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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Intro

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

» RHI: Relativistic Heavy lon Collision(s)
heavy ions = atomic nuclei

BNL: Brookhaven National Laboratory, Long Island, NY
RHIC = RHI Collider, at BNL

LHC: Large Hadron Collider (25 x higher energy).
CERN: Laboratory in Geneva, Switzerland - home of

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

» SPS: Super Proton Synchrotron at CERN, in early 70’s top
accelerator in the world. converted to SppS
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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Intro

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

2. Roots of QGP: from Hagedorn Ty — Big Bang; to
3. QGP in Laboratory & Discovery
4. Strangeness in QGP: ideas and results
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Intro

1964: Quarks + Higgs — Standard Model
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Nearly 50 years atter its prediction, particle physicists
have finally captured the Higgs boson. M ass
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Feter W. Higgs F. Englert and R. Brout

Phys. Rev. Lett. 13,508 (1964)  Phys. Rev. Lett. 13,321 (1964)
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Intro

Hagedorn Strongly Interacting Matter

Birth of the Hagedorn temperature

CERN Courier  December 2014

On 3 February 1978,
Rolf Hagedorn handed
me acopy of his secret,
unpublished manuscript
on “Thermodynamics of distinguishable
particles: a key to high-energy strong
interactions?” — CERN preprint TH 483,

dated 12 October 1964 The original had

abig red mark, showing that it was the
original, not to be lost, with the number
“0” meaning less than “1” (see below).
Hagedorn kept just one red-marked copy,

and mentioned that another was in the CERN  the lightest hadron mass. The CERN-TH 520
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Rolf Hagedorn at the blackboard in 1978
(Image credit: Jan Rafelski.)

Inthe SBM, the exponential mass
spectrum required for imiting temperature
arose naturally ab initio, as did the close
relation between the limiting temperature,
the exponential mass-spectrum slope and

thermal physics —not unusual in the particle
and nuclear context in the early 1970s. He =
remembered our discussions in Frankfurt
afew years later, resuming my education at
CERN as if we had never been interrupted.
Looking back to those long sessions in the
winter of 1977/1978.1 see a blackboard full
of clean, exact equations — and his sign not to
clean the board, because he knew we would
resume early the next morning.

But how did Hagedorn, with his uncanny
physics instinct, by way of limiting
temperature and the statistical bootstrap, lay
foundations for a new interdisciplinary field
of physies — relativistic heavy-ion collisions
and the study of quark-gluon plasma - now
avibrant research programme not only at
CERN . but also for example, at Brookhaven,
GSIand Dubna? The idea of a limiting
temperature transformed into what today is
the temperature at which the confining QCD
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IS OF STRONG AT FIgH FNFERGIES

R. Hagedorn
CERN - Gonsva.

ABSTRACT
In this statistical-thermodynanical epproach to strong inter-

the themodynamics as if they were particles, For m — @ theso
objects exe themselves vory similer to those which shall be des-
cribed by this thermodynamics, Expressed in a slogent "ie desorive
by thomodynamics fire-bally which consist of fire-bells, which
consist of fire-bells, which Mhie principle, which oould be
called "asympiotic bootstrap”,leads to a self-consistency Tequire-
ment for the asymptotic form of the mass spectrum. The equation
following from this requirement has only a solution if the mass
spectrum grows exponeatiallys

o) 2 me.m-ffzm(wﬂ).

f, is a remarkable quantity: the pectition function corvesponding
8 tho above p(n) diverges for 1> Tp. T, is therefore the
Iighest poapibie teaperature for strug inveractions. Tt should -
via & Maxwell-Boltzmann law - goverr the trensversal momentum dis-
tribution in all high energy collisions of hadrons (including e.me
forn fastors, ste.). 45 experimental evidence for that, and
then T, is sbout 1581V ( %1012 OK), With this value of T
the asynptotic mass spectrum of our theory has a good chence to be
the corzect extrapolation of the experimentally known spectrun.
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65/166/5 — TH. 520
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Hagedorn Temperature October 1964
Hagedorn Spectrum January 1965 = March 1966
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Intro

Hagedorn Temperature 7y
Singular point of partition function

a P n £ Befe Cy = de/dT
P gt
Fdtp. B
P 2 | cpar c C/AT
Inserting 1 = Fdj[m:—p: ,ldm-! 1 C /AT i C/AT™R
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T —In—— a=>5/2
! L energy density diverges for a < 7 /2. Thus only for a < 7 /2 can we expect Ty

a maximum femperature
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Intro

Fit experimental mass spectrum
p(m) = ce™!™ | (m +m

2)a/2

p(m) [Gev-1]

m [GeV]

2

50

a (Power of M-l)

The understanding of critical temperature Ty ~ 140-160 MeV
depends on precise knowledge of the mass spectrum shape at

moderate masses.
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Intro

Hadrons — Quarks — laboratory tests: 1965-82

» 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-plasma: 1974
P. Carruthers, Collect. Phenomena 1, 147 (1974)
Quarkium: a bizarre Fermi liquid

» Quark confining vacuum structure dissolved at high T

A.M.Pol}/akov, Phys. Lett. B72, (1978) ] ]
Thermal propertiés of gauge fields and quark liberation

» Formation of hot quark_—%luon matter in RHI collisions:
conference talks by Rafelski-Hagedorn (CERN) 1978-9
Chapline-Kerman MIT-CTP 695 unpublished 1978

» First practical experimental signature:

Strangeness and Strange antibaryons 1980 ff.
Rafelski (with Danos, Hagedorn, Koch (grad student), B. Miller

» Statistical materialization model (SHM) of QGP: 1982
Rafelski (with Hagedorn, Koch(grad student), B. Mdller
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Can we make a fireball of hadron 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. Anishetty®
Phyics Deparment, Universiy of Washingion, Seatil, Weshington 98195
P. Koshler and L. McLerranf
Stanford Linear decelerator Center, Stanord University, Sanford, Calfaruia 4305 . N
Received 11 August 1930) Volume 97B, numbes 1 PHYSICS LETTERS
‘We discuss central collions between heavy nuslei ofequal baryon rumber at extemely high energies. We male 3

ot extmt. o the ey oot he rpoetain vegon o th il W arg ot che HOT HADRONIC MATTER AND NUCLEAR COLLISIONS *
fr[:mfml[;lmnrm;i‘m [r:g_mmls thermalize, |':d two hot fircballs are formed. These firchalls would have rapiditics J. RAFELSKI \
S o s O 5 e G P i O 1, ekl 1 R HAGEDORN :

The fragmentation regions of the mclei represent

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

CERN, Geneva, Switzerland
and Institut fiir Theoretische Physik der Universitat,

17 November 1980

likely to b the sudlect 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 n 1€ longitudinal momentum close fo that of the Received 22 August 1980
e papers o Shall comeenteate on fustribimg . original meleus projectile or target. In the freg-
- i - : . mentation region, tha mclens fragments and in. we devel cripti 2 i asi
o patne e o T in e o, - develop a description of hadronic matter with partj cular emphasis on hot nuclear matter as created

elastically produced particles might form a hot,

in relativistic heavy ion collisions. We apply 1 y s ic fi 1
dense firesall. We shall soon see that this forma- heavy ion collision: apply our theory to calculate temperatures andof hadronic fireballs.

Transparency <Two opposite views=-SPS-RHIC large stopping
LHC a nice fireball in all cases
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Intro

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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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(s5), 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 in{})

Hadrons and Quark—Gluon Plasma

Series: Cambridg on Particle Physics
Hadrons and Nuclear Physics and Cosmology (No. 18)
Quark—Gluon Plasma
Jean Letessier

SONANN EAPELIEE Université de Paris VIl (Denis Diderot)

Johann Rafelski
University of Arizona

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

Fledgling strangeness signature 1980:
ratio of 5/g in A/p triggers immediate interes

What we interd to show ls that there are many more = quarks than antiquarks

of eacn lignt flavour. Indeec:

_ et M
£ gla)e™

The function x°K°(x) is, for example, tabulated in Ref. 15).
1.5 and 2, it varies between 1.3 and L.

3 quarks and, in mary cases of interest, 3/d -

many O and § quarks as thers are 3 quarks.

For
Taus, we almost always have more 3 than

A8 u> 0 there are about as

FROM HADRON GAS TO QUARK MATTER T

J. Rafelaki
Institut flr Thedrétische Physik
der Universitit Frankfurt
and Ref . TH,2969-CERN
13 October 1980
A. Hagedorn

{28) CERN-~Geneva

ABSTRACT

x | between

We describe a guark=gluon plasma im terms of an

many questicns remain open, A signabure of the
quark-gluon phase surviving hadrenization is

suggest

In Statistical mechanics of quarks and hadrons proceedings of Bielefeld,
August 24-31, 1980 picked up by Marek Gazdzicki in Dubna.
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“Neus-nucleus collisions at 4.5 GeV/c per nucieon /.

Anikina M. et 31,

A Study of A -Production

in Central Nucleus-Nucleus Interactions

at a Momentum of 4.5 GeV/c Per Incident Hucleon

E1-83-521

Transverse momenta and rapidities of  A's praduced in central -

©C » CNe » OCu
Gz, CPb, OPy/ have been studied and compared with thote from ineiastic
He-Li interactions at the same incident momentum. Polarization of
hyperons o found 9 be consfstant /within the errors/ with

(aP - -0.06 20.11) r 224 A's from central collisions. The  ummer Tint
of WA praduction rann vas estinated 10 be less than 10~
confidence

The analyzed experimental data were obtained using the triggered
2 m streaner spectrometer SkM-200

The invesugauun has been performed at the Laboratory of High
Energies,

Communication of the Joint institute for Nuclear Research. Dubna 1983




Strangeness

THEORETICAL CONSIDERATION within QCD followed

A: 1982 Rafelski-Muller PRL48 (1982) 1066 production of
strangeness dominated by gluon fu3|on GG
strangeness<gluons in QGP; e

XX

B: coincidence of scales: MM<

s = 1|7 = 0] ~ —
strangeness yield can grow gradually with size of collision system
C: Often as noted in 1980: — 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

T'he generic angle averaged cross sections for (heavy) flavor s, 5§ production pro-

cesses g+¢g —s+sand ¢g+q§ — s+ 5, are:
Imar? im?  m! 7 31m?
Fogossls) = — | [1+—+ = ) tanh ™' W(s)— [ =+ =) Wis
9g—s5(5) T {( : 2 (s) st & (s)
) &mra’ om? . . -
Tgj—ssl(S) = —— (l +— | W(s). Wi(s)=+/1—4m2/s
) 27Ts s )
QCD resummation: running o, and m, taken at the energy scale p = \/s.
L B 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 aﬁ‘”(u)
as function of energy scale y for a variety of
|initial conditions. Solid line: as(Mz) = 0.118.
Were instead o, (Mz) > 0.125 the
perturbative strangeness production

ETEERETT | L1 . :
. approach would have been in question.
0.1 1 10 4 [GeV] pp a
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A model of 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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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 WA98
1994
[ | Nas aimiors | I
1992 hadrons
s T Helios-3 WAQ3
NA3S NA38
NA36
o N Helios-2 WA80
1986
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Experiments

SPS and later LHC for heav
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Experiments

A first meeting tember 1988 with RHI data

s 2

. &

“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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Experiments

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

The Relativistic Heavy lon Collider (RHIC)

Johann Rafelski, Arizona, PAVE]



ABC of relativistic kinematics (¢ = 1)

\/mZ +p1+pi= \/mi +pis

m; = \/m2+ﬁiv

pL = mgsinhy,— E =m, coshy,

c
— vLEﬂ:ctanhy

1 I+ 1 E+pL> <E+PL> 1 .
==1In =—1In =In ; coshy=—— =, sinhy=.v
Yy=3 (lva) ) <Epr mL y h—vi L Y=7LVL
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. = 7., sinhy. =~y v, E = Ye(E + ve pr), Pl/“ = Ye(pL + v E).,
— E' =myr cosh(y +y.), pr = mr sinh(y 4 y.).

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

befora collision after celision

We can study integrated particle y, p, spectra: when integrated
in p, this is dN/dy and when also integrated in y this is N;
multiplicity of produced i-particles. N; is independent from flow
of matter. Allows to study bulk thermal properties of the source

Johann Rafelski, Arizona, 23/50



First Results

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

Discovered in S-induced m | slope universality
collisions, very pronounced ] o o WAB5 200 A GeV
in Pb-Pb Interactions. L _._ O 7T, =232 MeV
_— A Y

- . . 6 . (=]

Why is the slope of 210 _"_*
N . it . o

baryons and antibaryons = _.'?(
precisely the same? - e 8

e £ * A O
Why is the slope sz - -

hy i c Z W ®\, o
of different particles in B _‘_ N

. g

same m; range the same? = » ‘-_‘?'\ o
Analysis+Hypothesis 1991: S =W L g R!
QGP quarks coalescing in 104 ",’_
Q1T s . 1 1 .
SUDDEN hadronization . 5 5 25 my GV
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First Results

Pb-Pb SPS collisions also show matter-antimatter
symmetry

WAOT [T Mev]| Fo 10 2
K 230 + 2|
= 10
™ 280+ 3| O 1
™ 287 + 4 E'_ -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 .
_ — - 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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First Results

WA97 SPS Antihyperons: The largest observed QGP
medium effect

WA97 |
£ 10
E 4
[}
£ "
£
g ¥
[ ] | |
. '
1+ _ _ _
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, Arizona, 26/50



First Results

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

S+S > A+ X ww

N
ol
-
3
0.5F + {%
TS g

01 2 3 4 5y

SPS-NA35II EXCESS A emitted from a localized source.
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First Results

A/p > 1 (1980 prediction)

5 Results of CERN NA49
M. Mitrovski, SQM2006
4+
| = NA49 (Pb+Pb)
v E859 (Si+Au)
3 4 E917 (Au+Au)
A J
= l l AP mid-rapidity
‘ 1 i
1 | t
2 10 0

2
Sy [GEV]
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First Results

Strangeness pair enhancement (1980 prediction)

0.7

£
0AE Acs
;“ F ,.\u,.\.l

: ﬁl d . 3

[ « K'p
[ an'p
01fF app
Lrpp
[ oe'e
1 1 = 1 =
1 10 10° 10
Vs [GeV]
Yy
Wraéblewski ratio W = i
(dd + uu)

only newly made s- and g-pairs are counted
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Press Releases

CERN press office 10200
New State of Matter created at CERN

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.

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 Miiller, J Rafelski
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Press Releases

RHIC collisions also show matter-antimatter symmetry

| = = Spectra RHIC-STAR 1304130 A GeV|
E I T I T I T I T I T I T E

1/N_.1/(2rm d*N/dm dy (GeV/c2)*
evt ik L y
=

10k 3

i * ]

[ ®[0-10%] © [10-25%](/5) ® [25-75%] (/10)] ]

i 1 1 1 1 1 1 T ] 1 ] 1 | 1 ]
1o 0 1 2 0 1 2

m,- m (GeV/c?)
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Press Releases

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

Emphasis on matter flow at quantum limit

Johann Rafelski, Arizona, 32/50



AFTER: Energy threshold: horn in baryon rich matter

Marek Gazdzicki

£ KEE K/ (y=0
02f 4% 02
: ', L
b Y H ¥
LA v v
01, Jool 0.1 i
N A f Pb+Pb AutAup+p E. Pb+Pb Au+Au p+p
{ [ [ @  SESINAGLp-p) .} @ SIS(NAGL pep
- I ) WORLDprp. tr) | WORLDipr 47
A acs A ACS
r WSSl A’ B SPsvAg
L 4 *  RHIC L * RHIC
¥ LHCALICE) ; ¥V LHCIALICE)
0 AN ol el il 0 L A il | il
2 — 4
1 10 VSNN [GeV] 10 1
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Note =(ssq)/¢(ss) constant: competing models killed

n M

25 20x¢p/K i

2 i A A/H_A\A__A\Q\A_
/’N 100x0/

1.5} .

T S0

WYy e S Y
0s | G@/S 206EK |
periph.«— centr. Iperiph. centr.
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LHC Alice antibaryon yields enhanced as a function of

participants

) relative to pp/p-Be
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...and as a function of multiplicity

B 8 i
& wid b zi‘i M Nature Physics 2017 ALICE
9 f ity 0 oo Significant enhancement of strangeness with
s L i'v“ 5 r ) Ry multiplicity in high multiplicity pp events
> A+A (0
S )
% pp behavior resamble p-Pb : both in term
o s ) of value of the ratio and shape
, % EF [H No evident dependence on cms energy:
'«M ‘ o ecte) strangeness production apparently driven
i ] 8 by final state rather than collision system or
) energy
ALICE 1
® pp Is=7TeV At high mult. pp ratio reaches values similar
{$ p-Pb,ygy=502TeV . .
[7 PbPb, |8y, = 2.76 TeV to the one in Pb-Pb (when ratio saturates)
—— PYTHIA8 -
------ DIPSY . .
<t EPOS LHC Models fail to riproduce data. Only DIPSY

P gives a qualitative description.

10 msz /dmma Alessandro Grelli 10/7/2017
ch

< 0.5
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Note =(ssqg) from Alice 2014 needs attention
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c + ALICE Preliminary -

ALICE - - . -— Dper VS = 5.02 Tav 7

= - PLB 728 (2014) 2538 —

E Pb-Pb {5, = 2.76 TeV e

F PRC 88, 044910 (2013) =

2r MC predictions - pp Ys=7TeV Pb-Pb |5, = 5.02 TeV E

C —— PYTHIA8 Monash No CR Preliminary ]

-+ PYTHIAB Manash With R 7Tev ]

---- DIPSY Color Ropes o|RRYS=TTE -

E o EPOSLHC Nat. Phys. 13,535-538 (2017)

oC | L] Ll |
1 10 10? 10°

<chh/d mm\( 0.5
Ratio of pr-integrated yield to pions show compatibility

No evident energy dependence. Smooth trend among systems
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QGP Properties

NEW OBJECTIVE: Precision analysis of data

Model relies on:

» Matter-antimatter symmetry implies hadrons emitted
directly in breakup of QGP fireball into abundance stable
final states.

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

» 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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QGP Properties

AVERAGE PER COLLISION YIELD OF HADRON i
» Obtained from integral of the distribution over phase space

d*p 1
Ni) =gV i ienT,Y) = ———
(Ni) =8 /(27r)3n ni (e ) Y lesi/T 4 1
VT3 S (D))" ynmy 2 nm;
<N">:gzZ : )3( )< >K2< )
7 n T T

Degeneracy (spin), gi = (2J + 1)

Hadron mass (experimental mass spectrum)
Overall normalization

Hadronization temperature

Fugacity T; (chemical factor, next slides)

Johann Rafelski, Arizona, 39/50

vV v v|Vv Vv



QGP Properties

CHEMICAL POTENTIAL TUTORIAL: QUARK CHEMISTRY
FUGACITY T =~

» Chemical factor based on
constituent quark flavors

» Relative \ chemical
equilibrium controls
difference between quarks
and antiquarks of same
flavor g — g Y A

» example: A(uds) (g = u,d)
TA(uds) = 7373 )\(2])\?
TK(&Z{E) = ’V;% Ay A

» Absolute ~ chemical
equilibrium controls
number of gg pairs q

Johann Rafelski, Arizona, 40/50
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QGP Properties

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
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QGP Properties

STANDARDIZED PROGRAM TO FIT MODEL 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)
¢ 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, (s —5) =0

Johann Rafelski, Arizona, 42/50



QGP Properties

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 experimenta
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
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QGP Properties

AGS,SPS,RHIC bulk properties= g e T
|JFit to ALICE data| 5 E
2 RS F ga E
3 o Eplinl 5 yaprm ¢
- S i 0 C 4
il B 00 - .
1 ~— E ]
§ os K E 200 F oy -
%nz””—")’—ff : g D:""‘I P ]
- gl e gk g —2 -8 _ F ]
Z od ﬂg;g:f:% _____ . " P J
0.05 d‘r@, E E j—a—a—p—.—n E
.02 i o ? E ; Lot 7:
nmf‘ﬂﬂrﬂ_}_ﬂ . pfeennl v ]
0.005 , U T :% 0.2 ;— —;
oooz | o> 'Tu a1 b =
0.001 W Iu‘: F et % .
0.0005 = g Fonnd PRI et M
’ 0 50 100 150 200 50 500 350 400 10 100

N
et Vg [GeV]
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QGP Properties

Universality of Hadronization Condition:
Bulk intensive properties

E T [HC T
FIREBALL £ [ e
PHYSICAL S |*...
“ 057 A "“.‘-_-',‘&x e ¥y
PROPERTIES oas | ' e,
¢ LHC Compatible with RHIC-62 - ‘
£
¢ Error band is g 0.4
~s uncertainty =

e Slight decrease with centrality

- {'7'_‘
e Decrease — super—cooling E
S
e Compare s
=05 GeV/fm? ~ 5 02
= 3380 ® '
0 50 100 150 200 250 300 350 400
Npart
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QGP Properties

Volume main 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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QGP Properties

Strangeness at LHC grows faster compared to RHIC as function of

participant number N, and cost in thermal energy of making

strangeness decreases faster QGP value

s/S

Johann Rafelski, Arizona, 47/50
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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 4. 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.



QGP Properties

Interest in strangeness/entropy (=4 x 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 sy T (mg /T)*Ka (my/T) 1

272
= ~ — =0.0286
S (g2m2/A5)T3 + (gne/6) T — 35

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

s 003737

l — 0.03y3F,

S 0496+ 0.1937+ 05985+ 0.0598% (1n ), )2 RE
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QGP Properties

Consistency of SHM models with Lattlce QCD

170 =
—_ T-174 Ex
21 60 r e Andronic M
10 By e RHIC A ¥
MO e S
Pb-Pb SHARE noneqmllbnum x
130 t LS
"'. ;m
L [0}
120 % Florence * <
¥ THERMUS
110 . : ‘
1 10 100 pg [MeV]

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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QGP Properties

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. Mass
spectrum of strange hadrons impacts the value of Ty .

» 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.

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

» 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: A/p

Physics Letters B 366 (1996) 56-62 Fig. 3. P61 inclusion of

> S+S > A+ X NA33 Collaboration l R secondary processes at a partonic and/or hadronic
N 2 _ S+s level is needed to explain the data. The string-hadronic
.S 1 AP RQMD model including secondary collisions under-
LSMU estimates the A production in central S+S collisions
1 at 200 GeV per nucleon by a factor of 5 and the p
+ Jr ot T yield by a factor of about 3 [11].
0.5 N;N ‘. Attempts to describe the antibaryon yields within
+ ¢' o) . L the RQMD model require the introduction of a new
+' '4)' 1 10 (dn/dy)"_ prod hanism beyond hadronic rescattering.
0 e A/pratio near , minimum  bias and central nucl Jeus collisions

0 1 2 3 4 5 ¥ a200GeV per nucleon as a  Tunction of the rapidity density of negzuvely charged hadrons at midrapidity.

December 7, MLL-Mitncher page 11

4 Asszon Quarks n the Universe

Ratlo anonnaly predlcted 1980, status 2006: K/p > 1

e, Q68 Qo

A _; Kalmy /T wJ — 0.0
qar
Ll i B i B B R | 5|
= NA2O (PbePb)
v EB5O (SiAu . e .
M D= Chemical freeze-out conditions in
central S-S collisions at 200 4 GeV
I (il rapicity)
= Josef Sollfrank, Marek Gazdzicki®*, ZEITSCHRIFT
E Received 5 August 1993; Johann Rafelski® FUR PHYSIK C
7. Phys. C 61, 659-665 (1994) © Springer-Verlag 1994
Abstract. We determine the chemical frecze-oul para-
meters of hadronic matter formed in central S-S collisions
at 200 A GeV, analyzing data from the NA3$ collabora-
tion at CERN. In particular we study the quark (baryon
1 [ N A B | number) and strange quark fugacities, as well as the
2 3 4 5 6 7 8 8 10 20 strange quark phase-space occupancy and the freeze-out
S [GeV] temperature.

E/B [GeV)

Johann Rafelski, Arizol




ExtraSlides

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

I \ 99—
dr ~ dr = 5p,t) (ov)r

S 24l t )Pl t){ov “{’_ — psl t) sl t) ::(T'il::.}‘_"h" a4

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

- pslnc)
r AJI=SS L AGG—SS
10
41'}—.5; = 1

—ep P ()

L I 1 1 1 L
200 250 300 T [MEV]

Dominant uncertainty: mass of strange quark
Dotted - fixed value a, = 0.6 used in 1981/2
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EXTRA:Strangeness / Entropy

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

For IN PLASMA chemical equilibrium :
5@ . ;5_T ms/T)2 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 003!

52 0.4yg + 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 + . ..
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EXTRA:Fits 2003-2008 as a function of /sxx and A
Energy threshold of QGP formation

TITIT
>

) 0.03 F
S~ 2 E =7 = o -
2 ¥ N/dy » o ]
o - 4
S 1E = @ E 3
= E E 0.02 k =
OI Ll i ;...I Lol ! .
= 15 E 4 % 15F =
Q F 3 o o =
S 10 = = 10 F =
Z g E { '\M
= S5F E g 5 o
0 Eviil Ll L o Ei Ll L a3
10 100 10 100
Vs [GeV] A

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/ difference of equilibrium condition

0.035

0.03

s/S

0.025 |

Lattlce 0'0]?40 I léO I léO I 2(‘)0 I ZéO I 2;10 I 260

T ~ 145 MeV T[MeV]
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EXTRA:Strangeness as Deconfinement Signatures

A: TOTAL Strangeness YIELD: Is strangeness/ S entropy

depends primarily on initial conditions and evolution dynamics

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

ns(t, T(t)) QGP I HG QGP
— = ) — 17 ~ 3,
l’ls(OO, T(t)) QGP Pys ( ) ’Ys 79

ii: For consistency we need also to consider
men

over population controls ENTROPY enhance

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, Arizona, 56/50




ExtraSlides

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
>p Fermi: Micro-canonical phase space
sharp energy and sharp number of particles
E. Fermi, Prog.Theor.Phys. 5 (1950) 570: HOWEVER
Experiments report event-average rapidity particle

abundances, model should describe an average event

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

» Grand-canonical — ensemble average energy and number of
particles: N — pu < T = e®/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

¥&/dof

To describe the horn we need v, # 1

ann Rafelski, Ariz

Looking a the fit * we see that between —

20 and 30GeV results favor that -+, jumps
from highly unsaturated to fully saturated:
from 7, < 0.5 to 7, > L.5. This produces the
horn (below). The individual fits relevant to
understanding how the horn is created have
good quality - see Y.
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