R. Anishetts®
Phyics Deparment, Universiy of Washingion, Seatil, Weshington 98195

P. Koshler and L. McLerranf

Stanford Linear Accelerator Center, Stanfard University, Sunford, Callfornia #4305 -
Received 11 August 1930] Volume 97B, number 1 PHYSICS LETTERS 17 November 1980

‘We discuss central collsions between heavy nuslei of equal baryon numker at extiemely high encrgies, We make 3 HOT HADRONIC MATTER AND NUCLEAR COLLISIONS *

crude estimaticn of the energy d:posited i the fragmentation regions of the iclel. We argue that the

fragmentation-tcgion fragments thermalize, 1ad two hot fircbalks are formed. These firchalls would have rapiditics J. RAFELSKI'!
close to the raditics of <he onginal Aucles, We discuss the posible formation of ot, dense quark plasmas in tie . E
firebalis. R. HAGEDORN

CERN, Geneva, Switzerland

The fragmentation reglons of the muclel repreSent  CERN, Geneva, Switzerland and Institut fiir Theoretische Physik der Universitdt,

The collisions of very-high-onergy miclei are  an area of phase space where new phencrena might

likely to b the sublect of intense experimental oceur. “Fragmentation rogior” refers o the re= D-6000 Frankfurt a/M, Fed. Rep. Germany
investigation in the next few years, gion of phase space of particles where the particles
1 inal ni 1 ‘to that of the
W shall discuss the theory of such collisions 1n  "1¢ longitudinal momentum close fo that of the Received 22 August 1980

thie papar. Ve Shull coneeticate on deseript original meleus projectile or target. In the freg-
is paper. We entrate ibing mentation region, the mclens fragments and in- we develop a description of hadronic matter with parti cular emphasis on hot nuclear matter as created

central collisions between ruclei of equal baryon ” "
clastically produced particles might form a hot, in relativistic heavy ion collisions. We apply our theory to calculat of hadronic fireball
number. donze fireonll Wo shall soon sco that this forma- vy sions pply our theory to calculate temperatures ands ronic fireballs.

Two opposite views: SPIRES 262 and 231 citations today.
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Heavy lon Experiments

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:
i

Participants

befora collision alter celision
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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Heavy lon Experiments

ABC of relativistic klnematlcs (c =1)

\/m? 4+ P14 pp = \/mi +pi,
m; = \/m2+ﬁi’

pr = mysinhy,— E =m, coshy,

C
— VLE%:ctanhy

1 1 1 E E 1
y==In L/ —In tpL =In Etp ; coshy= —— =7,
2 I—v 2 \E-pL my 1—v?

The longitudinal momentum p,, 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

coshy, =, sinhy. =~.v. E =~(E+vepr), pp="(pL+VvE).,

— E' =mr cosh(y +y.), pp =mr sinh(y+y.).
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Heavy lon Experiments

Non-identified particles and pseudorapidity

Often we do not know what is the mass of the particle
observed. For relativistic particles E = /p? + m? — p, so often
the value of m will not matter. When m is ‘small’ we introduce
pseudorapidity 7:

p = picoshn, prL = prsinh7,

1 p+pL 1 1+ cosd 0
yim = 0) = 2 n(P—PL> 2 n<1—0059> n<00t2>
0 is the particle-emission angle relative to the beam axis. Thus

we obtain a remarkably simple way to measure pseudorapidity
spectra when mass m can be neglected this is also the rapidity

y.
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Heavy lon Experiments

Two views of full stopping (Fig 2a HR reflected)

200 S S B L M S e e

0.7

158 GeV/c
80 GeVic 850 =
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F 31 GeVlic| »
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0.4 20 GeVic| = o0 =5 ¢
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0.1
E 1 ! 1 |
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- | &l
-3 -2 -1 0 1 2 3 y
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Heavy lon Experiments

RHIC-PHOBOS stopping experiment (no part. ID)

Au+ Au ] cuscu
800 =
AN/ 00 - dN,/dn

200 GeV'

N

600)

200

B - Cu+Ci
6001— 150 P

srsrsengspnnn, AN/ ] dN,,/dn

dN,/dn | .
19.6 Gev | 100 dN_,/dn

300
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Heavy lon Experiments

Strangeness - a popular QGP diagnostic tool

EXPERIMENTAL REASONS
A: There are many strange particles allowing to study
different physics questions (¢ = u, d):

K(qgs), K(gs), K"(890), Alqqs), A(ggs), A(1520)

o(ss), Elgss), E(g5s), Q(sss), Q(55)
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 inJ})

Hadrons and Quark—Gluon Plasma

Series: Cambridge on Particle Physics,
Hadrons and Nuclear Physics and Cosmology (No. 18)
Quark—Gluon Plasma

AN LETESSIER
LAkt

Jean Letessier
Université de Paris Vil (Denis Diderot)

Johann Rafelski
SR S University of Arizona

Hardback (ISBN-13: 9780521385367 | ISBN-10:
0521385359) Also available in Paperback | Adobe eBook
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Heavy lon Experiments

Two-step strange hadron formation

% 1. GG — s5 (thermal gluons
collide)

— GG — cc (initial parton

collision)

gluon dominated reactions

2. hadronization of pre-formed
s, 5, ¢, ¢, b, b 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 lon
Collisions, Phys.Rept. 142 (1986) pp167-262
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Heavy lon Experiments

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

Discovered in S-induced m | slope universality
collisions, very pronounced
in Pb-Pb Interactions.

WAB5 200 A GeV/
- O T, =232 MeV

r . . T o6 .. o
Why is the slope of z 10 o
3 . = o o
baryons and antibaryons = _.'?(
! i & & T o
precisely the same? e e A
- £ ® s O
Why is the slope . o
‘-Ig 10 ., * n

of different particles in

EiF.

; g X
same m; range the same? = » P "
Analysis+Hypothesis 1991: S =\ a# R'
QGP quarks coalescing in 104 o
. . . [ [ hd
SU adronizatic
SUDDEN hadronization . 5 5 25 my [CeV]

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia



Heavy lon Experiments

Pb-Pb SPS collisions also show matter-antimatter
symmetry

WAOT [T Mev]| Fo 10 2
K 230 + 2 % 10
™ 280+ 3| O 1
™ 287 L 4 £ -1 — <10 A
= |26+ 9| S10 == <10 A
7= 284 + 17| =10 N =
000 = P B 3 =t
Q-2 | o 9 - =
T 251 £ 19 Elﬁ o .
_ — - y 1n-1 -
A within 1% of A 10 S 10,2 8+
-5 <102 Q2
1 0 | T T T T | T T T T ‘ T T T T | T T T
Kaon — hyperon difference: 1 2 3 4 5
EXPLOSIVE FLOW effect m, (GeV/c)
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Heavy lon Experiments

RHIC collisions also show matter-antimatter

symmetry.. [= = Spectra RHIC-STAR 130+130 A GeV]
ET T T T TEl T T " T '3

10 .
Sf 4
10°F -
[ ®00-10%] © [10-25%] (/5) m [25-75%] (/10)] ]
o 1
o u L 1 1 | L T | I | 1 | 1
! 0 1 2 0 1 2

m,- m (GeV/c?)
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Heavy lon Experiments

WA97 SPS Antihyperons: The largest observed QGP
medium effect

WA97 |
£ 10
E
@
£ )
£
a L
[ ] u
" L
1 B B _
h KA = A = 040
T T T T T T
0 1 2 1 2 3
Strangeness

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.

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia




Heavy lon Experiments

NA35 S-S SPS collisions: central excess of
Antilambdas
1.5

S+S = A+ X 10
Y. Foka

1 PhDThesis

R
AP
o

SPS-NA35II EXCESS A emitted from a localized source.

>
©
~N
C
©
0
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Heavy lon Experiments

NA49 Pb-Pb SPS confirmation A/p > 1 (1980

prediction) g -
Results of CERN NA49
M. Mitrovski, SQM2006
4+
| « NA49 (Pb+Pb)
v E859 (Si+Au)
3 4 E917 (Au+Au)
= l l AP mid-rapidity
‘ 1 i
1 ‘ t
2 10

20
Sy [GEV]
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Heavy lon Experiments

Strangeness pair enhancement (1980 prediction)

0.7

06 F

gl
0AE Acs
;“ F ,.\u,.\.l

: ﬁl d ! ”

« K'p
[ an'p
01fF app
Lrpp
: 0‘."9 1 1 1
0
1 0 10° 10’
Vs [GeV]
- . . . 2(s3)
Wréblewski ratio W = ———
(dd + uu)

only newly made s- and g-pairs are counted
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Heavy lon Experiments

Evidence for a threshold: Marek’s horn in baryon rich

matter
! +
I jﬁ‘* K'/m' (y=0) | K/n (y=0)
02f 4% - 02
L o ] L
) T
to Y ++ Y
L4 v L \
01 Jool -0l .
N fo Ph+Pb Au+Aupsp :. Pb+Pb Au+Aup+p
i [ [ @ SPSINAGLp-) .: @ SISINAGL ped
r I ' WORLDiprp. 1o 1 WORLD{prp, 47
[T A aGs A ACS
. R A B S
0 1AM il L |'w||[|\”CM|‘VICwHH wl 0 I !\ I el |YHJ:\HC“\MC\H Ll
1 10° |5 [Gev] 10° 1

10° {5y [GeV] 10*
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Heavy lon Experiments

Note =(ssq)/¢(ss) constant!!

+ M

25} 20x¢/K 1

2 A P T Vo o NI
/N 100x¢/1

1.5 | 1

1k T W]

20_/K/f x

0.5

I periph.«— centr.

LHC 2760

periph.«— centr.

RHIC 62

SPS 200

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia




Heavy lon Experiments

Prediction: 1980-86 confirmed by experimental

results: Particle yields=integrated spectra

Yield /{(N__ ) relative to pp/p-Be

-
o
T

part

Pb-Pb at \s, = 2.76 TeV

o
o

NAS7 Pb-Pb, p-Pb at 17.2 GeV

[] STAR Au-Au at 200 GeV/

-
; 1
Bt

NAS7 Pb-Pb, p-Pb at 17.2 GeV
[JA STARAu-Au at 200 GeV

10 10°
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Heavy lon Experiments

Ratio of yields to (m~+n7)

1072

il o

40

§ 0 6

0
2K}

lf.lrmm

A+A (x2)

Z4E (x6)

b P

Q" (x18)

ALICE

® pp.is=7TeV

¢ p-Pb.ys,, =5.02TeV
[ Pb-Pb, \5,,, =276 TeV

— PYTHIA8 -

Nature Physics 2017

Significant enhancement of strangeness with
multiplicity in high multiplicity pp events

pp behavior resamble p-Pb : both in term
of value of the ratio and shape

No evident dependence on cms energy:
strangeness production apparently driven
by final state rather than collision system or
energy

At high mult. pp ratio reaches values similar
to the one in Pb-Pb (when ratio saturates)

Models fail to riproduce data. Only DIPSY

gives a qualitative description.
10/7/2017

Alessandro Grelli

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia




Heavy lon Experiments

Note =(ssq) from Alice 2014 needs attention

5 V3.0 model
=156 MeV

ALICE Preliminary

ALICE p-Pb {5, = 5.02 TeV
PLB 728 (2014) 25-38
Pb-Pb y5,, = 2.76 TeV

PRC 88, 044910 (2013)

TTT T T T[T I TTTT]
cec b b b B B n B By

2 MC predictions - pp 1s=7TeV Pb-Pb {5, = 5.02 TeV
—— PYTHIA8 Monash No CR Preliminary
PYTHIAB Monash With CR

1 ---- DIPSY Color Rapes L [Pp s =7TeY

E o EPOSLHC Nat. Phys. 13, 535-538 (2017)
ot 1 L] L] Ll

1 10 102 10°

dN_/d
( ch n>\m< 0.5

Ratio of pr-integrated yield to pions show compatibility

No evident energy dependence. Smooth trend among systems

hann Rafelski, July 26, 27, 28, 2017. iversidad de los Andes, Bogota, Columbia




QGP Discovery Announced

CERN press office
New State of Matter created at CERN

10 Feb 2000

At a special seminar on 10 February, spokespersons from the experiments on CERN* 's Heavy Ion
programme presented compelling evidence for the existence of a new state of matter in which quarks, instead
of being bound up into more complex particles such as protons and neutrons, are liberated to roam freely.

Preeminent signature: Strange antibaryon enhancement
press.web.cern.ch/press-releases/2000/02/new-state-matter-created-cern

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia




QGP Discovery Announced

9AM, 18 April 2005; US — RHIC announces QGP
Press conference APS Spring Meeting

Preeminent property: non-viscous flow

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia 40/77



QGP Discovery Announced

When and how did we discover QGP?

CERN press office o0 . . . - - -
B At the April 2005 meeting of the American Physical Society. held in Tampa, Florida a press conference took
New State of Matter created at CERN place on Monday, April 18, 9:00 local time. The publicannouncement of this event was made April 4, 2005:

ing new interpreta-

EVIDENCE FOR A NEW TYPE OF NUCLEAR consolidated, surprising,
MATTER At the Relativistic Heavy lon Collider ~ tion of their data. 2
(RHIC) at Brookhaven National Lab (BNL), two - i

beams of gold atoms are smashed together, the goal
being to recreate the conditions thought to have
prevailed in the universe only a few microseconds
after the big bang, so that novel forms of nuclear .
matter can be studied. At this press conference, ~and implications will be: Praveen Chaudhari, Di-
RHIC scientists will sum up all they have learned  rector, Brookhaven National Laboratory: represen-
from several years of observing the worlds most  tatives of the four experimental collaborations at
energetic collisions of atomic nuclei. The four ex-  the Relativistic Heavy Ion Collider; and several the-
perimental groups operating at RHIC will present ~ oretical physicists.

Hunting the Quark Gluon Plasma

RESULTS FROM THE FIRST 3 YEARS AT RHIC

dimuons

| 2004
In hadrons NA60 April 18,2008

dielectrons
multistrange T
2000
NAS7 hot
|Pb - NA49 o
strangelets hadrons NAS50 hadrons
Bic P

WA97 NA52 CERES WA98

1994
I NA44 dimuons I
1992 hadrons
s WA94 Helios-3 WA93
NA35 NA38 PRTENIX At
NA36
° WA85 Helios-2 WA80

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia



Theory of strangeness signatures of QGP

By 1980: SBM =- Quark-Gluon Plasma
HI collisions+strangeness

JR & Michael Danos of NIST
JR & Rolf Hagedorn of CERN

Volume 978, nurmter 2 PHYSICS LLTTERS 1 Decentber 1980
‘THE IMPORTANCE OF THE REACTION VOLUME IN HADRONIC COLLISIONS

Johann RAFELSKI

Dnstvu fir Theoretische Physik der Universitir, D-6000 FrankfurtMain, West G

and

Michzel DANOS

Naiional Burecu of Standerds, Washingion, DC 20234, USA

Received 10 Ociober 1980

“The pais production in the thermocyraric model is show to depend sensiively an the (hadronio) seaction volume,
ien in nuclevs. o

We consider particle production in the frame of the.
thermodynanic description (1] 2nd explore the phys-
ical consaquences arising from the conservation of
quantum numbers which are conserved exacily during
the strong interaction. An example treated fhere is the
direct and associated praduction of sirange particles.

Nationa! Buseau of Standards
ported n part by Deutsche Forschungigemeinschaft

“The motivation for this study is the recent interest
in high energy nucleus -nucleus (N-N) collisons. The
main difference fror the p-p scattering ariscs from
the possibility of large reaction volumina. We will show
that particle multiplicities can depend sensitizely on
the size of the reaction volume. Specifically, the pro-
duction of heavy flavors (strangeness, etc.) is sgnifi
cantly enhanced.

PLB 97 pp.279-282 (1980)

FROM KADRON GAS T QUZRK MATTER 11

J. Rafelski

Institut fur Theorstische Physik
der Universitit Frankfurt

R. Hagedorn
CIRN-=Ceneva

cescribe a quark-gluon plasma
Wecescritead © oircident with

the bootstrap critical curve foind in the first
lecture. We therefore argue that thess poss-
ibly coinciding critical curves separate two
phases in which strongly interacting matter can
exisi: 2 hedronic phase ond a quarc-gluon
plasma paase, There is a finite region of co-
existence between these two phases, which is
determinsd by the usual Maxwell comstracticn.
Having thus joined the two models along their
possibly common critical curves, we try to ccn-
front oue model with experiments on  ralative
isbic heavy ion collisions,

signzture of the
quark-gluon phase surviving hadronization is
suggested.

") Invited ‘ecture presented ty J.R. at the "In-
ternational Symposium on Statissical Mechanics
of Cuarks and Hadrons" Universidy of Biele-
feld, Germany, August 198C.

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia

and Ref.TH.2969-CERN
13 dctoter 1980



Theory of strangeness signatures of QGP

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 |

is, a5 siven by Ba. (3), uy = w3 This &x-
In o

o5 the 4§ pair production as only for energies higher than
sneter, an .

3 there s large number of

tes availsble Tor the 4.
baa, in prine

5) provided ssveral auch thermonster:
We would like to pasat ke

leptona
end heavy
quis

What we i

end 1o show L3 that there are many nore 5 quarks bhan antiquarks

laveur. Indeed:
M
)1K1 (%‘]e /31‘ .

P— 22
aree colours] : The function xK-(x) dg, for exam

e to & particular
uniguely characteristic of quark mstter; first we note that,
temperature, the quErk-gluon plasma will contain en egual maber of
quarks snd antistrange {3

() quarks, nsturally as: that the hedron
eh too short to allos for light Clavaur

he quark plasia, we

ness. Thus, assuning equilibrium
density of the sirange QUErks 1o be (two gpins and

3.5 and 2, it varies betusen than

ks p+ 0 there are about as

s 3 quarks and, 1n nany cases of
z [— )

(261 reny G and § quarks as &

WMhen the quark matter dissociates inte hadrons, sems of the mune:
for the time belng, the perturbative cors

ons and, of course

&ys). 43 the mass of th

" N instead of being bound in & gi Kson, enter into a (333) antidaryo
renge guarke, m,, in the perturbative . o

s e v, a % or % The probavility for this process seens to be compa:
o the similar one for the production af

n is bolieved to be of the order of 280-300 Mel, the assum

ion of equil-
In Bq. [26) we were able to use the tr the 1 . senn. hy abo s

n the plasma. What ls partieularly moteworthy about the 3 carrying antibaryons
ity of strangeness is relatively low, Sim- 7 T
13 That they can Galy be prodiced

nucleons by the antiquar
2 nay indesd be correct

a N dhrect pair prodiction rea
k density (3 stands for either @ or pale o

Up to about
3.5 Ge¥ this process

trongly suppreszed by the en

. 1 entun con=
servation and because for free p-p collisions

o
‘thus would like to argue that a study of the
0T 16 ® §
T = could shed Light on the early stages of thé nuclear cellisions
4 T e e

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia




Theory of strangeness signatures of QGP

THEORETICAL CONSIDERATIONS

A: production of strangeness dominated by gluon fusion
1982 Rafelski-Miller PRL, strangeness linked to

gluons from QGP; - :( \:{(
' @ s

B:coincidence of scales:
=T} {7 = rar] -

strangeness a clock for reaction

C: Often — strange antibaryon enhancement and
(anti)hyperon dominance of (anti)baryons.

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia




Heavy lon Experiments QGP Disc

Strangeness as Deconfinement Signatures

A: TOTAL Strangeness YIELD: s strangeness/ S entropy

depends primarily on initial conditions and evolution a dynamics

B: Strangeness at QGP break-up:
izls QGP near chemical equilibrium?

T ) oo gy
ns(00, T(1)) | ogp

ii: For consistency we need also to consider

over population controls ENTROPY enhancemen

C: STRANGENESS MOBILITY IN QGP implies

s—s phase space symmetry, relevant in baryon rich (SPS, RHIC)
environment; imprinted on hadron abundances at
hadronization.

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia




Theory of strangeness signatures of QGP

Strangeness cross sections

(a)

g, O s ©
s
8
5 g
g B
q, (d) B
s
N
.
P -
’ s

q

The generic angle averaged cross sections for (heavy) Havor s, § production pro-

&+ 8§, are:

s+sand g+g

2ral 4m?  m! 7 31m?
Togss(s) = 7‘3—? {(1 + r:‘“ + r:;) tanh W (s) — (é—o— Sr:ﬁ) H’[:s)} ,

8ma?2 2m?
= (1+ T‘“)W(s}. W(s) = /1— 4m/s

cesses g + g

Tgg—ssls) = >7a
IE-

w]

QCD resummation: running e, and m, taken at the energy scale p = |

iversidad de los Andes, Bogota, Columbia

hann Rafelski, July 2




Theory of strangeness signatures of QGP

Is perturbative QCD appropriate for strangeness?
An essential prerequirement for the perturbative theory to be applicable in
domain of interest to us, is the relatively small experimental value
as(Mz) ~0.118 1

0.1 vl ol
0.1 1 10 100

u [GeV]

a® (1) as function of energy scale p for a variety of initial conditions. Solid
line: as(Mz) = 0.118 (experimental point, includes the error bar at . = Mz).

Had instead o (Mz) > 0.125 been measured in 1996 than our perturbative
strangeness production approach would have been in question.

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia




Theory of strangeness signatures of QGP

Thermal averages

Kinetic (momentum) equilibration is faster than chemical, use thermal particle
distributions f(p;,T) to obtain average rate:

[ dpy [ d*pociguiaf (51, T) fi, T)
J oy [ B f(B. T)f(02,T)

Invariant reaction rate in medium:

(o) T =

{ ) ! §9— S8
A% = 3p;li‘} (ov)7”

$5—g9.9q
7944

S = pgD)p(t)lov) T AYTIN = p (L) p(t) (ov)7

1/(1+d10) introduced for two gluon processescompensates the double-counting of
identical particle pairs, arising since we are summing independently both react-
ing particles.

This rate enters the momentum-integrated Boltzmann equation which can be
written in form of current conservation with a source term

f‘)/)ﬁ f‘r’r‘;)\
ot or

A9 ATI—SS _ psS—g0.a

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia




Theory of strangeness signatures of QGP

Strangeness relaxation to chemical equilibrium
Strangeness density time evolution in local rest trame:
dps _ dps

Ly gg— 55 /
dr — dr = 5P t) (o + pg(t)pglt) (o

W p(t) pelt) (o)

Evolution for s and s identical, which allows to set p.(t) = ps(t)
characteristic time constant 7.:

10

9 1 e e V12—
Al = - ;"1724’)1\ 5 :(T,g:',-‘n‘-}. M

200 250 300

T [MeV]
Dominant uncertainty: mass of strange quark

Dotted - fixed value a, = 0.6 used in 1981/2
ann Rafelski, July 26

iversidad de los Andes, Bogota, Columbia




Theory of strangeness signatures of QGP

Strangeness / Entropy

s/S: ratio of the number of active degrees of freedom in QGP,

For IN PLASMA chemical equilibrium :
5@ . %T (ms/T)* Ka(ms/T) ' o
50~ i)h + n; +-:,, +ng+ng B  (g2n2/45) T/% gZT]f/G/'Uq = % = 00256
with O(«;) interaction s/S5 — 1/31 = (0.0323
CENTRALITY A, and ENERGY DEPENDENCE: % — 1
Chemical non-equilibrium occupancy of strangeness "
s 00374

52 0.dyg + 0193 0593+ 0.0592(In A,)?

0.03v4.

Analysis of experiment: we count all strange/nonstrange hadrons in fina
state, we extrapolate to unmeasured particle yields and/or kinematic
domains, and evaluate resonance contributions and cascading;:

s9 count of primary strange hadrons

S® 7 (nonstrange + strange) entropy = 4 number of primary mesons + . ..

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia




Theory of strangeness signatures of QGP

Strangeness / Entropy: QGP-HG comparison in

chemical equilibrium

0.028 4
0.026) PPt
HG
0.024
00225 150 160 170 180
TIMeV]

190

Strangeness to entropy ratio
s/S(T pp = 0,p5 = 0) for the chem-
ically equilibrated QGP (green, solid line
for m, = 160 MeV, blue dash-dot line
for m; = 90 MeV); and for chemically
equilibrated HG (red, dashed).

When counting strangeness we remem-
ber that a lot of strangeness is hidden
ss-states 1,7, @

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia




Theory of strangeness signatures of QGP

Time evolution of s¢/52, 7% computable
(drop henceforth superscript @ s = my fnChemEa)

strangeness production dominated by thermal gluon fusion [GG — s3]
at 10% level also: quark-antiquark fusion, initial parton/string dynamics;

‘Kinetic equations for time evolution of s/5 and ~,

d s 9 9 dy, dIn[.2*Ks(2) /%P me S AT Gopea
— = K +yy— p=—2 =T
= gaor Kal) |5 7 dr TV 90
dy, | dWnlg.?Ko(:)/g%T] _ N S
dr 7 dr B gpe tla
pQCD invariant production rate A
(dge =1 for GG fusion):
 E—

[fm]

and the related time constant 7.:

T

or — ps(20)
T AGG—ss | Aqd—sE

S ST T TS B St

200 250 300 350
T [MeV]

hann Rafelski, July 2 b iversidad de los Andes, Bogota, Columbia




Theory of strangeness signatures of QGP

[What about charm? m, — m,|

M. Petran, Arizona 5QM, Birmingham, July 25, 2013

104

IR EETI

" Jutted lines: ‘ ‘ ‘ l ‘
ugper for fixed m. = 1.5 GeV, a, =0.4.
|DWEI’ for fixed m. = 0.9 GeV, a, = 0.35;

10% E E
E . N ~ running a.(Mz) = 0.118, 7
— 10 E Caunning m (M) = 0.7 £ 7% GeV'3
k_c.z ;

10!

200 300 400 500 600 700 800 900 1000
T [MeV]

We see soft (thermal) charm production within time for T — 1000 MeV probably not
accessible at LHC. CONVERSELY: Charm is produced relatively abundantly in first
parton collisions with a yield that is much greater than the expected chemical equi-
librium yield in QGP. Thus some reannihilation of charm in plasma expansion is to be
expected.

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia




Hadroniza

Chemical potential tutorial
particle fugacity: T, = ¢”/! <= 7, particle ‘i’ chemical potential
Phase space density is:

AN, T, e dANTP g 1

. = Qi€ L - — . . TJ\? < fm;;’[.
dpdc P2 d3pdir  (2m)3 T BT £1 P

each hadron comprise two chemical factors associated with the two

different chemical equilibria, example of NUCLEONS:

Ty = yye Hof TT = yye T,

ay =y + Ty, ov =~ + Ty,

~ determines the number of nucleon-antinucleon pairs,
7(t) rises from 0 (initially absent) to 1 for chemical equilibrium.
The (baryo)chemical potential p,, controls the particle difference =

baryon number.

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia




Hadroniza

Chemical reactions involving quarks
EXAMPLE: Strangeness in HG:

Relative Absolute
chemical equilibrium chemical equilibrium

(; ) () )
( q 5 ) (G ?)
EXCHANGE REACTION PRODUCTION REACTION

Absolute equilibrium~y — 1 require more rarely occurring
truly inelastic collisions with creation of new particles.

v, controls overall abundance Absolute chemical
of quark ‘7" pairs equilibrium

A; controls difference between Relative chemical
strange and non-strange quarks ‘¢’ | equilibrium

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia




Hadroniza

Statistical Hadronization Model (SHM)

FERMI STATISTICAL HADRONIZATION MODEL (SHM)
Assuming equal hadron production strength irrespective of produced
hadron type particle yields depend only on the available phase space

e 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

e Canonical phase space: sharp number of particles
ensemble average energy £ — T temperature
T may be, but needs not be, a kinetic process temperature

e Grand-canonical —ensemble average energy and number of
particles: N — 1 = T = elw/T)

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia




Hadroniza

Sudden hadronization context

new and dominant hadronization mechanism is visible in e.g.:

25— ‘ ‘ [Baryon to Meson Ratio
R @ nunoo sam) O unatan stasy . — — -
;g Ratios A/Kg and p/m in Au-Au com-

pared to pp collisions as a function of

A punco PHENN) P00 (STAR)

pi. The large ratio at the intermediate
py region: evidence that particle for-

Baryon/Meson
o
T
E =
-
—.—
e
—e—
——
— e
I

iy . % 1 mation (at RHIC) is distinctly different
o5k 3 ] from fragmentation processes for the el-
‘ (”@¢ ' ementary e"e” and pp collisions.
OM
0 2 4
pr [GeVic]

|T0 describe recombinant yields: non-equilibrium parameters needed‘

® 7y, (Ve ¥e,-. )t u,d (s,¢,...) quark phase space yield, absolute chemical equilib-
rium: 7y — 1 baryons 3} (ﬂ. )”
mesons Yo

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia




Hadroniza

To DESCRIBE pProODUCED HADRON YIELDS

» Average per collision yield of hadron i is calculated from
integral of the distribution over phase space

dN;  dv [ &p o N 1
(M)Hd—y—gzd—y'[wnz. n:(tr:T:Tr)—m
g TPV S (EN)NTH)T s nmi2 nm;
727‘-2dyn_1 n (T)KQ(T)
¢ Hadron mass PDG Tables
» Degeneracy (spin), gi = (2J + 1) PDG Tables
¢ Overall normalization outcome of SHM fit
¢ Hadronization temperature outcome of SHM fit
¢ Fugacity T; for each hadron — see next slide

outcome of SHM fit

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia
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STANDARDIZED PROGRAM TO FIT SHM

PARAMETERS
Statistical HAdronization with REsonances:
(SHARE)

¢ SHM implementation in publicly available program

Giorgio Torrieri et al, Arizona + Krakow; SHAREv1 (2004),
SHAREV2 + Montreal, added fluctuations (2006)

Michal Petran SHARE with CHARM: (2013)

SHARE INCORPORATES MANY THOUSANDS LINES OF CODE
« Hadron mass spectrum = 500 hadrons (PDG 2012)
e Hadron decays > 2500 channels (PDG 2012)
Integrated hadron yields, ratios and decay cascades
OUT:Experimentally observable < 30 hadron species

AND: Physical properties of the source at hadronization

— also as input in fit e.g. constraints: Q/B ~ 0.39,
Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia




Hadroniza

PROCEDURE — FITTING SHM PARAMETERS TO DATA

1. |nput: T: V: Ygs Vs Decay tree (>2500 channels)
Agy As. A3 Parficlelist (> 00 states] | |, o

2. Compute yields
of all hadrons

85 2 fidin {57) e

3. Decay feeds = = i —_—
— particles E : = L
experiment observes = F SHM computation:

1. calculate particle yields
2. decay unstable particles
3. compare to experimental
data, calculate x*

4. Compare to
exp. data (y?)

Statistical Hadronization

5. Includmg bulk Model parameters s 30Ut~ o
propemesl TV, vi A (D isysenaiic + Ay sisica)*
constraints

Tune parameters

6. Tune parameters to minimize ¢ Experimental data:
to match data outpt integrated yield of
(minimize XZ) Hadron yields, ratios z::i;:; h:dlzog Ao

Physical properties rre

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia
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SHM AT RHIC 62 WORKS FOR US MODEL PARAMETERS

_;_,_'1_ Data: RHIC 62, 0-5% ] o T =140MeV
102 | Model: Non-equilibrium SHM— ] . dV/dy _ 850 fma
Rinas o 8 .";-'q:‘].G
5101 N —'Ll | ® Vg = 2_2
2
) * e \g=1.16
E3 e \s=1.05
10° - ]
e = g =62.8MeV
T e \2/ndf =0.38
107

T x K KKy p ¢ AAE oo PHYS. PROPERTIES

3
e £ =
SHM results: Petran et al., Acta Phys.Polon.Supp. 5 (2012) 255-262 = 05 GeV/fm
Data from: [STAR Collaboration], Phys.Rev.C79, 034909 (2009) o 3
[STAR Collaboration], Phys.Rev.C79, 064903 (2009). ° P =82 MeV/fm

e 0 =33fm 2

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia




SHM PARAMETERS AS FUNCTION OF CENTRALITY

LHC coOMPARED TO RHI|C MPetranetal, Phys. Rev. C 88,
034907 (2013)

10 :
9
8 117
t 7 1 1.6
z 6
S s 115 2
§ 4
3 4 114
2 J
; 1.3
155 1 22
12
150 1is
3 T
= 145 116 =
= 114
140 112
135 | 1 11
L L L 1 1 1 1 L L 1 L 1 1 L 08

0 50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 40
Npan Npar‘l
Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia
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Data analysis 2003-2008 as a function of ,/syy and A

A

2 | ] 003
g 2F N 2 E
o E 3 C ]
g 1t /] E - =
0 EI 11 IIII I E EIIII 1 1 1 IIIIIl 1 1 E
=15 F 4 Z15F =
o E = E 3
S 10 f 2 21w0F 3
> S5F 4 =5 L
1 IIIIII 1 1 1 IIIIII 1 3 0 IIII 1 1 1 IIIIII 1 1 E
10 100 10 100
Vs [GeV] 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.

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia
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Statistical Hadronization Model Interpretation (SHM)
equal hadron production strength SPS, BHIC, LHC |} bulk

yield depending on available phase space % ¢ r»—-—-—n
Example data from LHC| P
y AR Z, BB e
szﬂ"""tx RN 1 St T B T —
i H o0 L
§ o5 K — = :
& T 200 [ oy
:;"-Z’.Wf"_JE PR SR W % n: L 1
Z od W 4?

0.05 fa"

0.02 [N Yo 2 :_
[
oot g Ll

o[fm2]

o £
0.005 [ T oz L
‘ oot g 0%r
&, oy |
0.002 fuai 61 E
m 0.1 =
0.001 & £ \1
< r e
0.0005 a’wuu\ MR ke 3
© 50 10C 150 200 260 30C 350 400 10 100
N
i Ve [GeV]
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SHM fits LHC Pb-Pb 2.76 TeV data; v, # 1

18 Tt TIMeV] Vim’] yindf Ty Ts TIMeV] VIm gindf
: - 163 2. 132 2460 0.5/9 i [{rm— 1.63 ZG§ 138 210 ]1.:9 T
1.6 Hr=— 100 174 155 3460 35110 4 1.8 H—— 100 113 152 1610 e
1.4 7 100 100 15T 3480 64t ] 1 [l=m1o0 10 s 24 o
£ 12 E 1 14 f P
2+ | | 11 !
s 7 [ o o Iﬁ,,,}% 12 i h} [ L
1L — | L
& el | 7 FII 023 I L i A ﬁﬁ g
06 i ' i
eri@ | 0.6 [(c) L
TR R R AT a e s a kK pp == 0o KakAR
e Data: ALICE, 0-20% (prelminary) M [ s (Daw ALICE, 5-10% ]
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SHM fit Quality LHC Pb-Pb 2.76 TeV data

Chemical non-equilibrium SHM works at all centralities

Non-equilibrium w5 =
o */ndf ~ 4.5/9 = 0.5, 30 I
. 25
e constant across centrality
_Ea
e improvement by factor of 3 =
resp. 5 comparing to 7, = 1 1
10
e Only in peripheral collisions 0-20% fit
7, = 1 maybe possible HCIN: vy BN
Tl %=1
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SHM fit: is v, # 1? LHC Pb-Pb 2.76 TeV data

\2 proflle of

04

02 L L 1 L L L

7, = 1 — no special meaning for SHM

Special role of ~, — ™ = e™=/2l ~ 1 61
— B-E condensation of 7°

'’ in most peripheral bin may allow equilibrium
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SHM fit: RHIC-LHC parameter comparison
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Strangeness at LHC grows faster compared to RHIC

as function of A
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Panel (a): strangeness per entropy s/S
content of the fireball at LHC2760 (filled
squares) and at RHIC62 (open squares) as
a function of centrality;. Colored bands
represent uncertainty based on -, uncer-
tainty. Main difference RHIC-LHC: volume-
like result for LHC much earlier com-
pared to RHIC. Indication of higher specific
strangeness content in most central RHIC
collisions.

Panel (b): the thermal energy cost to make
a strange—anti-strange quark pair. Shows
transit from pp-like peripheral process to
thermal QGP process.

iversidad de los Andes, Bogota, Columbia
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Universality of Hadronization Condition:
Bulk intensive properties

FIREBALL £ | e
PHYSICAL 2 ™= -
PROPERTIES | ~ = o |
¢ LHC Compatible with RHIC-62 - :
e Error band. is § 0.4
7s uncertainty % 035

e Slight decrease with centrality

. = 03
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Volume only quantity to change comparing QGP
production at RHIC and LHC

3 T T T 092|
10 B RHICB2 :12.9 Ny, ¢

10 | = LHC2760: 9.0 N34

part
Main RHIC-LHC difference|
» VOLUME >
Size related to initial stage g 6 |
=]

» Almost linear centrality
dependence at RHIC-62

» Faster rise at LHC: 27 ]
additional entropy 0 - ‘ . . ‘ . . ‘
production? charm? 0 50 100 150 200 250 300 350 400

Npart
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Universality requires chemical nonequilibrium ~, # 1

38
3.5
32

non-equilibrium
. —— — n

Il Il Il Il Il Il Il
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Npan
M.Petran et al.,Acta Phys.Polon.Supp. 5 (2012) 255-262
dV/dy|centra/ =17 xd /dy‘penphera/

RHIC 62 GEV
Non-equilibrium result ~4 # 1:
universal hadronization

AND: SAME PHYSICAL

CONDITIONS AS AT SPS FOR ALL
RHIC-62 CENTRALITIES

e Entropy density
o =3.3fm™3

e Energy density
£ =0.5GeV/fm®

e Critical pressure
P = 82MeV/fm®

e 5/S near chemical
equilibrium QGP
s/8~0.03
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Consistency of SHM models with Lattlce QCD
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Chemical freeze-out MUST be below lattice results. For direct
free-streaming hadron emission from QGP, T-SHM is the QGP

source temperature, there cannot be full chemical equilibrium.
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Current interest: Exploration of the QGP phase
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Current interest: Exploratlon of exponentlal mass
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Slope for prescribed pre-exponential shape is the Hagedorn
Temperature: another way to determine critical properties of
deconfinement phase change
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Summary

> 50 years ago abundant particle production in pp reactions prompted
Hagedorn to propose exponential mass spectrum of hadrons and he
introduced slope parameter Ty; 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.

» 35 years ago we proposed to recreate a new primordial phase of matter
smashing heaviest nuclei.

» We developed laboratory observables of this quark-gluon phase of
matter: cooking strange quark flavor in the QGP fireball.

» 10-15 years ago CERN and BNL Laboratories announced the discovery
of new phase, the QGP

» Today: We understand the properties of QGP

» | use the chemical nonequilibrium SHM implemented in the SHARE
program suite. Among key results is the universal hadronization

behavior of the QGP formed in vastly different environments of SPS,
RHIC, LHC.
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Dear Neelima:

thank you for organizing a true school on QCD, QGP and RHI collisions with
an excellent mix of speakers in the pleasant environment of Universidad de
los Andes in Bogota. In every aspect of my visit | have been surprised.
Nothing was the way | had imagined before this memorable week. The
University, the city, the visitors, the students all had their interesting surprises.
But most impressive has been yours and Marek’s personal hospitality.
THANK YOU s -
with warm regards
JAN

Johann Rafelski, July 26, 27, 28, 2017, Universidad de los Andes, Bogota, Columbia
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