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STRANGENESS AND QGP

Confined matter:
K - mesons

2M = 2 - 500 MeV

00
Gc

04.12.2019

Deconfined matter:
(anti-)strange quarks
2m = 2 - 100 MeV

Tc = 150MeV

N 9

Phase transition
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STRANGENESS
IN STATISTICAL MODEL OF EARLY STAGE

m /d3 ~ gv (M )3/2 —M/T for heavy particles
)3 E/T .
( 77) e/T+1 gv%T3 for light particles
i ‘9 e ¢ s
0 [ (. © © ¢ @

.
Je¢ ¢ ¢
© [
0‘ ¢ ® e o
‘L

Gazdzicki, Gorenstein, Acta Phys.Polon. B30 (1999) 2705
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STRANGENESS
IN STATISTICAL MODEL OF EARLY STAGE

gv (5X )3/2 —M/T" for heavy particles

Q

<n> (27T)3 /d3 eE/T:|:1

R SV%T?’ for light particles
é\l\ u
‘0 ¢ ¢ L “d“e° ° s
‘ 4; (9 go
(- @ ¢ © ¢ ©
(" % 9 ¢ o
< o (-
Cet @, i/ feiin
v
3/2 > s T3
(K) . L Le—M/T ! (5) < — = const(T)
() T3 (Uu+d+g) T

Gazdzicki, Gorenstein, Acta Phys.Polon. B30 (1999) 2705
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STRANGENESS
IN STATISTICAL MODEL OF EARLY STAGE
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STRANGENESS
IN STATISTICAL MODEL OF EARLY STAGE
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STRANGENESS IN HEAVY [ON COLLISIONS

How to measure (Ny)2
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How to measure (Ny)2
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STRANGENESS IN HEAVY [ON COLLISIONS

How to measure (Ny)2

strangeness
conservation
S —
isospin
symmetry
K+ ~ K°
high baryon V
density high baryon
density
A <

04.12.2019

S

isospin
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STRANGENESS IN HEAVY [ON COLLISIONS

How to measure (Ny)2

04.12.2019

isospin
symmetry

K-I-

high baryon
density
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(a4
Y
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strangeness
conservation

K° K-

high baryon
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isospin
symmetry
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A
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(KM

RISE OF THE MAREK'S HORN

NA49: central Pb+Pb collisions Statistical Model of Early Stage
_ A A
] )
N2 S
e
0.21 ‘ O
i
| £ QGP
C
0.1 ¥
| A
S —HSD A AGS =
[ © ptp e RHIC v
O ) ,.'i\q;iivl | ) | ) )
1 10 107 Sni
\Sx (GeV)

C. Alt; et al. (NA49 collaboration) (2008).
Physical Review C. 77 (2): 024903. /
arXiv:0710.0118.
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NA49: RISE OF THE MAREK'S HORN

(KM

Most central Pb+Pb collisions

0.2

0.1

SITION!

SMES model

B NA49
— HSD A AGS
© ptp @ RHIC
111 I 1 1 1 11 I 1

1 10 10°

B (GeV)

C. Alt; et al. (NA49 collaboration) (2008).
Physical Review C. 77 (2): 024903. /
arXiv:0710.0118.
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PHASE TRANSITION?

Parton-Hadron-String Dynamics with chiral symmetry restoration (PHSD CSR)
in the confined phase! Palmese et al. , PRC94 (2016) 044912

03F  A+A 0-5% central lyl<0.5

w/o CSR - -

NL3 —
NL1 == 2
AGS (E895-E896) e |
[ SPS(NA49) =m ]
0.05 F RHIC (STAR) % 1
" RHIC (BES) A |
0 TP PP DAY T I PP P e

2 4 6 8 10 12 14 16 18 20
Vs [GeV]
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ONSET OF DECONFINEMENT?
CHIRAL SYMMETRY RESTORATION?

+++++++++
v
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ONSET OF DECONFINEMENT?
CHIRAL SYMMETRY RESTORATION?
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Meanwhile at CERN ...
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SEARCH FOR THE CRITICAL POINT AT CERN

heavy ions at CERN NA61 /SHINE experiment:

N
% L quark-gluon plasma Energy and system size scan program
H

2 [c
" T

LHC N

FT

S

100t I//l/\

hadronic matter

CP
1 \ > ,LLB
500 Ug (MeV) Becattini, Manninen, Gazdzicki
SIS  NUCL Phys. Rev. C 73, 044905 (2006)

i NICA j.PARC  HIAF
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SEARCH FOR THE CRITICAL POINT AT CERN

A .
NA61 /SHINE experiment:
Pb+Pb ‘ )
Energy and system size scan program
Pb+Pb| M _ B 201618
)
S Xe+la| @ H H B 2017 T
C PN
DA+Sc/lH H H B 2015
c
S BetBe| @ H W B 20111213 1%
O
p+Pb | . 2012/14/16/17
p+p | W N _ . 2009/10/11
13 20 30 40 75 150 > ? 'LLB

Becattini, Manninen, Gazdzicki

beam momentum (A GeV/c) Phys. Rev. C 73, 044905 (2006)
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colliding nuclei

SEARCH FOR THE CRITICAL POINT AT CERN

A .
NA61 /SHINE experiment:
Enerqy omd system size sCdn program
Pb+Pb| H o B 2016/18
[A GeV/c] 13 19/20 30/31 75/80 150/158
XetLa| @ H N B 2017
Ar+Scl @ H H B 2015
Be+Be| @ H W B 2011/12/13
p+Pb o . 2012/14/16/17
p+p | H N - 2009/10/11
13 20 30 40 150
Becattini, Manninen, Gazdzicki
beam momentum (A GeV/c) Phys. Rev. C 73, 044905 (2006)
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‘ NA61/SHINE DETECTOR (2018

~13m o
J|NST 9: 06005 MTPC-L
ToF-L
Vertex magnets
ToF-F
Target FTPC-2
Bei)m <1 PsD

VD FTPC-3

\ ToF-R
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P, [GeVic]

‘ NA61/SHINE DETECTOR (2018

~13 m o
J|NST 91 06005 MTPC-L
ToF-L
Vertex magnets
ToF-F
Target FTPC-2
Beam
e o) s P
VD FTPC-3
X ToF-R
y Z
HiGsitio * Large acceptance in forward hemisphere (down to pt = 0)

* High tracking efficiency ( > 90%)

99 98 99 99
99 "99 99 99 99

99 "99  oF 99 99 99
98 99 99 99 99

Ak e oPigs = = o * High momentum resolutions

Eur.Phys.). C74 (2014) no.3, 2794
04.12.2019 ZIMANYI SCHOOL'19 21



NA61/SHINE PARTICLE IDENTIFICATION

ToF-dE/dx
& C 120 & C 120
“‘2 14— “‘2 14—
? .. ? L.F
o 2 100 O 12 100
o - o - Y
C mE = C =
o8 = d =% 0.8 =%
0.6 0.6
C —60 C —60
0.4 — 0.4 —
0.2— o T+ . —l40 0.2— a= —la0
- Il. .-l e [ - - | | T e
o W o .
C | ) . C l
C ENECE r HEE
-0.2— 20 -0.2—
0.4 0.4
C 1 1 1 | 1 1 | 1 1 1 | 1 1 1 | | 1 1 0 C 1 1 1 | 1 1 1 | L | 1 | 1 1 | L 1 1 0
0.8 1 1.2 1.4 1.6 1.8 0.8 1 1.2 14 1.6 1.8
dE/dx [a.u.] dE/dx [a.u.]

Very good separation.
Very efficient PID in mid-rapidity region.

04.12.2019 ZIMANYI SCHOOL'19

12



NA61/SHINE PARTICLE IDENTIFICATION

dE/dx

Ar+Sc @30A GeV/c Ar+Sc @30A GeV/c

T

L —— pions 400— —— pions
— protons [ — protons
r = kaons : = kaons
1000 — deuterons | — deuterons
i —— electrons 300— —— electrons
—sum L — sum

T

p €[12.59; 15.85)
p, €[0.20;0.30)

p E€[12.59; 15.85)
p, €[0.20;0.30)

charge =1 200— charge =-1
500 -
‘w 100~
any ! : !o *@W
L S AN s L d L i o I
5_ Ao 5_ Al
OWWWWW OWMWWW
_5E _5F
0.9 1 11 12 13 14 15 16 1.7 0.9 1 11 12 13 14 15 16 17
dE/dx [a. b.] dE/dx [a. b.]

Probability PID.
Applicable in forward-rapidity region.
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WHAT HAPPENS IN SMALL SYSTEMS?

~
G
PN -
X e
0.2
0.1~
— HSD A AGS
o ptp @ RHIC
O vl | ool
1 10 10°
\Sx (GeV)
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WHAT HAPPENS IN SMALL SYSTEMS?

-~
E
= B
¥ e
0.2 L .
L, - o * Onset of deconfinement?
0.1+
N —HSD A AGS
: o ptp @ RHIC
0 A Ll
1 10 10?

B (GeV)
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WHAT HAPPENS IN SMALL SYSTEMS?

-~
E
= B
¥ e
0.2 o T .
L, - o * Onset of deconfinement?
* Onset of fireball?
0.1+
N —HSD A AGS
: o ptp @ RHIC
0 A Ll
1 10 10?

B (GeV)

04.12.2019 ZIMANYI SCHOOL'19 26



DATA

NA61/SHINE:
* p+p [Eur. Phys. J. C74 (2014) 2794, Eur. Phys. J. C77 (2017) 671]
* Be+Be, preliminary [Nucl. Phys. A 967, 35 (2017)]

World data on Pb+Pb, Aut+Au, C+C, Si+Si and p+p:

* NA49 [Phys.Rev. C77, 024903 (2008)], [Phys.Rev. C66 (2002) 054902], [Phys.Rev. C86 (2012) 054903]
[Eur. Phys. J. C68 (2010) 1], [Eur. Phys. J. C45 (2006) 343]

* ALICE [Phys. Lett. B736 (2014) 196], [Eur. Phys. J. C71 (2011) 1655], [Phys. Rev. Lett. (2012) 109]
* STAR [Phys. Rev. C79 (2009) 034909], [Phys. Rev. C96 (2017) 044904]
* BRAHMS [Phys. Rev. C72 (2005) 014908]

* p+p world data [Z. Phys. C65 (1995) 215], [Phys. Rev. C69 (2004) 044903]

04.12.2019 ZIMANYI SCHOOL'19
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| WHAT HAPPENS IN SMALL SYSTEMS?

IIIIII T T T T T T TrTIT T T IIIIIII T T T

VoY llllll
? - ¢ SPSNAGI/SHINE ~ ptp ¢ SPSNAGI/SHINE
> B SPS NAG61/SHINE | L Be+Be SPSNAGI/SHINE |
Ing = ® SPS NAGI/SHINE <K+> Si4S3 ®  SPSNAGI/SHINE
g r - A AGS . — 151 . XV(?SRLD ®+p)
~ -
7 _ *ig [] SPSNA49 | <71; > | Ar+Sc L Sronass |
Moo A %o RiC ] AutAu - % RIC
. *k - : % T
[ cW 1 Y | Al ygm ¥
LA v v - i A T
L * _
0.1 , oo _ o |
i = i = il T
L p+p Au+Au - ] &T’Q ‘ 11
L Be+Be Pb+Pb i B . |
LA Ar+Sc | A l:
0 1 111111l 1 1 IIIIII| 1 1 IlIllIl 1 1 IIIIII| 1 0 ) I I ) Il]ll I I I I IIIII l I I
1 102 104 1 10 102

* Rapid change in the K + /1 + ratio in Pb+Pb collisions at the CERN SPS (NA49)
* Plateau like structure visible in p+p, Be+Be and Ar+Sc (NA61 /SHINE)
* Central Bet+Be ~ p+p
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CONCLUSIONS

* The plateau like structure has been observed in p+p, Be+Be and Ar+Sc

* Be+Be ~ ptp

* No horn structure in Ar+Sc!

04.12.2019

K*/7 (y=0)

0.2
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$11
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53 4\?
v}fﬁ f%i%

T T T
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T Ty T T T T

¢ SPSNAGI/SHINE
SPS NA61/SHINE |
SPS NA61/SHINE
AGS T
SPS NA49
RHIC
LHC

Y |

<O e

p+p  Au+Au .
Be+Be Pb+Pb i
Ar+Sc i

10?

10*
Vsan [GeV]
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CONCLUSIONS

* The plateau like structure has been observed in p+p, Be+Be and Ar+Sc
* Be+Be ~ ptp
* No horn structure in Ar+Sc!

6\ TIIII T IIITIIW IIIIII IIHI
N r A ¢ SPSNAGI/SHINE
> B SPS NA61/SHINE |
:,'/ * @ SPS NAGI/SHINE
33 r - A AGS E
i L *i& [] SPSNA49
N @L Y¢ RHIC
02 4% v LHC -
I !,'éy ] |
i ve¥ | T % )
IShA4 W’% v
L A v v 4
0.1+ @n * |
LA % _
- p+p Au+Au 4
- Be+Be Pb+Pb i
AN Ar+Sc i
0 1 L1 1111l Il III\III‘ 1 IIIIIII| 1 IIIIII\| 1
1 10° 10*
\San [GeV]

Looking forward for the new Xe+La data and for model comparisons!
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T [MeV]

T T lllllll T T IIIIIII T T TTTTTT T T T TTTTT T ~ T T IIIIIII T T Illllll T T lllllll T T TTTTIT T
ptp Aut+Au % _ ptp Aut+Au
400 - K" BetBe PbiPb v N = 400~ K BetBe Pbipb v N
I y =0 ArtSc | —~ I y=0 ArSc |
‘ L | ‘ I ‘
_ | . _ _ | . _
.-ﬂ. \Y ‘-* \Y

- AA ¢ SPSNAGI/SHINE _| | ¢ SPSNAGI/SHINE _|

200 I I V' SPS NA61/SHINE 200 AA T V' SPS NA61/SHINE

A . ‘ DNe @ SPSNAG61/SHINE ‘& ‘: T ! @ SPSNAG61/SHINE
- o A AGS . - A ol A AGS 1

A [[] SPSNA49 ’ [T] SPSNA49
i ¥¢ RHIC | i 7 RHIC i
/ LHC Y/ LHC
[ l l WORLD (p+pl) 1 1 l WORLD (p+pl)
1 10 10* 1 10 10*

S\ [GeV] \San [GEV]

Intermediate plateau in the increase with /sy of the inverse slope parameter of
K= spectra in Pb+Pb is observed

Predicted due to mixed phase of hadron gas and QGP (APP B30, 2705 (1999))
Similar structures are visible in other systems
Level of plateau grows with system size

NA49, PRC 66, (2002), NA49, PRC 77, (2008), NA61/SHINE, EPJC 74 (2014), NA61/SHINE, EPJC 77 (2017)
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— 03 — 0.3 —~ 03
o o [ o L
T 19A GeV/c | 30A GeV/c T 40A GeV/c
<0.25 <0.25 : <0.25
b [ [
L 02 Pb+Pb L o2 L 02 -
° Pb+Pb
0.151 ® 0.15(- ® 0.15(- el
Ar+Sc n Ar+Sc Ar+Sc
o1j »»»»» i 01?_' o o1~+0 o
p+p WNM - p+p Be+Be WNM PP o iBe WNM
0.051 0.05- 0.05/
07 Lol el LRI IRe 0: Lol po ol UL 07 Ll el L1
1 10 102 <W> 1 10 102 <W> 1 10 10° (W)
—~ 03 — 03
o r o C
T 75A GeV/e T 150A GeV/e
<-0.25 <025
+ +
53 33
+ o i 0.2
X 0 ™ N (M ]
i ° Pb+Pb il o Pb+Pb
I Ar+Sc YR Ar+Sc
P+p Be+Be WNM P+P Be+Be WNM
0.05/ 0.05-
07 Ll e nl LR 0' Lol ol Wig e )
1 10 10° <W) 1 10 10? (W)

@ Ar+Sc data are significantly higher than p+p~Be+Be results
Ar+Sc is closer to Pb+Pb, than to smaller system results
e Difference between Ar+Sc and Pb+Pb results is smaller for higher beam momenta

Wounded Nucleon Model: A. Bialas, M. Bleszynski, W. Czyz, Acta Phys.Polon. B8 (1977)
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(K"MW (x")

(K" (")

19A GeV/c
0.3
=
0.2 Pb+PH
v
0.1 Ar+Sc
o | |
I WNM
0'0\ p-,*_p‘ L1 §|C+BC vl L
1 10 102
(W)
75A GeV/c
0.3+
0.2
O
Y  Pb+Ph
Ar+Sc
0.1~ O
- Be+Be WNM
PP
0.0=
1 10 102
(W)

Similar as at mid-rapidity:
@ Ar+Sc data are significantly higher than p+p~Be+Be results

@ Ar+Sc is closer to Pb+Pb, than to smaller system results

(KM (")

(K" (")

30A GeV/c
0.3t
O
0.2 Pb+Pb
v
o A
Fe =
p+p Be+Be WM
o.o" e
1 10 102
(W)
150A GeV/c
0.3\
02
I O
v
H Ar+Sc Pb+FY
0.1j = -
- pep Be+Be WNM
00— e
1 10 102
(W)

(K"W(n™)
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0.2

0.1

0.0

I

T

40A GeV/c

Pb+Ph
\ 4
Ar+Sc
® [m}
WNM
p+p Be+Be
I | 11 I
1 10 10?
(W)

e Difference between Ar+Sc and Pb-+Pb results is smaller for higher beam momenta
Wounded Nucleon Model: A. Bialas, M. Bleszynski, W. Czyz, Acta Phys.Polon. B8 (1977)
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PHSD

1 | 1 || 1
0.3 A+A 0-5% central lyl<0.5 J

2 4 6 8 10 12 14 16 18 20
'\"SNN [Ge\’]

A. Palmese et al.,, PRC94 (2016) 044912
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Rafelski-Muller Dynamical Approach

0.035

QGF 10 5
S
> L d
8- 0.03 AA
s ' . =
c ‘ =
(] ©
~ ¢ 5
(V)] ’ wn
v HG 1
g : QGP
O o025} <
b0
& v
o A
; 3
\Y
00 160 180 200 220 240 260 >
T[MeV] SNN

@ Equilibrium value reached in QGP «+ fast strangeness production.
@ Noenhancement in the confined phase «+ slow strangeness production in
whole hadronic region.

Glendenning, Rafelski; Phys. Rev. C 31 (3) (1982) 823
Kuznetsova, Rafelski; Eur. Phys. J. C51 (2(297) 113



Fig. 3. Energy dependence of the K™ /7~ ratio in inelastic p+p interactions as well as cen-

tral Pb+Pb and Au+Au collisions at mid-rapidity (/eft) and in the full phase-space (right).
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COMPARISON WITH URQMD 3.4

o~ T TTT T
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