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| Introduction
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Strangeness within the Standard
Model of Particle Physics
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genera tion symmetry breaking outside of
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Discovery of strange particles,
1947, Rochester and Butler (UK)

"Evidence for the existence of new unstable elementary particles"
G. D. Rochester & C. C. Butler, Nature 160 (1947) 855-857

Evidence for the existence of new unstable
elementary particles

By Dr. G. D. Rochester & Dr. C. C. Butler

Physical Laboratories, University, Manchester

Among some fifty counter-controlled cloud-chamber photographs of penetrating
showers which we have obtained during the past year as part of an investigation of the
nature of penetrating particles occurring in cosmic ray showers under lead, there are
two photographs containing forked tracks of a very striking character. These
photographs have been selected from five thousand photographs taken in an effective
time of operation of 1,500 hours. On the basis of the analysis given below we believe
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Experiment of Rochester and Butler, UK

- \\/O dece<topology They used a Cloud chamber within

a magnetic field of 3500 Gauss
triggered by Geiger Mueller

f ///// counters positioned in the 3 banks
__
3 [Zl

above and below the cloud
chamber. Lead shielding was

6-M counter making sure the trigger would fire
| Clofd chamber only for an energetic cosmic ray
| event.

Signal : 2 events out of 5000

N photogaphs taken during 1500
i hours of operation.
P o MG EXDETIMENt Was at sea level ™
N T
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Experiment of Rochester and Butler

The "V0" decay topology

Photographs showing an unusual fork (a,b) in the gas.
RUsS -> pi+ pi- with BR= 0Y .
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The "Kink"decay topology
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Discovery of strange particles

"Evidence for the existence of new unstable elementary particles"
G. D. Rochester & C. C. Butler, Nature 160 (1947) 855-857

We conclude from all the evidence that Photograph 1 represents the decay of a neutral
particle, the mass of which is unlikely to be less than 770m or greater than 1,600m,
into the two observed charged particles. Similarly, Photograph 2 represents the
disintegration of a charged particle of mass greater than 980m and less than that of a
proton into an observed penetrating particle and a neutral particle. It may be noted
that no neutral particle of mass 1,000m has yet been observed; a charged particle of
mass 990m £ 12 per cent has, however, been observed by Leprince-Ringuet and
L'héritier?.

Sonia Kabana, Lecture on Strangeness in Hl Collisions, Dubna, Russia, 20-31 August 2018



Relativistic Heavy lon
Collisions and Quark Gluon
Plasma
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The QCD phase transition
between hadronic and partonic phase

QCD on the lattice predicts a cross over at
zero net baryon density with critical
temperature Tc~154+-9 MeV (2014), critical

energy density ~0.6 GeV/fm*3

(Nuclear Density: rho=0.15 GeV/fm”3
Density inside Nucleon: rho=0.5 GeV/fm*3)

Zero net baryon density

F. Karsch, Lect. Notes Phys. 583 (2002) 209, hep-lat/0106019
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The order of the transition depends on the parton masses.
A cross over is expected by Lattice QCD for the physical
point (for the physical u,d,s masses).
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The transition frdm quarks and gluons to hadrons is believed that took place few 10-6 sec
after the Big Bang.

The QCD phase transition is the only phase transition of the early universe that can be
reproduced in the Lab today.

Why is this possible ? Because T(critical) is expected to be "200 MeV, and this is in principle
reachable with todays accelerators
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The expected QCD phase diagram
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Phases of QCD Matter

Areas of different net baryon
densities and temperatures can be
probed using different collision
energies and nuclei.

The order of the transition is
expected to change with the net
baryon density.
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Accelerators

Sonia Kabana, Lecture on Strangeness in Hl Collisions, Dubna, Russia, 20-31 August 2018




Relativistic Heavy lon Collider
at the Brookhaven Lab, Long Island, New York, USA

e Plraed ORI RHIC has been exploring
N . ?mi o nuclear matter at extreme
3 g conditions over the last 15

years 2000-2015

4 experiments initially:
STAR PHENIX
BRAHMS PHOBOS

Still runing: STAR and
PHENIX

Colliding systems:

p+p, d+Au, Cu+Cu, Au+Au

Cu+Au, U+U
Energies A+A:

Vsnn = 62, 130, 200 GeV

and low energy scan

7.7,11.5,19.6, 22.4, 27, 39 GeV
+ Fixed target
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Large Hadron Collider (LHC)
at CERN

Low B (pp)
High Luminosity

Oclant 3

[ Lo

ILLHC layout I

run-1: p+p Vsnn =0.9, 2.76, 7, 8 TeV, p+Pb Vsny =5.02 TeV,  Pb+Pb at Vsyn =2.76 TeV
run-2; p+p Vsan = 13 TeV Dec 2015: Pb+Pb at Vsnn =5.1 TeV, 2016: p+Pb 5 and 8 TeV
+ fixed target (LHCDb)

And the CERN SPS with 1 experiment
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Current Experiments with Heavy lon program
CMS LHC LHCb

STAR at RHIC
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data analysis is in progress
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Previous and present
experiments

BNL AGS (E866, E917 ...)
CERN SPS (NA35, NA36, NA49, NA44,

WAS0, WA93, WA98

WAS85, WA94, WA97, NA57,

NA50, NA52. NA61/SHINE...)

BNL RHIC (STAR PHENIX PHOBOS BRAHMS)

CERN LHC (ALICE, CMS. ATLAS,, LHCDb)
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Reach of accelerators in terms of
initial Temperature

CERN, LHC
CERN, SPS
e —
BNL, AGS T (MeV)
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T I I | |
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Signatures of the Quark Gluon Plasma

Direct photons from QGP - T(QGP)

Strangeness enhancement (Mueller, Rafelski 1981) -2 K/pi
U.d,s yields for T(freeze out) or pT slopes (Van Hove, H Stoecker et al) —> plateau vs energy
at Tc -2 e_init(crit), sqrt(s)(“‘crit™)
Multiquark states from QGP (Greiner et al) - ‘small QGP-lumps’
~ Critical fluctuations near the critical point, Tc - K/pi, <pT>, etc -
Hadronic mass/width changes (Pisarski 1982) - rho etc
Charmonia suppression (Satz, Matsui 1987) - T(dissociation) of ccbar, bbbar

Jet quenching (J D Bjorken 1982) - medium density

--> Goal is to achieve a combination of many signatures
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Quarkonia suppression as QGP signature

T < T, T =12T,
VXN Y %, Yx, oV Y %Y’
T= 3T,
249-260(2007) T I H
Y

T(1S) ws(1P) | Y(28) | wa(2P) Y(38)
=40 176 1.6 1.19 1.17

state | J/6(18)  x{1P)

|1r;f;1; 210 116 | 112

Quarkonia: Thermometer of QGP via their
suppression pattern (Satz, Matsui)

Many effects play a role like dissociation in QGP,

| cold matter absorption, recombination/
coalescence from c, cbar, feeding, eg B mesons
carry 10-25% of charmonia yields (B->J/Psi from
J/Psi-h correlation STAR measurement)

Other models: B. Kopeliovich et al, D. Kharzeeyv,
E. Ferreiro, A. Capella, A. Kaidalov et al etc.

A __eff e—r/rD(T)
- r

Matsui-Satz: screening the potential

Q and Q cannot
“see” each other
o < rQQ

Screening in .

a deconfined
medium:
effective
charge of Q
and Q
reduced

O ?.‘.

Assume: medium effects described with a T-dependent potential
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Jet quenching as QGP signature

Au+Au Collision
Partons interact with the medium and
loose energy through eg gluon radiation

Collisional “elastic” energy loss:
elastic interaction with the medium

p+p Collision

p

f]

leading particle

leading particle
\%
Radiative energy loss:
parton radiation due to interaction

jet
with the medium

Jark or 9luop

quark or gluon

quark or gluon
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Strangeness Enhancement as QGP signature
, ""!

Initial idea introduced by J Rafelski:

First mentioned in:
J Rafelski and R Hagedorn, Ref TH.2969-CERN, 1980 :

J. Rafelski, “Extreme States of Nuclear Matter - 1980,
” Republished in: Eur. Phys. J. A 51 (2015) 115.

P. Koch and J. Rafelski, “Time Evolution of Strange Particle
Densities in Hot Hadronic Matter,” Nucl. Phys. A 444 (1985) 678.

P. Koch, B. Muller and J. Rafelski, ‘“Strangeness in Relativistic Heavy
Ion Collisions,” Phys. Rept. 142 (1986) 167.
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Strangeness Enhancement as QGP signature

In the QGP strangeness production proceeds mainly via gluons, allowing
strangeness to reach equilibrium within the timescale of the high density
state of a heavy ion collision

a) b) c)

-q,

Lowest order QCD diagrams for ss production: (a)-(c) gg—> ss; (d) gq— ss.
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Comparison of production modes of ssbar in
the QGP

| ' r Y Left: A=Rates, Right: time

r ] T
“Alc-tm ) a)

el constant tau, both shown
10¢ T N . as a function of
g | T~ g temperature T.

Full lines: gg -> ssbar and
qqbar -> ssbhar.
Dashed line: only qgbar-

01
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Strangeness production in the QGP

Strangeness enhancement is expected due to

* The dominance of the gluonic production channel for
strangeness in the QGP

* High gluon density in the QGP

* To the mass of the s quark being similar to the critical
temperature T for the QCD phase transition

In particular Koch-Mueller-Rafelski find that for mass(s) = 0.5-1
xTcritical (Tc assumed =200 MeV), that is for mass(s)=100-200
MeV, the strangeness formation time is similar to the expected
lifetime of the QGP ->

iIs possible, leading to abundant strange quark density in
QGP
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Strangeness enhancement and mu_B
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Strangeness hadronic
reactions

ol
0 0|

q e
q>. S
q ~<:s g S

S.q P ———

$1q —>— >

Fig. 5.1. (a) Typical quark flow diagram for strangeness production reaction: annihilation of a qq pair and production of a ss pair. Several quark
spectator lines are also indicated. (b) Typical quark flow diagram for strangeness exchange reaction: exchange of the s-quark from the initial

K-meson to the final baryon. Several quark spectator lines are also indicated.
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Strangeness as QGP Signature

Antihyperons A
per baryon L
rho(Anti-Y)/rho(B) ‘a
Antihyperons per baryon along the 0%

assumed critical curve is higher in QGP
(full lines) as compared to Hadronic
Gas in equlibrium.

(a) recombination from QGP without
fragmentation

(b)-(d): including fragmentation
(different parameters used)

The strong antihyperon enhancement \
persists for all hadronization scenarios V] \
(b)-(d) 103]60 58157 1 0

U TUUZUUJ[IJ&[IJ?EUUB[I)
u, [MeV]

All stran

ge particles are expected to be
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Phi enhancement

Phi is less enhanced than other

gt plss) strange particles along the
107t nlqsl+plgs) assumed critical curve when
:_ R comparing QGP (full lines) to
Q6P Hadronic Gas (dashed line) in
0) equlibrium.

]0-216[] 158 157 15 148 10 130
o L

7 —¥ b —— T~
0 100 200 300 400 500 600
u, [MeV]
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Approach to equilibrium of total ssbar density in
Hadron Gas

T

-1 7-3 T
10 - g(t)[fm ] P {45011
-2 5T
107 / -
L ///
//.
7 T=160 MeV

time [§]

L]
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Strangeness does not reach equilibrium in Hadron
Gas within the time scale of a heavy ion collision

Mu_b=0 Mu_b=450 MeV

Particles Antiparticles ~Particles  For strange antibaryons
PO I YO S e " the underpopulation is

even more pronounced,
with two to three orders
of magnitude missing to
equilibrium.

Fig. 5.5. Approach to equilibrium of various strange particle densities in hot hadronic matter at fixed temperature T =160 and u, =0 (a) and
w, =450 MeV (b) and (c). In (a) at u, = 0. Strange and antistrange particles have the same abundance. At finite baryon density (u, =450 MeV)
s-hadrons are shown in (b) while s-hadrons are shown in (c).

region, can — if actually observed —only be explined 1) % invokingthe deconfined
plasma state. (Koch, Mueller, Rafelski)
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Comparison of s,sbar in QGP and Hadron Gas

(b)

- Ro= 3 fm — To=250 MeV
- as=0.6 - Ro=3fm N

m:- 170 MeV - (,:. 06 AN \
F mg=170 MeV

r
160 g MVT g 130 180
T i * i T

(WU I.LB[MEV ] 40U

In this calulcation a
quark-gluon plasma was
assumed to be formed in
the collision, cooling to the
critical temperature at
about 8 fm/c after the start
of the reaction, and
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Strangeness is part of the QGP ..

jet

like . They are traversing the QGP
and are affected by the QGP, creating phenomena like

Hard probes like jets and single hadrons at high pT are 4_‘
jet quenching.

Matsui-Satz: screening the potential

Quarkonia suppression is another example of an

. Screening in () Q and G cannot
, hamely c cbar pairs are affected by o i
QGP via color screening, without that c and cbar quarks |&g-< So%

need to get equilibrated.

Assume: medium effects described with a T-dependent potential

Strangeness : due to the mass of strange quark of ~150
MeV being similar to the critical Temperature of the QCD
phase transition, strangeness is expected to reach

equlibrium and therefore

JIUU AUC U "
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Special about Strangeness

While hard probes serve as signatures to prove existence of
QGP and to measure its characteristics like eg dN/dy(gluon)
from jet quenching or the temperature of the QGP which is
reached at a particular collision energy via Quarkonia
suppression and direct photons

-> Strangeness as a part of the QGP itself, can give crucial
and the measurement
of the critical values, like the
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Observation of Strangeness
Enhancement
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Strangeness enhancement has been
observed in AGS at BNL

Experiments E866, E917

o
& 0.25 ¢ A = o £8366
ut+Au 5 -
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J.C. Dunlop and C.A. Ogilvie, Phys. Rev. C61:031901 (2000)

Enhancement grows larger with smaller energy?!
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Strangeness enhancement has been

observed in AGS at BNL
Experiments E866, E917

o

! .  £866
0.2 C + + x ¥ NA49

r N

N I «< /.5 F
015 F 7 -3
L ¢ §
1 IIIIIIIIIIIIIIII

v by
10 12 14 16 18 20
vs (A.GeV)

J.C. Dunlop and C.A. Ogilvie, Phys. Rev. C61:031901 (2000)
Enhancement grows larger with smaller energy !?

-> Mu_b dependence of strangeness enhancement (S.K. P

Minkowski and others)
-> Canonical suppression due to small number of produced

strange particles (M. Gorenstein et al and others)
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First observation of ssbar enhancement
in SPS at CERN by NA35

NA35, Zeitschrift fur Physik C Particles and Fields, June 1990, Volume 48, Issue 2, pp 191-200
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NA35

CAMERAS y4

SM
7/

[

i ///

e

TARGETS

STREAMER TIME RING VETO
CHAMBER PROJECTION CALORIMETER CALORIMETER

CHAMBER

Streamer chamber
picture, NA35 exp.
CERN
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NA35 64 TeY
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Target dependence : S+Ag and S+S
NA35, z. Phys. C 64, 195 207 (1994)

©
)

z A, + A, at 200 GeV/n

5 0.1

| ! * No target dependence of ssbar
<005t | |  enhan cement over pions
<

¥
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Antibaryon enhancement in
NA3S

,'}Q | NA35 Coll,
22 .S+5 Physics Letters B 366

cing|  (1996) 56-62

2
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First measurement of strange (anti)baryons
Xi, Omega by WA97

Enhancement E

Strangeness |S|
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NAS7 PbPb sqrt(s)=17 GeV

NA57, J.Phys. G32 (2006) 427-442
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NA57 Pb+Pb at 40 GeV beam
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LHC, RHIC, SPS

ALICE, Phys. Lett. B 728 (2014) 216,

Pb-Pb at \s, = 2.76 TeV |
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Some selected results from Statistical
Models

Extracting (Temperature, muB,...) at
chemical freeze out from thermal models

P. B Munzinger, J Stachel, A Andronic

J Cleymans, H Oeschler, K Redlich et al
K. Bugaev et al

M. Gazdzicki, Marc Gorenstein et al

F Becattini et al

J Rafelski et al

S.K, P. Minkowski

H. Satz et al

and others

- Using eq ratios of hadrons with u,d,s quarks leads to temperature

.......................................
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Hadron kesonance Gas Model (HRGM) with
multi-component hard-core repulsion (MHRGM)

K.A. Bugaev et al. / Nuclear Physics A 970 (2018) 133—155

10' T T T T T T T T T T T T

Pb+Pb 10"
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2.76 TeV s | - :
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-~ _l_*_# an
t — R=0 o
10°F = = hard core radii —* rad”
3 by Sagun E 3
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Fig. 3. The full set of ALICE data (see Table 2) was fitted by the MHRGM with the hard-core radii taken from Ref. [5]
with the CFO temperature Tcpp >~ 151 £7 MeV and Xz/ndf ~ 13.827/17 =~ 0.8. For a comparison the ideal gas fit
results are also shown which correspond to Tc po =~ 148 =7 MeV and X2 /ndf ~19.63/17 >~ 1.15. The upper panel
shows the fit of the ratios, while the lower panel shows the deviation between data and theory in units of estimated error.
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I S I E O S K.A. Bugaev et al. / Nuclear Physics A 970 (2018) 133-155

10l 1 T T T T 5
\ISNN=2.76 TeV ;
10°F 3 +
o 107 rT - - - —_— i
2| - - ;
gl = 1 Van der Waals EOS with
r 1- [ ] [ ]
- induced surface tension
107y 1 (abbreviated IST EOS)
[ Rlb = 0.365, le = 0.42 fm, R= 0.15 fm, RKl = 0.3915 fm, R.A = 0.0185 fm i
lgl 2 E- 1 1 L} 1 1 L} _l_ I Ll ] ] -i‘
S 1F —_— - .
£ of— — - ]
= I 5 - 1
8 —2 : 1 1 L 1 1 L L L 1 1 L -:
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K' T = K @ n A E A T

Fig. 4. Same as in Fig. 3, but the fit was obtained by the IST EOS with the new hard-core radii found in Ref. [29]. The
obtained CFO temperature is Tc g = 148 &= 7 MeV. The (anti)nuclei ratios are not included in the fit and its quality
is X2 /ndf ~8.92/10 ~ 0.89. The upper panel shows the fit of the ratios, while the lower panel shows the deviation
between data and theory in units of estimated error.
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Chemical freeze out temperature vs baryochemical
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Energy dependence of s/q
The "Horn"

M. Gorenstein, M. Gazdzicki, Acta Phys. Pol. B 30, (1999) 2705.

0.4
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\ " n
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Again the maximum of As

A later study revealing
again the maximum of

09 _
08l 1 1 strangeness suppression
0l $ AGS Si-Au 1 factor by P Braun
<06 ( 1 Munzinger, J Cleymans, K

0.5 :KGS Au p_psT SPS S RHIC AvAu  — Redlich, H Oeschler,
041 bg S-Ag -+ Nucl.Phys. A697 (2002)
031 spe'c - 902-912
02 S - ?———L—{——l—i——-
0.1 B // p-p pP N

o SISAu-Au o s
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Figure 2: The Wroblewski ratio A; (for definition see text) as a function of y/s. The thick
solid line has been calculated using the freeze-out values of the temperature and the baryon
chemical potential. The dotted line has been calculated using g = 0 and only varying 7. The
dashed line has been calculated using a radius of 1.2 fm, keeping =0 and taking the energy



The maximum dissappears at

5 | == After extrapolating all points
Hl ‘f j% - mUB O to muB=0 the maximum of

As dissappear
This suggest that the
maximum is entirely due to

< I
the finite values of mu_B
* A+A sqrt(s)=2, 4.9, 5.4, 17, 19, 130 GeV e
O ppbar sqrt(s)=900, 1800 GeV
1t @ e’e” sqrt(s)=91 GeVv S i
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o) { T I of having different mu_B for
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Statistical Model by J. Rafelski - SHARE

Uses gamma(s) and gamma(q) factors to allow strange
and light uarks to deviate from equilibrium

Finds that strange

and Iight quarks '_|17O . R T=17‘4/;%;X* o X Florence
deviate from > I X 4 X THERMUS
equilibrium yield =0 [ Andronic
— i | T
150 g, e :
T about ~ 140 MeV 55 %
i 140 R % -
at high energy e SHARE nonequmbrlum \\\\\ oa
Pb-Pb ‘ < ! .
Comparison of 130 I
results of SHINE 150 | *x
with A Andronic et al | RHIC  SPS 8.
LHC ; Au-Au Pb-Pb | <
100
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J. Rafelski SHARE

J. Rafelski, Eur. Phys. L §- + ......... et .l. ..... &
J.A51, 114 (2015). 1.6 == [
T 15[ E} """"" g y
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Resolution of the proton anomaly

The "proton anomaly”: Protons and antiprotons from the
statistical model ere found to deviate by 2.7 sigma from
data

J. Stachel,et al, J. Phys. Conf. Ser. 509, 012019 (2014). The
Statist. hadronization model prodicts 25% more protons
than in the data.

The resolution of the proton anomaly: In A. Andronic et al,
hep-ph 1808.03102 the authors estimate the piN interaction
contributions to the proton yield , employing the S-matric
formulation of statistical mechanics to integrate in their
statistical model the effect of broad resonances and of non

resonant contributions.




Resolution of the proton

anomaly

A. Andronic et al, hep-ph 1808.03102

Comparison of the
: Po-PBys; =2.76:TeV ¢ 1 1 bbb bbb b -
ef TTIRAEE model to experimenta
N I =T Y- T YR H H H H H H H H H H H T H
[} [}
—
COllISIoONS at Sqrus )=
atio of data on the multiplicity per unit rapidity, dN/dy, for hadrons measured at midrapidity to the statistical 2 . ; 6 I eV AI I C I
including the S-matrix corrections to the proton and antiproton production yields. The lower panel
a and model results, normalized by the standard deviation o of the data for a given species.

The new model yields
an improved chisquare
=19.7 per 19 DOF
compared to
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Strange particles

Apart from looking after strangeness enhancement, strange

particles are used for a number of studies like

- RAA study vs pT,

- flow,

- correlations,

- polarization of Lambda,

- transverse momenta and extraction of transverse flow
and thermal freeze out Temperature,

- test of number of constituent quark scaling,

- to extract T and chemical potentials at chemical freeze out, -
and other.
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Number of Constituent Quark
scaling
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Number-of-Constituent-Quarks scaling

Mass ordering NCQ scaling
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Number of constituent quark scaling
seen also in small systems: 3He+Au

IIIIIllIIlIIIIII]IIIIII||II|II

014F  0.5% *He+Au 200 GeV PH ENIX
b1of m e preliminary S Huang,
e o $ STAR,
> A p+B QM15
=008

ﬂ@@@@%@%@@%ﬂﬁ@ 1
a

IIIII|III|III|III|III|II
IIIIIII|III|III|III|II[|III|I

RN
o
RN
(00

| | I | | | 1 | | - | | | | | | 1 |

Illlllll
02 04 06 08 10 12 14
KE./n, (GeV)

o[k

The familiar behavior of number of quark scaling observed in Au+Au
collisions is also seen in the small 3He+Au system
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RAA of strange particles
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Jet quenching of light hadrons at RHIC
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ALICE RAA Pb+Pb 5.02 TeV

M. Vasileiou for ALICE, ICNFP2017

- ALICE Preliminary, Pb-Pb 15,,, = 5.02 TeV
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RAA of Kaons in Pb+Pb at
2./6 and 5.02 TeV

e
Pb-Pb, ALICE Preliminary

i \s,, = 5.02 TeV (filled markers)

1-0m0-5%  ALICE, PRC93 034913 (2016)

i \s,,, = 2.76 TeV (empty markers
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Latest Highlights about
Strangeness yields over pions
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Recently published results
from ALICE in Nature

LETTERS

PUBLISHED ONLINE: 24 APRIL 2017 | DOI: 10.1038/NPHYS41M

OPEN

Enhanced production of multi-strange hadrons in
high-multiplicity proton-proton collisions

ALICE Collaboration’
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oo ALICE
2K The new data released by ALICE
U0 g show for the first time in pp
den collisions that the yields of
strange particles relative to pions
G ' |, increase significantly with
: H.Hiirs*-' ! s | multiplicity
" } ‘H' [H‘ H ‘H‘ The particle ratios are the same as
3‘ 1072 HHH @+ @ (x16) those in p+Pb at same multiplicity
g | g“ f .’ densities
i “ o ’:ﬁ,@i_mv Novel phenomenon in pp at the
” l D PPt 276 TeY LHC: strangeness enhancement
P in p+p and p+Pb increases with
----------- EPOS LHC naraed multiplicity and reache

(chh/dU>|,7| <05
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ALICE

The observed

R enhancement
- 5 =7 TeV 0 e - Te N
201 O T e = of strange/pi ratio in A

Y %ﬂ +A over p+p (double

gl ¢ s Fatio strangelpi ANIpp)

g 0 Eﬂjﬁﬁ] L & with event charge

g ag? multiplicity shows a

© 10 L. hierarchy determined
0.5 -

(N /dndy <05
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ALICE

The ratios L/KOs (mave points) and
p/pi (yellow points) do not change
significanctly with the charged

T g ~ multiplicity demonstrating that the
040 @pp E=7TeV oo DIPSY observed enhancement of strange
035 O PP =5.02TeV FPOSLHC hadrons over pions is not due to
2 0305 o the different hadron masses
WAL IR
E 0B W ... '#‘ Ak The models cannot reproduce
S o,zoj ........................................ simoultaneously the observation of
: 015 j .................................................... strangeness enhancement over
CE— I pions as a function of multiplicity
00 . and the constant p/pi ratio ve
005 ] | - multiplicity.

(chh/d 7’)|n| <05
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ALICE

i 0 15 The novel measurement of ALICE:
28 consistent strangeness enhancement in pp,
pPb and PbPb collisions which depends on

U0 mgy
e strangeness content and cannot be
H reproduced by models at same time as p/pi
b ratio

. L

P =

g I i [H’ ‘H‘ Adds to previous measurements showing

: | H ‘H' QGP signatures in small systems.

A ﬂﬂ i H'H' @-2«0  These new measurements at LHC point
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| H i L ALICE
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Do small QGP droplet form in
p+p, p+A?

Till few years ago, p+p, p+A in the heavy ion community were
assumed to be QGP-free systems by definition, and therefore
systems to which people compared A+A to find the QGP

New data on collectivity seen in p+A, p+p prompt the idea that
QGP may form in p+p, p+A if certain conditions are reached

Sonia Kabana, Lecture on Strangeness in Hl Collisions, Dubna, Russia, 20-31 August 2018



Do small QGP droplet form in
p+p, p+A?

S.K. P. Minkowski, 2001 New J. Phys. 3, 4: proposed the
universality of QGP phase transition in p+p, p+A, A+A
appearing above a critical energy density.

->
not the size of colliding particles or nuclei
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Universality of the QCD phase
transition in p+p, p+A, A+Ain both T

Temperature T [MeV]

= Neutron stars
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Universal Strangeness
Production

results from F Becattini et al P. Castorina, S Plumari, H Satz, 1709.02706

Ea
LHC
RHIC p-Pb
Cu-Cu

1547
-~ TR?
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P Castorina - H Satz

K. Aamodt et al. (ALICE Coll.), Phys. Rev. Lett. 105 (2010) 252301.

)
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Strangeness suppression
IS happening only below Tc

P. Castorina, S Plumari, H Satz, 1709.02706
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Strangeness in exotic states
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Absolutely stable Strange Quark Matter

... Is possible E Witten, 1984

For more than few hundreds u,d,s quarks, the energy per baryon (E/
A) of quark matter can also be below the energy of the most stable
atomic nucleus 56Fe, which has Energy per baryon number
Mass(56Fe)c™2/56 = 930.4 MeV

With E/A(strange quark matter)= 4Bpi'2/mu”3, the E/A of Strange
Quark Matter can be

E/A =829 MeV for bag constant B=57.5 MeV fm-3 (or B (1/4)=145
MeV) and

E/A =915 MeV for bag constant B=85,3 MeV fm-3 (B"(1/4)=160
MeV).

In this cases Strange Quark Matter from u,d,s quarks would be the

ground state of matter.

Bodmer AR 1971 Phys. Rev. D 4 1601
Witten E 1984 Phys. Rev. D 30 272

Terazawa H 1979 INS Report 338 University of Tokyo, Terazawa H 1989 J. Phys.
Soc. Japan 58 3555, Terazawa H 1989 J. Phys. Soc. Japan 58 4388, Terazawa H
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From Strangelets to Strange
Stars

One may expect novel states to exist like strange nuggets
or strangelets (for small A like A~10-100) to strange stars
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Experimental searches for

strangelets with small A
In accelerators (AGS BNL, NA52 at CERN SPS, etc)

In cosmic rays with detectors on earth (centauro events)
In Space (AMS)

Limits on strangelet production from AGS E864
and SPS Nab2 experiment

-3_
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A committee studied the probability that
strangelets could destroy our planet ?

Will relativistic heavy-ion colliders
destroy our planet?

Arnon Dar*', A. De Rtjula* and Ulrich Heinz*

* Theory Division, CERN, CH-1211 Geneva 23, Switzerland
I Department of Physics and Space Research Institute,
Technion, Israel Institute of Technology, Haifa 32000, Israel

Abstract

Experiments at the Brookhaven National Laboratory will study collisions between gold
nuclei at unprecedented energies. The concern has been voiced that “strangelets”—
hypothetical products of these collisions— may trigger the destruction of our planet.



A committee stuaied the probability that
strangelets could destroy our planet ?

and concluded NO

Will relativistic heavy-ion colliders
destroy our planet?

Arnon Dar*', A. De Rtjula* and Ulrich Heinz*

* Theory Division, CERN, CH-1211 Geneva 23, Switzerland
I Department of Physics and Space Research Institute,
Technion, Israel Institute of Technology, Haifa 32000, Israel

Abstract

Experiments at the Brookhaven National Laboratory will study collisions between gold
nuclei at unprecedented energies. The concern has been voiced that “strangelets”—
hypothetical products of these collisions— may trigger the destruction of our planet.



but

Maybe it happened already ?
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If you happen to pass from the CERN theory
coffee room, there is an other "prediction" and/

or "postdiction” haenging on the waII out there

2.2 BILLION YEARS AGO, - : ' MZEL
A PEW SECONDS BEFORE THE , All et
CREATION OF OUR UN‘VMHQ ‘ Lﬁs Fre U ‘H'NS

[arge Hadron Parhde
liderandsee M| _
what happens! (o'~ ?




Antihypernuclel

Sonia Kabana, Lecture on Strangeness in Hl Collisions, Dubna, Russia, 20-31 August 2018




RHIC antihypertriton

Hypertriton: consists of a Lambda, a proton and a neutron, was discovered in
1952. However no antihypernuclei were observed, until STAR.

[

S0 cm

4 STAR Collab.,
NN F W 4/ Science 328,
NN, G’ A ! 58 (2010)
S Tp : f'f' . o ‘
727, \ N 7/ IR 3H — 3He 4+ 1
: \ v . / A — e+
‘e e «

% Anti-hypertriton: anti-proton, anti-neutron & anti-A — the first

;fantinucleus with strangeness, and the heaviest antinucleus so
ar.

¥ After searching >100 million AuAu collisions, found 70 anti-
hypertritons.

¥ Published in Science in March 2010; News stories in Nature,
Sdelnduﬁij American, National Geographic, many news outlets
worldwide.
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= £ el
Q 150 F 1 O 60
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50 _ 4 signal+background fit _ 20 _ ----- signal+background fit _
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~
Figure 3: (A, B) show the invariant mass distribution of the daughter 3He + 7. The open circles
represent the signal candidate distributions, while the solid black lines are background distri-
butions. The blue dashed lines are signal (Gaussian) plus background (double exponential)
combined fit (see the text for details). A (B) shows the 3H (3 H) candidate distributions. (C)
shows (dFE /dz) versus rigidity (momentum /|nuclear charge units|) for negative tracks. Also

plotted are the expected values for He and 7 tracks. (D) and (C) demonstrate that the 3He and
3He tracks (|z(*He)| < 0.2) are identified essentially without background.
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3-D chart of the Nuclides
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3-D chart of the Nuclides

6
AHe

Rl H . .
A
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3-D chart of the Nuclides

6
aHe
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The Strange, the Multistrange and the
Strangelet
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Conclusions and perspectives

- Strangeness Enhancement was the
(predicted by J Rafelski) that has been in relativistic

heavy ion collision experiments: in AGS at BNL and in SPS at
CERN.

- In particular strangeness enhancement over light hadrons has
been observed in (S+Au, Aut+Au,
Pb+Pb and other) as compared to minimum bias p+p or p+A
collisions at same energy

Experimental facilities: AGS at BNL, SPS at CERN, RHIC at

BNL, LHC at CERN
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Conclusions and perspectives

- Recently a number of observables in small systems
(flow, particle correlations like the "ridge", number of
constituent quark scaling) have prompted the question

at
sufficiently high energy.

- Results
from ALICE show that strangeness in p+p and p+Pb
collisions at highest multiplicity reach same values as in
Pb+Pb collisions and strangeness is more enhanced with
higher strangeness content, namely strange
(anti)baryons are enhanced.
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Conclusions and perspectives

- The collision energy and corresponding initial energy density
dependence of strange/non strange particle ratios (maximum
of strangeness suppression factor As, "Marek Gazdzicki's
"horn", the extrapolation of As to zero mu_B),

at a low collision energy,
accessible to present and future beam energy scans in FAIR
and NICA.

- In the case of mu_B=0 the
when plotted vs the initial Bjorken energy
density (S.K. P. Minkowski) which is consistent with recent
work of P Castorina and H Satz showing that strangeness
gamma_s factor becomes 1 when plotted vs initial entropy
density for all systems small or large.
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Conclusions and perspectives

- Hadron resonance gas model with hard-core repulsion (MHRGM)
and other developments as induced surface tension (K. Bugaev et
al) achieved improved agreement with data (chi"2/DOF=0,8-0,9)

- - Strange particles are
beyond "strangeness enhancement”, via their pT distributions, flow,
2-particle correlations to estimate the radius if their source, RAA and
other characteristics.
suggesting dominant hadron production
via quark coalescence out of a hadronizing QGP.

- Absolutely stable is possible (E Witten).

- Strange Quark Matter can exist in the core of neutron stars or quark
stars

- Small droplets of Strange Quark Matter can be produced in particle
collisions in accelerators and are searched by experiments as well
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i T. Sakaguchi, QM2017
- LHC with future up§ratiagectives

- SPHENIX (2020+), eRHIC or JLEIC

- Further data taking and upgrades of existing experiments at RHIC,
SPS and LHC

- New dedicated accelerator facilities and corresponding new
experiments

- J-PARC in Japan,

- will allow to progress in significant way in the next decades.
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Energy scans with Heavy lons

Future: BESII, NICA, FAIR, J-PARC
=)

6 FAIR sis- 100 CBM
10 ;.—.N.....m..........? (2022 ) E”“‘ g | / i : R e L L DU L O L R SIR LR

- O———O (flxed target)

NlCA collider) (2020 )

N AN AN L e A SN e AN N ARFISEY ML NS

T. Sakaguchi, QM2017

RHIC BES n

Interaction rate [Hz]

1 10
Collision energy VS [GeV]
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future low energy scans coming up
soon at RHIC, FAIR and NICA
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Thank you very much

Volga River
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Flow coefficients vn, Nn=1,2,3..

Reaction

1+ZZV cos[n(p—D,)]
v, =< cos[n(d— ®,)]>
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STAR goals

BES-II

Beam Energy | /snny (GeV) | ug (MeV) | Run Time | Number Events

(GeV /nucleon)
9.8 19.6 209 4.5 weeks 400M
7.3 14.5 260 5.5 weeks 300M
0.7 11.5 315 5 weeks 230M
4.55 9.1 370 9.5 weeks 160M
3.85 7.7 420 12 weeks 100M
31.2 7.7 (FXT) 420 2 days 100M
19.5 6.2 (FXT) 487 2 days 100M
13.5 5.2 (FXT) 541 2 days 100M
0.8 4.5 ( FXT) 589 2 days 100M
7.3 3.9 (FXT) 633 2 days 100M
5.75 3.5 (FXT) 666 2 days 100M
4.55 3.2 (FXT) 699 2 days 100M
3.80 3.0 (FXT) 721 2 days 100M
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STAR BES-Il goals

Table 8: Event statistics (in millions) needed in BES-II for various observables. This table update
estimates originally documented in Ref. [45].

Collision Energy (GeV) 77 9.1 11.5 145 19.6
ps (MeV) in 0-5% central collisions 420 370 315 260 205
Observables
Rcp up to pr =5 GeV/c - 160 125 92
Elliptic Flow (¢ mesons) 80 120 160 160 320
Chiral Magnetic Effect 50 50 50 50 50
Directed Flow (protons) 20 30 35 45 50
Azimuthal Femtoscopy (protons) 35 40 50 65 80
Net-Proton Kurtosis 70 & 100 170 340
. Dileptons 100 160 230 300 400

>Ho Magnetic Field Significance 50 80 110 150 200
Required Number of Events 100 160 230 300 400

+100M for each FXT energy

Typically factor 20 more than for BES-|
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* USA
* STAR upgrades for BES-Il and 2020+
* New detector project at RHIC: sPHENIX

sPHENIX: start data taking 2022

RLITN Wi

TPC »
Exte.nQIed Calorl_metw INTT. I — \;\f\ _Outer HCal
precision vertexing MAPS ‘ i ‘\L Solenoid

and tracking for !l Magnet
jet quenching, charm, I

beauty

. Inner HCal

A
e
VN Emcal
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LHC experimental upgrades
ALICE upgrades for run-3

GEM-TPC ITS MFT

The Upgrades will allow high statistics and high resolution
strangeness measurements
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A view Into the far Future :

Photo courtesy J. Wenninger

? f‘ : L) b
. b -
- - 3
f

plot from M. Koratzmos, (
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Helelms

~100 km tunnel, 16 T magnets
sqrt(s)= 100 TeV pp collisions

FCC-hh
FCC-ee
FCC-he

Possible first steps
*FCC-ee, E_CM=90-400 GeV
*HE-LHC 16T 28 TeV

in LEP/LHC tunnel

FCC-AA: sqrt(s)NN—40 TeV

nghllght of FCC ?:

he Vision

Schematic of an
80 -100 km
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Lambdas, Antilambdas and
Vorticity

rangeness in HI Collisions, Dubna, Russia, 20-31 August 2018



Vorticity measurement in Au+Au collisions at
RHIC 20-50% centrality

STAR, Nature, 2017, 1701.06657 Average Vorticity points
towards the direction
/o . of the angular momentum

N g \{)Z*/?A J(sys) of the collision.
/
= - n

1 T *

— 1 (14 ol cose).
¥ deoser — 1 {1+ oulFinleos

quark-gluon

plasma / SRR

A

/

forward-going
beam fragment
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sQGP vorticity measured to be maximal

Pu: average polarization with STAR, Nature, 2017, 1701.06657
H: A or Anti-A R H6 .
Measurement of vorticity in Au+Au collisions with 20-50%
[T T T T ] centrality via the average polarization of Lambda and
X ﬁ AL Antilambda.
~— 8 Y A this study —
- L

1y T ; ir::;zdgz 4915(2007). | Fluid vorticity can be calculated using the hydrodynamic

6 O X PRC76 024915 (2007) relation (Becatini et al 1610.02506.)

4 a o = kT (§A’ —|—§K/) /h,

‘With T the temperature. The vorticity found is

_H._
=
P
By
S

10 102

ISy (GeV)

* The Quark Gluon Plasma produced in heavy ion collisions is
- hotter
- least viscous

- and has larger vorticity,
all fluids ever produced in the laboratory !
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New STAR results on global polarization
of A, Anti-A in Aut+Au at 200 GeV A,

S 1805.04400
s | Nature548.62 (2017)
D.I oA OA
_ ” PRO76.024915 (2007 High precision measurement
0 o of a finite A and Anti-A
" this analysis - .
ENIENEE global polarization of the
] \ level of 0.1-0.5% (depending
i I wiriel
: on centrality) in Au+Au at 200
j RN GeV
- STAR Au-+Au 20%-50% \_ﬂﬂ’
0_ _____________________________________________________________________ —
- rimary - primarysfeacdour Global polarization increases
- AMPT, A . . " .
primary - primary eed-down | with decreasing collision
III| | | | 11 1 II| | |

10
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sQGP

* The Quark Gluon Plasma produced in heavy ion
collisions is an extraordinary state of matter :

- 100,000 times hotter than the core of the sun (T ~
200 MeV, 2.3x10°{12} K).

- least viscous than any observed fluid -> the
Perfect Fluid

- with larger vorticity by many orders of magnitude

Y [ - Y 8 Y - Y I - ™
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The ridge in p+p, p+A, A+A

2<p,,. <4GeVic - NN = .
o T First observed by CMS

=N\ PLB718 (2013) 795

1.2—q" """
?'.; RN
PP /5255 After taking out jet-effects: Double Ridge
8g ]
Z5 |
°© gg | \ 2<p,, <4GeVic p-Pb s, = 5.02 TeV
TIZ 1.0 A\ : 1 <P eeoc <2 GeViC (0-20%) - (60-100%)
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1986-2000: Discovery of a new
state of matter at CERN

1 dEBr (7)
At dy '’
Evidence: Sequential Psi prime and J/Psi suppression has
. ; been observed at CERN SPS Pb+Pb 158 A GeV
ccbar suppression
* Strangeness NASO, Phys Lett B 477 (2000) 28 EurPhys J C 49 (2007) 559 o5py nobinsist bin
= 2¢ ]
enhancement i %a ; N B, PerPhera
212 w. . - O 5(32 x 200 GeNIehU ; et
* T(chem. freee out) = g:f i OSSR | r+++++
~ T (critical ¥ L 8.0 |
%os 2 00 1 2 3 4 5
* Direct gammas Bos ; Ip‘(G"wc)
consistent with T > foal e ++ na. centra
Teritical 02| B | s e e + ; o I
e e R A ’ 2 '-: % | . : ::::;((::: :‘1'1::\ + ' +++ : 1 - ++++

3 35 0

¢ (GeVAm’) 01 2 3 4 5 6 7 8 98 1

L (fm)

* Psi prime is suppressed from 1.23 GeV/fm”3 on i 2328 2004
* JIPsi is suppressed from ~2.4 GeV/fm”3 on "9 ’
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2000-2003: Discovery of strongly
interacting QGP and of jet
quenching at RHIC

RHIC white papers for the 4 RHIC experiments: 2005

STAR Phys. Rev. Lett.

; 91,072304(2003), nucl-ex/0306024.

% 0.2 — p+p min. bias il
ol F *  Au+Au central
% [ » d+Au FTPC-Au
g5 % 0-20%

D "

=)

=2 "
€ o
=
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yield
Ed’N/dp*(GeV%c?) or Ed’o/dp® (mb GeV?c?)
(=}

—_
S
o

107

RHIC PHENIX: Direct photon excess in min bias Au+Au at

i LO Vogelsang

o snn = 200

GeV

L Au+Au

N min. bias

I’ N PHENIX

;_ O \’f ) :l{\}\\;"\

= N | i Sy

; T

= ‘ ‘i’ . T

E <&

E s

~I PRL 104, 1%2301 I(2010)I "“%t::;:g:

1]1121113llI41115l1|611117
P, (GeVl/c)

Ed*N/dp*(GeVZc?)

1
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-
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N
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-
o
IS

Direct photon spectra at\,‘sNN = 200GeV
- —e— T,a/Tyu< d+Au (RUNS)

= e TpAIT % d+Au (RUN3)

- —=— Au+Au (MB, PRL104 132301)

- E oo Taax ptp fit result

MR

-

X Y. Yamaguchi, PHENIX
N ) Coll.,

i QM2011 poster
:_ 'ﬁ'.'i.. -‘_l

- PHENIX preliminary @

_[ L1 11 | L1 11 | 1111 | I I | | L 111 | L 111

1 2 3 4 5 6 7

P (GeVi/c)

Confirmed also with other measurement method : PHENIX 1405.3940, published in PRC 91 (2015) 064904

Direct photons in p+p described by NLO

Critical d+Au check : No exponential excess in d+Au

Direct thermal photons were firmly
established for the first time at RHIC

Direct photon excess in min. bias Au+Au at 200 GeV over p+p at 200 GeV below pT ~2.5 GeV

Exponential spectrum in Au+Au - consistent with thermal below pT ~2.5 GeV with inverse slope 220 = 20 MeV -->
T(init) from hydrodynamic models : 300-600 MeV, depending on thermalization time
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_ I_’HENIX, c_eriv_:I 509.07758 _
Anisotropic emission of direct photons

(@) 0-20% " (b) 20-40% (C) 40-60%
0.3} Direct photon v_ . PHENIX 2007 and 2010 e
- e Conversion method | Au+Au 200 GeV
S ook ™ Calorimeter method - m i $ H
| : S LT wEH :
:l...H.El....l‘A..l...m...hl....l....l....l....l...-l....l....lﬂ..nl ke Lo
015} (d) 0-20% - (e) 20-40% - (f) 40-60%
i S
o I [ + : _
i - H 0
| b H‘] R
v 1 T T T - 1 ol
2 3 3 0 1 2 3 4 0 1 2 3 4

P, GeVl/c
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Example: viscous hydro + thermal emission

Direct photons vs models

E

(GeV?
=

1o4é

—r
<
(&)

E

(a) Invariant yield

- 0 PRL114, 072301

and priv. comm.

-------- QGP w/o viscous
—— QGP w/ viscous

- - - semi-QGP

w/o viscous

[ (All three include HG)

E Au+Au 20-40%
[\ S=200GeV

¢

- Yield is from PRC 91, 064904
- I Eedde—" I P I Ledb—— I L

LI

Data
Solid line

Cahwh

#e s
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3 4
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PHENIX

PHENIX: Phys. Rev. C 91 064904 (2015)
and 1405.3940
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ALICE direct photons 2015

ALICE:1509.07324
ALICE: different centralities ALICE vs PHENIX

105 T

IlIIII

;z’ pb_pb v_g: 2‘76 Tev ‘f‘;“ : L | LI ] LI I B | | L ] LI | LI ]
> 10 [e] 0-20%ALICE — PDF: CTEQ6MS, FF: GRV < - [P [*]ALICE i
<} [#]20-40% ALICE - - (n)PDF: CTEQ6.1MWEPS09, g 10 0-20% Pb-Pb (5. =276 TeV 3
> 10° [+]40-80%ALICE  FF:BFG2 =~ o 3
5T 42 F — Aexp(-p /T 4) ]
= | JETPHOX Sla T Ty =304 £ 115 £ 407" MeV -
$ o0 W PDF: CT10, FF: BFG2 <8 (L _
Q nPDF: EPS09, FF: BFG2 ° | 'E [o] PrEMIX E
: , FF: S Au V5. = =
5 10 (all scaled by N_,) . 0-20% Au-Au ys,,=0.2 TeV ;
-2 A2 —APD/ T ]
T = 239 + 25 + 7% Mev
& 1 K10 o

T IIIIIIII T IIIIIIII T IIIIIIII T IIIIIIII

1 lllllllI 1 llIIllIl 1 IllllllI 1 lIIIIlIl

Illllllllllllllllllllll.II

5
[ (GeV/c)

2.60 excess in low p; in 0-20% central
T = 304£11+40 MeV (30% larger than at RHIC)
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Theory on direct photons
RHIC

C. Gale et al, 1308.2440

MCGlb. n/s=0.08
Au+Au 0-20% @ vs =2004 GeV (a)

0.96

0,84

40.72

-40.60

-40.48

40,36

0.24

0.12

0.00

4 6

2 < 6 8 10 - (Fm/c)

7 (fm/c)

The 3rd dimension in these plots is cross section of photons

VAN | dydTdr
dN? | dy
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Theory on direct photons

LHC

MCGIb. n/s=0.08
Pb+Pb 0-40% @ v =2.76A TeV (c)
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Direct photons flow too
J. F. Paquet et al,1509.06738

102 Laraae
glol N %_ -
T 10° Difficult for models to
>§ml describe both cross
Elo? section and v2 flow of

é 1073 E Au-Au 0-20%

= ¥s=200GeV - ' - t direct phOtonS

1M0 05 1 15 2 25 3 00 05 1 15 2 25 3

Pt (GeV) pT (GeV)
Hydrodynamic model

107 A i = 02 P describes approx. the
S oil memai — | | o1sf T v2 data at RHIC and
) F , E . e —d 1 B e e e e et
§10°-' .I i E g)_'o]__ f.}ir_ By
% ot i § ; ] s / { I— {“
g; T o0sf AT ’j“ <
& 102§ i _
SR g ob o,

10-30 05 lpT (léiv) 5583 0 05 1pT (léi\/) 2 25 3

Sonia Kabana, Lecture on Strangeness in Hl Collisions, Dubna, Russia, 20-31 August 2018



Photons as a thermometer

range of photon |[fraction of total photon yield
emission AuAu@RHIC| PbPb@QLHC
0-20% centr. | 0-40% centr.
T = 120-165 MeV 17% 15%
T = 165-250 MeV 62% 53%
T > 250 MeV 21% 32% C. Gale et al, 1308.2440
T=0.6—-20fm/c 28.5% 26%
T > 2.0fm/c 71.5% 74%

Conclusions:
* Photons can be used as a thermometer

*T>Tc is reached
* More model calculations needed to fit the data and extract the T(init)
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Latest results from RHIC Beam
Energy Scan: direct photons

effective
T(from
direct
photons)
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' 350
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T, vs. collision energy

'V\/_
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++

2760 GeV Pb+Pb: y subtracted
200 GeV Au+Au:y pm:':' subtracted
200 GeV Cu+Cu: yp:mpl subtracted
62.4 GeV Au+Au:y p:,mp'p unsubtracted
39 GeV Au+Au: Y prompt unsubtracted
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3. Collectivity, Flow, Strangeness
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Flow and shear viscosity

- 2003: discovery at RHIC of large flow and first ‘ f T F
extraction of shear viscosity -> RHIC white papers e w% . A
| <@
- QGP : a perfect liquid : %
- strongly interacting QGP | "x j
o] e
10 0.5 (T.‘:(IC)/TD 05 10

PHENIX

Schenke, Jeon, and Gale, PRC (2012)
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New DO v2 from STAR Heavy

Flavor Tracker
1701.06060, STAR

Mass ordering NCQ scaling
! 1 0 ' ! ! | ! | ! | ! | n B I | ! ! I ]
o~ D STAR Au+Au@200GeV { S ' fb) * D° STAR Au+Au @ 200 GeV -
- 03| ° = o — R 10-40%
S oo =zE% g 1 &8 afp °K ry =
S r =37 I -7 ‘ o . M:m = T i
a - n:%fnun‘ T & _ . g B Wx_, oz % = —_ E i
) - == 8 T 3 >, 0.05 |- - EI = -
S oif _=Z° R ¥ S
=S i 5.9 LI | = i ]
< 1 T O — - e ]
S B 1 1 l 1 ——
0 0.5 1 1.5 2 2.5
0 1 2 3 B 5 6
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Small Systems
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v2, v3 observed also in small

systems:
PHENIX, d+Au

200 GeV 62.4 GeV 39 GeV
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Large flow observed in p+Pb collisions at sqrt(s)=5.02 TeV

~ 0.2k EBE pePb 220NT<260 8 = Pb+Pb Centraiity 55-60%, vz(;;T/1'.25);o.6€'3
> E ~©- Pb+Pb Centrality 55-60% E :
0150 O o e o © o 1F
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The ridge in p+p, p+A, A+A
Rt A

g 4 GeV/c p-Pb\s,, =5.02 TeV
1< pmszm <2 GeV/c 0-20%

P 1 N
e 14l After taking out jet-effects: Double Ridge
A
I3 2<p,,. <4GeVic p-Pb | 5, = 5.02 TeV
1< P assoc < 2 GeV/c

(0-20%) - (60-100%)
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Run-2 news: the ridge seen in p+p
collisions at 13 TeV

ATLAS Preliminary 0.5<p2°<5.0 GeV ATLAS Preliminary 0.5<p3°<5.0 GeV

- _ B -1
(s=13 TeV, L_~14 nb 1 N 102N 5<30 (s=13 TeV, L_~14 nb
Data 2015 Data 2015

\\\\\\
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RHIC: First results from 2015 p+Au run
and results from 2014 3He+Au at 200 GeV

PHENIX 3HeAu: Phys. Rev. Lett. 115, 142301 (2015)
PHENIX dAu: Phys. Rev. Lett. 114, 192301 (2015)

=0.3
> -
N - .59 3 - o
. © V0% 3He+Au 200 Gev 0225 = *He+Au 200GeV 0-5%, arXiv:1507.06273
025~ " Vs 0-5% "He+Au 200 GeV 0.25 ® d+Au200GeV 0-5%, PRL. 114, 192301
- AV, 0-5% d+Au 200 GeV 0.185— = p+Au200GeV 0-5%
0.2 0.16 [ R
] 0.14 M E' LY R A
i o . R L]
g Jg e 0.2 Al ¥
045 : Hdﬂ 4 @ ’ v, 01 U E J o
- @% 0.08; m J -
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Number of quark scaling in
SHe+Au

0145 0.5% *He+Au 200 GeV PHENIX
. preliminary
0.12— m r*4n S Huang,
® K'+K’
010 * STAR,
(= A ptp
> 0.08 Qe

@@@B@%@%@ﬂ%ﬁﬁ@ s
a

|||ll|||||||||l|||||||||
III|II||III|III|III|III|III|I

ol

I|III|II
02 04 06 08 10 12 14 16
KE/ng (GeV)

—

8

The familiar behavior of number of quark scaling observed in Au+Au
collisions is also seen in the small 3He+Au system
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Measured ratio of J/Psi to D mesons at SPS

| (a) (J/¥/DDbar)
141 (measured/expected)

] ® p+p. pTA NASE NAST
12 ] @ Po+Pb 1996 NASO

(J/¥/DDbar) (meas/exp)

Need open charm measurements at

- Open charm measured by
dimuons in region 1.6-2.5 GeV

The J/Psi/(DDbar) estimate is
suppressed at 1 GeV/fm*3
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M. Jo et al CMS,

Etretat QGP 2014
é 1_4_| LA L L R I N Y L Y L I B B BN I— 2.5—| T LI B I I T T LT T i
_ _— i | CMS *PRELIMINARY PbPbys, =276 TeV | Ldt=7-150b"|
2 \Je = — | pemes W (0-100%) p° > 25 GeVic, || < 2.1 i
- PbPb SNN 2.76 TeV . 9|~ —%— Isolated photon (0-10%) || < 1.44 ]
i ] | B@== Charged particles (0-5%) Inl <1 |
1 | mmp B Jhy (0-100%) |n] < 2.4 i
n : - | ==& “Inclusive Jet (0-5%) Inl<2 .
. Inclusive y(2S) (6.5 < p, < 30 GeVle, ly| < 1.6) ) - Dot (0-10%) Il <2 i
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Multi-parameter estimates
from a variety of data
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Multiple parameter estimation

Important progress in estimating properties of QGP using statistical analysis methods and a
multi-parameter model-to-data comparison, with many different data (flow, spectra, etc)

S Bass et al Phys.Rev. C94 (2016) no.2, 024907, and others Review: S. Bass, QM2017,
s Calibrated Posterior Distribution
5 | N - diagonals: probability distribution of each
e parameter, integrating out all others
) L L e - off-diagonals: pairwise distributions showing
i : ' . ' /\ dependence between parameters
IR EEEER °?\
) [V A
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Example of results |

\ Temperature Dependence of Shear & Bulk Viscosities |

Review: S. Bass, QM2017,

temperature dependent shear viscosity: oor | 0-06%%s

Prior range
+ analysis favors small value and shallow rise — gg-jecfsr median E ol f \
+ results do not fully constrain temperature ; -
dependence: g P oal  1/S(T) = (n/S)min + (n/S)siope x (T-Tc)x(T/Tc)# 00 \ : 19
B independently ,
- current analysis most sensitive to T< 0.23 GeV KSS bound 1/4n

» RHIC data may disambiguate further CEE 0.0 025 030 A

n/s min n/s slope n/scrv
Temperature [GeV] [Gev-1]

* inverse correlation between (n/s)siope Slope and
intercept (n/S)min

+ insufficient data to obtain sharply peaked 02 00
likelihood distributions for (n/s)siope and curvature

w

n/
n/s slope
[Gev-1]

n/s crv

temperature dependent bulk viscosity: Us(T)=(ls)max / [1+(T-Tc)2/?]
- setup of analysis allows for vanishing Prior range
value of bulk viscosity
« significant non-zero value at T¢ favored,
confirming the presence / need for bulk viscosity

- either high sharp peak or broad & shallow ~
temperature dependence

caveat of current analysis:

* bulk-viscous corrections are implemented using

relaxation-time approximation & regulated to 0.00== 012 016 090 ¢/s max

prevent negative particle densities Temperature [GeV] "[2“;3’]”‘

+0.025
otor 0.0150015

0.08+

0.04+

{/s max
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Needed developments

Review: S. Bass, QM2017,
current analysis focus was on the properties of bulk QCD matter and utilized only
LHC data on soft hadrons. The analysis needs to be extended to:

- include data from lower beam energies
»necessary for determination of the temperature and s dependence of transport
coefficients

- include asymmetric collision systems (p+A, d+A, 3He+A, A+B)
»generate improved understanding of the initial state

- include hard probes (jets and heavy quark observables) M
> consistent determination of jet and heavy flavor transport coefficients AETSCRFE

- include other physics models

»analysis is model agnostic, allows for quantitative comparison among different models
and verification/falsification of models/conceptual approaches
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6. Beam energy scan

Sonia Kabana, Lecture on Strangeness in Hl Collisions, Dubna, Russia, 20-31 August 2018




Directed flow of protons

—

- L 10-40%: v (y') Slope
0.1_— m E895:p
B 1 NA4S: p
B . ¥ STAR: p
<0-05[ -
> i 2 L STAR:p
<) - ® STAR: 7
S SR A
© - ¥ [? Ny ¥ *
B o
- o 9
-0.05 — T AI %1 %; % 5 STAR Preliminary
i ‘ 1 (a) haldrons
- :‘ (b) net-protons
0.02} '
o
_g~ B -im iy,
.> s x “iui,
Q_ o= Data ah
% O} Syst. error=====sse=ce- R Sy
(== URQMD
I y ¥ ¥ y'=>':m

* Directed flow slope is sensitive to a 1st order
transition

* STAR: v1 slope changes sign from positive to
negative between 7.7 and 11.5 GeV

Pions and antiprotons have always negative v1
slopes.

* Net-proton v1 slope shows a minimum around
11.5-19.6 GeV

UrQMD model (model without phase transition)

cannot explain the data
Laboratory Energy £, (CeV)
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RHIC Beam Energy Scan:
At which energy does J/Psi suppression turn off?

< °F
@ g AYA I+ X — Zhao-Rapp 200 GeV

—  ® Au+Au 200 GeV — — Zhao-Rapp 62.4 GeV

16— e Zhao-Rapp 39 GeV
- " AutAu624 GeV [ N, uncertainties

14 u Au+Au 39 GeV [ 1 ptp 62.4 GeV uncertainty
~ [ pt+p 39 GeV uncertainty

12~ ® U+U 193 GeV MinBias [ p+p 200 GeV stat. uncert.

1

0.8

|

0.6

0.4

STAR Preliminary
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FCC quarkonia

- p+p at sqrt(s)=100 TeV, Pb+Pb at sqgrt(s)=39 TeV

B FCC-AA (T,~1GeV) can
probe Y(1S) “melting”
expected by latt-QCD
atT=4-5T,_

[G. Aarts et al, JHEP 07 (2014) 097]

®m Density of bbbar pairs
large enough for
Y(1S) recombination?

[~ 1~
£
P
3
Q

12

—
O = N Wk U1 ON OO

[A.Andronic, et al., JPG38 (2011) 124081]

D. d Enterria, QM2017
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g‘-“f@ FiXed Target program energies

Collider Fixed-Target Single beam A Center-of-mass ug (MeV)
Energy Energy GeV Rapidity
62.4 7.7 30.3 2.10 420
39 6.2 18.6 1.87 487
27 5.2 12.6 1.68 541
19.6 4.5 8.9 1.52 589
14.5 3.9 6.3 1.37 633
11.5 3.5 4.8 1.25 666
9.1 3.2 3.6 1.13 699
7.7 3.0 2.9 1.05 721

2017/8/17 Chi Yang, ICNFP 2017, Aug 17th - 29th, 2017, Crete 29




The QCD Phase Diagram and
the Path of Early Universe through this diagram

Plot from review by Ph. Rosnet,1510.04200 i .
First calculation and plot of

_ Relativisic the Path of Early Universe
" b in (T, mu-B) plane was done

Collisions
Quark-Gluon Plasma by Uli Heinz and later from
S.K., P. Minkowski, J Phys G 28

(2002) 2063-2067, hep-ph/0204103 (fig.

E 1).

g Uiverse S.K. P. Minkowski, Space Sci.Rev. 100
2002) 175-192

E Matter Made of Color ( )
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NAS7, PbPb sgrt(s)=17 GeV

NA57, J.Phys. G32 (2006) 427-442

Enhancement

Q+Q*

Particle

Figure 7. Hyperon enhancement versus strangeness content for 53% most central Pb—
Pb events. Errors on the pBe yields have been propagated. The symbol [ shows the

systematic error. Due to the limited statistics in the pBe sample the 2~ and ﬁ+signals
have been combined.
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First measurement of strange (anti)baryons
Xi, Omega by WA97
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Figure 3. Yield per participant as a function of the number of participants for different
particles.
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