Experimental summary
Selected topics of CPOD conf.
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Outline

* Experimental facilities — current status

* Onsets

e deconfiment
* fireball

e Search for critical points

* Probe of the EOS

* Other topics

* Hardware developments and experimental measurements plans



Phase diagram

Temperature T [MeV]
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Scan of the phase diagram world status

Past measurements
Observation of the phase transition
BNL AGS CERN SPS BNL RHIC CERN LHC

—

Facility SPS RHIC LHC NICA SI1S100 HIAF
Current & future
measurements Laboratory CERN BNL CERN JINR GSI FAIR Huizhou
ALICE,
Experiment NA61 STAR ATLAS, CMS, B:\\,I,II%N H(?BD“EIS CEE
LHCb
. 2018
Start data taking 2009 2010 2009 2021 2025 2024
CMS Energy _ i up to 5500 : _ _
[GeV/(N+N)] 5.1-17.3 3.0-200 14000 (p+p) 2.7-11.0 2.3-4.7 1.8-2.7
Type of energy,
measurements size energy energy energy energy energy




Scan of the phase diagram world status

Collision energy

Interaction rates
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Scan programs
data taking campaigns



BES | @ RHIC

Beam Energy Scan (BES I) at RHIC: Vs, ~ 7.7- 50 GeV

1. Search for QCD critical point

(+954.4,624,130, 200 GeV)

2. Search for signals of the 1storder phase transition
3. Search for turn-off of sSQGP signatures
° Au+Au

Vsyn(Gev] Events (10 Year
200 350 2010
62.4 67 2010
54.4 1300 2017
39 39 2010
70 2011
36 2011
20 2014
12 2010
4 2010

=3 Step-by-step on the QCD Phase Diagram
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NA61/SHINE @ CERN SPS

NAG61/SHINE strong interactions program

Comprehensive scan in the whole SPS energy range (beam momentum 13A - 150/158A
GeVic \IrsNN: 5.1 - 16.8/17.3 GeV) with light and intermediate mass nuclei

¢ Search for the critical point —

B 4 search for non-monotonic behavior of
Pb+Pb J J CP signatures: fluctuations of N,
Pb+Pb M N W coene average p,. etc., intermittency, when
o system freezes out close to CP
SXetlal @ H H B B N =7
= -
DAssc M M M OB OH N s ¢« Study of t_he properties of the onset
= of deconfinement — search for the
SBetBel M H H H H W 22 onset of the horn/kink/step/dale in
© collisions of light nuclei
p+Pb HE B N . 2012141617 g
pp | M B B EH H . S ¢ Study high p_particles (energy
13 20 30 40 75 150 " dependence of nuclear modification
factor)

beam momentum [A GeV/c]
¢ Extended by Pb+Pb — open charm
measurements, collective effects, etc.



Onset of the deconfiment
(phase transition)



NA61/SHINE — horn

Energy dependence of K+ /7™

"the horn" plot
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No "horn"-like structures visible in intermediate size systems: Be+Be and Ar+5c.

Macie] Lewicki (LIWr) Ar+5c, Be+Be @ NA61/SHINE CPOD 2018, Corfu ~ 23/25




NAG1/SHINE — step

Inverse slope parameter T

= T T UL T = T T T T
L + o -
= 400 v - = 400+ X - _
— y=0 — v=0 - pp NAGL (prelim )
B 7 B T # Be+Be NAG1 (prelim )
L [ i L (& 4 = g+ BHIC
T .- [ . v ptpLHC
L e v v | - ¥ v 1 ©  p*pworld(4n)
200 |- i) : * _| 200 |- + 4 & AutAu AGS
) i.I.J.:_ & ] w AutAu BHIC
moa ) 7 i 17 m Pi+Pb 5PS
L i L 4 v P+Pb LHC
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Inverse slope parameter T in Be+Be collisions is close to p+p measurements.

Maciej Lewicki (UWr) Ar+5c, Be+Be @ NA&1/SHINE CPOD 2018, Corfu =~ 9/35




F‘ @ STA R indication that hadronic interaction become dominant at
OW lower beam energies

BES |. v, difference between particle and anti-particle
STAR, PRL 110 (2013) 142301, PRC 88 (2013) 014902, PRC 93 (2016) 014907
02F77Gev AutAu, 0%80%F 115Gev  F27Gev . 390GV S
015E0P ; od 1 §¥ i e
X1 *‘-’1-:+ 3 :
S 0EFPP pfPg 1 c.otfg I fﬁ# ¢° E
osf o P : P -
N Y A _329' ______________ d@'ig ______________ 2 E
N 0.05 - i # o : ., I l T
< 0 '.‘"’"."'['.'"".'"'T".':"'. .F}:"‘I'T'"'."'."“'-:.:""'. """ R
0 1 2 3 40 1 2 3 40 1 2 3 40 1 2 3 4
008F T3 p, (GeVic)
| AutAu, 0-80% KE-E |
rsub EP gﬁ;ﬂh_ 1 Sig?iﬂcant difference between baryon-antibaryon v,
oK at V<= 11.5 GeV
] NCQ scaling between particles and anti-particles is
. broken
e => consistent with hadronic interactions
e becoming dominant
40 60 => Indication of a phase transition 77
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Flow @ STAR

indication that hadronic interaction become dominant at
lower beam energies

= ) o I I I A L I B S AL I B
0.1 7.7 Gev o *= T 11.5GeV 19.6 GeV .
ﬁiﬂuépww 3’;% ] (b meson Vz
0.05 ot B Ve "R gacss -v ]
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R s AT A _
=
0.1 27 GaV 39 GeV 624 GeV -
b+ — a5, STAR: PRC 88 (2013) 14902
0.05 Phys. Rev. C 93, 014907 (2016)
¥ S S A B Phys Rev Lett 116, 062301 (2016)
005 1 15 20 05 1 15 20 05 1 15 2
(m-mg)/n_(G eVvic?)
D o mwTeen T T e 7 ¢ meson v, falls off the
[ Auw+fu, 0-80% A5 CK ]
nee A trend from other

0.05} 4

v,/

hadrons at 11.5 GeV,
but very low statistics
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net-proton and net-A show double sign change in mid-

F | OW @ STA R rapidity dvi/dy, as predicted for

the possible 1storder phase transition, indication of a
softening of EOS around 11.5-19.6 GeV

Directed flow (v4) of identified particles

vy probes early stage of collision, sensitive to compression, should be sensitive to 1%t order phase
transition; change of sign in the slope of dv,/dy for protons has been proposed to be a probe to the
softening of EOS and/or the first-order phase transition ...

r ' o N STAE, PRL 120, 062301z{2{}1 8)
STAR, PRL 112, 162301 (2014) 1 e g P ATOCEY YT mimcemane
0 10-40% Centrality _ e o1\ = ol : A _
— LA 2
- - g E‘r
0.02- . - ¢ - R E | |
I f_,.*”’ | g . I'l * § 001 5 - i
0.0 ) a) antiproton| [ » s éﬁ i
dr | 'll + net-baryon = L - 1t
ek i *  Hydro = + !
. Y ’ % )# i
5 001 & b) proton — ' : 2 .l $ ik
;‘n ] H'., | 10, 51, (GEV) 107 % -0.01 +4’ el TE
u’ - ' . - . O Met-Kaon L]
o {II—I""I_F____i— - Net-proton v, slope at midrapidity changes sign twice R "R W R I
3 N ¢
N e {1 between sy =7.7 - 11.5 GeV Coliision Energy Vs,,, (GeV)
l c) net proton - EOS softest point ? (15t order phase transition ?)
0.01 | o _I 1 Net-protons = directed flow of transported baryons
\ /{" but: - dip at different position than model Double sign change in dvy/dy
{ll—“\lty T  Bata - error bars for other particles and different centralities gz;zﬁ::g,: n:tt-rléa?QZuce d by theo
= UraMp are large — more statistics needed and better RP yELTEP yeen
10 s, (Gev) IV resolution needed
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The first NA61 results on anisotropic flow in Pb+Pb at

F | oW @ N A6 l/S H | N E 30A GeV/c were obtained. Protons dvi/dy change sign

for centrality of about 50% — another tool to study the
properties of the onset of deconfinement

NAG1/SHINE centrality dependence of dv,/dy in Pb+Pb at Vs = 7.6 GeV

(30A GeV/c beam momentum; according to K*/z* *horn™ in Pb+PDb this is the energy of
the onset of deconfinement)

¢ NAGB1 fixed target setup — tracking and particle identification over wide rapidity range

¢ Flow coefficients are measured relative to the spectator plane estimated with Projectile
Spectator Detector (PSD) — unique for NAG1

] - -
- MAE1/SHINE preliminary 0.2¢y<0.8
005 Po.pb @ 304 Gevic p,< 2 GeVic
© ! _ « Slope of pions v, is always negative
s 4 * i
GJ...* ¢ Slope of protons v, changes sign
L 1 =
i ’ . + + for centrality of about 50%
i . s
—0.05— d'ﬁ"1 {"Fp. pr}.«"d}l' *
T Results for Pb+Pb at 13A and 150A
o # GeV/c as well as six energies of
- & proton Xe+La are coming soon
-0.1-
1 1 1 1 | 1 1 1 1 L 1 ]
0 20 40 60 80

PSD centrality (%) e



B ES @ R H |C indication that hadronic interaction become dominant at

lower beam energies

BES: R,, for charged particles " #7#

_ d"Ndpydn/(N,,)(central)
T d *Ndp,dn! (Nm.n }( peripheral)

CcP

QM 2018, PRL 121, 032301 (2018):

AR s e s LE R — a . Ep—"
* EE:\',T GeV L 11.5GeV
| ] 5
:n-”] — $ . 145 GeV = 10 ,.E' 19.6GeV
% B . 198GV 3 c TGV
. E'E% + 27GeV ] . 39GeV
A = 39GeV ] . &
%. : . 624GsV i e L o 6ZAGeY
= (L] - aq ¥ 200GeY
B’E E _ g
E 1 _—----_E.:.--p l'-“:::_ﬁq L:::-E-';j:— RN O B
= 15 W
(v C i
5or
< | - HIJING
[*2 scaling Peripheral (60-B01% -
o ripheral (S50 no jet quench
poaa ly g by by aaalag | Losaa by bova s liaas 10"‘""""' TS T S I T P TS T
0 1z T B 8 10

e PR
*p (@vi)® B (GeVic)

- Rgpincreases from suppression at 62 4GeV HIJING (no Jet quenching, but including Cronin effect
to enhancement at 7.7 GeV, as expected though kr broadening) resembles /sy dependence
(energy density at low energies becomes to low to at low energies

produce a sufficiently large and long-lived QGP) (other effects can contribute e.g. radial flow, coalescence, ._)

~ Cronin and other enhancement effects compete with jet quenching
iR, > 1 does not automatically lead to conclusion that QGP is not formed

Grazyna Odyniec/LENL - CPOD 2018, September 2018, Corfu, Greece 17



Flow @ HADES

Radial flow

STAR arXiv:1701.07065, 2016

200]
‘ - ,.11'\A‘Ihf.1hf.iﬂf.ﬁ|
150}  addlll q % Al
=~ AT et
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L oAt lodas
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Global freeze-out parameters fit well
into trend of world data

Tiin < Tehem also at low energies

F
&c-; ninary
3
=  [tx510°
To. “ld x210°
Z/C A X105
%}g - |#X10’
—lg P
K2 x4107
~ | K* x10?
0-10% 7 x10"
10 mid-rapidity T x210°

~ only big points included in fit
5[] FETTY FTTEY MUY FETEE PR PR PR
100 100 200 300 400 500 600 700 800

m-m, [MeV/c?)

Fit: Blast wave model with linear
radial flow velocity profile

T.,=6618 MeV, <f8>=0.34+0.04

Tetyana Galatyuk | TU Darmstadt / GSi| CPOD 2018 | 23




Onset of the fireball
(transition to equilibrium)



K'in'

NA61/SHINE — two onsets in nucleus-nucleus
collisions

System size dependence of K*/n*ratio at mid-rapidity

Ei‘th- 304 GeVie
T
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ta [ clusters e
0.2
0.15
. Be+Be
I P+ .
0.t 'y
[ NAB1T/SHINE preliminary (Be+Be
1 10 10° 10°
<W>
il T i |
®--data, y=0
025} " GCEnrG 1 PEWPL
0.20} / ;
/ ]
.'F i
015f [/ ]
|rr-
0.10} o :
pep Be+Be 30 AGeV 4
1 [ ek e 1)
B

% 1504 - 1584 GeVle
T |
© 0% small  fireball
> [ clusters b
| -
0.2 -
0.15

1 10 10° 10°

<W=>

+|:‘_: T T ™y T ]

— 3 - data, y=0 4

Y 025 [ == CEHRG ;=1 7
L ” —_——

0.20F S Pb+Ph |
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B

& Be+Be results are
close to p+p

¢ Rapid change from
p+p and Be+Be to
heavy Pb+Pb

p+p: NAGL, EPJC 77, 671, 2017
Pb+Pb: NA49, PR C77, 024903
2008; PR C86, 054903, 2012

¢ Hadron Resonance
Gas model in CE
formulation (y.=1)

cannot describe
MNAGL data

Begun, Gorenstein,
Motornenko, Vovchenko
[in preparation]; see also
arxiv:1805.01901,
arxiv:1512.08025

A (atomic mass)

4
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~ J” (collision energy)

Onset of deconfinement
beginning of QGP formation
Onset of fireball

beginning of formation of a large
cluster which decays statistically



Search for critical point



. Non-monotonic energy dependence of the 4w order net-
F | U Ct U at IONS proton correlation function suggestive signs of critical

fluctuations

Higher moments in BES-|
Excitation function for net-proton high moments (x?) in 5% most central Au+Au

(V- )P

q

STAR, PRL 112 (2014) 032302, CFOD2014, QM2015

T |r_|||| T T L R T ] S:{{P"‘."_{P“T}]J}K{JS
4l Net-Proton b k= ((N—(N)*/o* -3
- U'.4»<pT<2 (GeV/c) lyl<0.5 i
- ¢ e 0-5% ]
3 -0 o 5-1 D‘}Gi? 1 - Non-monotonic behavior
S = 70-80% 4 - Peripheral collisions — smooth trend
S [ 1 N UrQMD, 0-5% ] - UrQMD (no CP): shows suppression at low energies
. 2 N % $ 7 which is due to baryon number conservation
1 i B 'f.l: 5
I & D A baseline
oF i i STAR Preliminary -
C_1 1 1 | 1 1 1 1 111 | 1 .
6 10 20 100 200 S V5,
M.A.Stephanov, PRL 107, 052301 (2011)

"J% (GeV)

Will the oscillation pattern emerge at lower energies ?
FXT data
73

Grazyna Odyniec/LBENL - CPOD 2018, September 2018, Corfii, Gresce




Fluctuations

Proton Number Fluctuations

S_H ADES {Net-)protons
:FJT'EﬁmiI"IEFj' m HADES 0-10 % ﬁy=ﬂ.2
m HADES 30-40 %
[ .
B e STAR 0-5% ﬁr:ﬂﬁ
3 + STAR30-40 %
ND u
- 2
w |
L .
1 + ?
i + * & ‘ * 't
I L N
0_
E R.Halzmann, QM2017
_‘1 L1l L0 1l i
2 3456 10 20 30 100__200

VS
u Unfolding + vol. flucs. corr.

B E-b-e eff corr. of factorial moments + vol. flucs. corr.

It time this kind of analysis in fixed-target
experiment at ¥ sy = 2.42 GeV

Detailed systematic study of experimental and
instrumental effects:
[ E-b-e changes of efficiency
1 Corrections for volume fluctuations
[1 Proper selection of p,-y bite
O Protons bound to nuclei

Impact of the
effects is being
scrutinized

Garg et al., ]. Phys. G: Mucl. Part. Phys. 40 (2013)
A, Bzdak, V. Koch, PRC 86 (2012); X. Luo, PRC 91 (2015); M. Kitasawa, PRC 93 (2016)
V. Skokov et al, PRC 88 (2013) 03491 |; A.Rustamov et al, NPA 960 (2017) 1 14

Tetyana Galatyuk | TU Darmstadt/ GSI| CPOD 2018 | 43



Fluctuations

Comparison to NA49 A+A at 158A GeV/c

within NA49 two different acceptances

MA49: PR C92, 044905, 2015

"
[

h*+h

?Eéf

Z[P NI

MA4D: pe+p, 0-15.3% C+C,
0-12.2% Si+5i, 0-5% Pb+Pb
MAGL: p+p, 0-5% Be+Be, 0-5% Ar+5Sc

“'9 ail i T il i
10°

)

NA49: preliminary (PoS EPS-HEP2017, 167, 2017)

System size scan — wide azimuthal acc.
(the same for all systems)

18cy, 714

24 oy <2

11<y <26

System size dependence of E[P,, N] at 150/158A

GeV/c: NA49 and NA61 points show consistent
trends. A[P,. N] (not shown here) is more centrality

width sensitive (points are scattered)

@ Fluctuations are
larger for larger
rapidity interval

0 I:::}..*.u: l::"1}..|::uaaam'n

= |.15L all charged [ positively charged negatively chargad
e | [ @ Increase of &
(7] L + & A4S L
I I I & MAETSHINE | from p+p to
1.1~ b - . .
I MAGL: only stat. Ar+Sc I SI+SI.
I + [ Uncermintes shoan § We are waiting
s + [ " ' for Xe+La and
: +| s | " + Pb+Pb results
S ratidutont SEL IUUUMENERI SPEUT from NAGL
1 10 ] 10 1 10
W Wi W)



Intermittency

Indication of intermittency effect in middle-central
Ar+Sc at 150A GeV/c was shown— first possible
evidence of CP signal in NA61/SHINE

Proton intermittency — comparison of NA61 and NA49 at 150(8)A GeVlc

NAE1, Bet+Be, 0-12%

MAB1, Ar+Sc, 5-10% NAB1, Ar+Sc, 10-15%

. A Ar+Sc NAGT, ' Ar+Sc NAGT,
. cent 5100, pur = 90% cent, 10-15%, pur = 90%
: _. 35 _. 35 I |
= 25 E E | P bR TTTH L]
= = = |
N 2 o 3 u 34
1.5 e S
| 25 data —e— 25 % dota —e—
05 NAG BesBe data —e 5 mixed 5 1 mixed —
MAGT BesBa mixed —
- 0 5000 10000 15000 20000 0 5000 10000 15000 20000
] 5000 10000 15000 20000 a 2
A I
M2
“C"+C, 0-12% “Si"+Si, 0-12% Pb+Fhb, 0-10%
45 451 45
"G NA49
_ 4.0
= EPIC 75, 587, 2015
“ 35
- Pb+Pb Fragmentation “C*
"Si"+Si 30 beam: mixture of ions
. h—-—_—_ with Z=6 and 7; “Si"
23 . beam: mixture of ions
. with Z2=13, 14, 15

10000 15000 20000
ME

: T T 204 -
S000 10000 15000 20000 ] 5000

|"-"|2

: : : - T 204
0 S000 10000 15000 20000 0

Older intriguing results for intermediate mass systems at 150(8)A GeVlic

¢ Intermittency signal of di-pions in Si+Si - na49, PR c81, 064907, 2010

¢ Increased transverse momentum and multiplicity fluctuations in Si+Si and C+C -
Grebieszkow (for NA49), NP A830, 547C, 2009; NA49, PR C92, 044905, 2015
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Fluctuations @ LHC

Net-protons, acceptance dependence

The measured second order cumulants of net-protons at
ALICE are, after accounting for baryon number conservation,
in agreement with the corresponding second cumulants of the
Skellam distribution.

Contribution from global baryon number conservation

Kz(p_*t_’] _

- <p>meu:;ured
fcz(SkeHamJ

(5)"

P. Braun-Munzinger, A. R., ). Stachel, arXiv:1807.08g9z27

1-«

=

Inputs for (3)” from:

Phys. Lett. B 747, 292 (2015)
P. Braun-Munzinger, A. Kalweit, K. Redlich, ). Stachel

(B)"

using HIJING and AMPT models

acc

extrapolation from (B) to

—

(@}
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L
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,.-é‘-, 1 . 1 5 T T T T | T T T T I T T T T I
© ALICE Preliminary, Pb-Pb |s,, = 2.76 TeV
EJ 1.1~ 06<p<15GeVic, centrality 0-5%
ﬂ —g— rafio, stat. uncert.
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¥ 1.05 — ?ms'g.ﬂal:'ungc?nsarv. aniv:1612.00702
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The deviation from Skellam is due to global baryon number conservation

A Rustamon OCPOND20TIE 24-98 Qanftermpher 2018 Corfin (Greece




Probing of the EOS




EOS — higher Vn harmonics n>2

Triangular flow v;{yzp} and EoS at SIS18 compared to UrQMD

Note: U3 {gp} W.r.t reaction plane v3{¥rp} = ((cos3(¢ — Vrp)))

="0.16} ' ' : -] ="0.16[
+ Data HADES Praliminary > —o—Deda HADES Preliminary - 5
0.4 Au+Au 1,23 AGeV 0.14 Ausfu 1.23 AGeV . Pint . Pint
UrQMD b=6-9 fm Centrality 20-30% - Centrality 20-30% Ve =+ ( ) +8- ( )
0.12 EoSA 045<y_<-0.35 0.12}- 045<y <035 - Fo Po
[N EosSE Protans ; Deuterans
01 =] 0.1
] *
0.08 . * 0.08} . Hard EoS | Soft EoS
006 , 006 . a(MeV) | -124 356
0.04 : 0.04] ‘
. : - L 1 B (MeV) 71 303
0.02 0.02f . " :
ﬂ :-—-I'I'I"... . ............................... .... n - .. - T 2 I " | ?
-0.02 > 1. L Ll ) ] -0.02 -
0 0.2 0.4 0.6 0.8 1 1.2 1.4 0 0.2 0.4 0.6 0.8 1 1.2 1.4
P, (GeV/ic) P, (GeV/c)

Predicts high sensitivity of v; on EoS = Strong separation power

UrQMD3.4 P. Hillmann, J. Steinheimer, M. Bleicher, arXiv:1802.01951

Tetyana Galatyuk | TU Darmstadt/ GS1| CPOD 2018 | 29



50 Mpc]

hy x 107 |

f [kHz|

From gravitational waves to EOS

G-Wave Frequency Spectrum depends on EoS:
soft nuclear matter EoS

M = 1.300 M,, APR4

How to

echslin+2007,

Baiotti+2008,

Bauswein+
2011,2012,

Stergioulas+
2011,
Hotokezaka+

t [ms] 2013,

Takami 2014,
2015,

Bernuzzi 2014,
2015,

Bauswein+
2015,

LRezzolla+2016

)
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The G-Wave Spectrum for a HARD nuclear EoS
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constrain the EOS by GW high freq.s

l T T | B | ‘ T T T T l T T

M = 1.300 M., GNH3

T

lllllllllllllll

IIlllllllIllllIl

h+“" 1022

log[h(f) f'72] [Hz-1/2, 50 Mpc]

t [ms]




Other topics



Off-diagonal cumulants

A Chatterjee et a
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Off-diagonal cumulants of net-particle distributions

., (STAR coll ), QM 2018
I

data 05% | | e ]
data 70-80% ==

E HAGPDGIEs ]
. UIQMD 0-5% ]
N UIGMD 70-80% ]
___Eﬁ—ﬁ_ﬂ_i__f____}“
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g aRBEl 8 g
prrEmess
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g EERER E o
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Measurement of the off-diagonal cumulants up to
the 2" order between net-p, net-K, and net-Q ->

additional constraints of chemical freeze-out

conditions A Majumderet al,, Phys. Rev C 74 (2006) 05490
A_Chatterjee et al , J Phys. G43 (2016) 125103

- correlations between net-p and net-K are
positive at lower energies and negative at higher

- correlations in (net-Q and net-K) and (net-Q and
net-p) are above Poisson, thermal (HRG) and

non-thermal (UrQMD) model calculations

see talk by Arghya Chatterjee at this conference

Grazyna Ocyniec/LBNL - CPOD 2018, September 2018, Corfii, Greece 23



Cumulants and multi-particle correlators

The cumulants k;, hold information on multi-particle correlators C;, |, stephanov, PRC 93,034915 (2016)

C, vs.N_,.and Ay to isolate critical fluctuations Bzdak, Koch, Strodthoff, PRC 95, 054906 (2017)
HADES 2.4 GeV s —_— ; — { >
+ 70N
O | v HADES 2.4 GeV 4 { STAR 2 7Cyf .
500 [=7c, v 8 6Cy/(N)
gt C4/N =36 A $eoa/n
L *':"f_:“ &
ol 7C;/N=6 = . 5
._ L:I n- ) ‘ * .i . I : . ) ..:. ]
- &
“ 6 C3/N = —35 ¢
I )l ¢ Aut+Au, 0-5%
-5001- . y - .
I T R T 10" 10°
100 150 200 250 300 Vs | GeV]

{Nparl}
| The increase of C,, with N,
is even stronger at low v s !

Stopping of nucleons may produce
multi-particle “clusters” gk, Koch, Skokov, EPJC (2017) 288

Tetyana Galatyuk | TU Darmstadt/GSI| CPOD 2018 | 44




Space time evolution of the particle production

process

10"

- .
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HADES Collab., in preparation

Open strangeness in AutAu at sub-threshold energy

. SIS18  AGS SPS
S10°F ;o i — E
= ; F * a1 | . @
= 10 - o2 vy ¢
o~ E - a "
1. S A w0 . A (x0.02)
b Y | ¢ ,‘_!, - "":. 8 & (x9.1)
107" |42 " 4 040 (x02)
I A " Ax002)
10_25 L ,,0"'9 A—2 T (x0.02)
, I, v
10"3{; ‘)
1074k v
1075, ‘ | 7
1 2 3 4567810 20 30 40

Collision Energy |s,,, (GeV)

First high statistics measurements

of A and K % at high ug

Strong constraints on strangeness

C. Blume, C. Markert,
PPNP 66 (2011)

production and propagation mechanism

Tetyana Galatyuk | TU Darmstadt / GSI| CPOD 2018 | 11




Space time evolution of the particle production

p ro C e SS System size dependence of K'(892)° to charged kaon ratio at 1584 GeV/c
o , NABL/SHINE K* (p+p): EPJC 77, 671, 2017
i @ NAG1/SHINE: (K (892))/{K"} NA49 K PR C84, 064909, 2011
= : K - NA49 K+ (p+p): EPJC 68, 1, 2010
= . ”’"‘E“_SH-'“E' {E',{,{BE,E}%’ o NA49 K+ (C+C, Si+Si): PRL 94, 052301, 2005
N PASE RIS it NA49 K* (Pb+Pb): PR C66, 054902, 2002 -
% 0.8 W NA49: (K (892) WK} rescaled from 5% to 23.5% most central
= Assuming:

0.4 \
o .
0.2 | !
U_ 1 1 IIII I’ 1 1 IIIII| L1
1 10 10°

10°

(N, )

¢ losses of K'(892)° before kinetic
freeze-out are due to
rescattering effects

¢ no regeneration processes

time between chemical and
Kinetic freeze-outs (At):

¢ 3.8+ 1.1 fm/c for K'(892)Y/K*
¢ 3.3+ 1.2 fm/c for K'(892)YK"

¢ At at SPS > At at RHIC (2 £ 1 fm/c, sTAR, PR C71, 064902, 2005) Suggesting that
regeneration effects may start to play significant role for higher energies

¢ Regeneration may happen also at SPS — obtained At is the lower limit of time

between freeze-outs



Results from Au+Au collisions suggest a “thermalized”
strongly interacting medium created at Vs, =2.42 GeV:
[ Strangeness production consistent with equilibrium at SIS18
[J Thermal origin of e*e excess spectrum at low energies

Thermal dielectrons at sy, = 2.42 GeV

Excess yield fully corrected for acceptance

- T I T T T I T T T I T T T I T 1 . . .
& AU+AU 52242 GV 0-40% ] Strong broadening of the in-medium p
> NN ref., n, @ subtracted . due to direct p-hadron scattering
5 ) T e = 71.822.1 MeVik,
i E N*
$ B rr-mesdium g T "‘ *
% 10_45 :ggg:'Twsa\&H_f % p T
- E — O SMASH 3 e =N\
w [ HE 7 *
2 - . .
55 T :
Z10°F : h
Z% : /
= 105k i Thermal rates folded over coarse-grained UrQMD
: f medium evolution works at low energies
_I I I.ll 1 1 1 1 1 I 1 1 1 I .. . .
02 04 06 0.8 Supports baryon-driven medium effects

M., (GeV/c?) at SPS and RHIC (LHC)!

HADES Collab., submitted

CG FRA Endres et al.: PRC 92 (2015) 014911

CG G5l-Texas ABM TG et al.: Eur-Phys.].A52 (2016) no.5, 131
CG SMASH: |. Staudenmaier et al., arXiv: 171 1.10297v|
HSD: Phys. Rev. C 87, 064907 (2013)

Tetyana Galatyuk | TU Darmstadt/GS1| CPOD 2018 | 35



Space time evolution of the particle production

process

nt*In ratio in centrality selected Ar+Sc at 150A GeV/c

MAE1/SHINE preliminary
ArsSc @ 1504 GeWic
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n+/m-ratio and spectator-induced
electromagnetic effects

MAB1/SHINE preliminary

Ar+Sc @ 1504 GeWic
It;;-z_ Tfermedials|
I
21T w
o.a.:
0.5:
_ p, =
0.4l
| = 500
| e
0.2 {N“.) = 47,2423 ;éa X, = lelrpLh.e.m
<N§"> = 16.8:0.7 25 MeVic (inc.ms)
S0 T o oz Toa os s
Xe

¢ Repulsion of n* is the strongest for pions
with rapidities close to beam rapidity
(spectators) and with low p.

« First observation of spectator-induced EM
effects in small systems at SPS

« Similar effect seen in intermediate centrality
Ar+sc and (NA49) peripheral Pb+Pb

21



PID for VO

=z
e

&

|dentity Method for A S

N

B s s = SIS - I
;:.{-; - ALICE Preliminary ] 214 ALICE Prelimimary —
Seof  Pb-PD|5,=502TeV, 10-20% ] 2 L PbPb|5,=502TeV,10-20% ]
- T = - —]
S 13<p_ <14GeVic, n|<05 ] = 15 13<p_ <14 GeVic,n |<05 ]
gF E —_— .
= . - . il ]
= " - C . ] 7
el = background fit ] 0.8 T g .
i r : ] B .o 4a .
%3[]:_ . - = |nterpolate{:| t'kg _: 'U'.E_— - '-: — w.ﬂ. =
20 . o4 el ]
O : . 0.2f P -
1[]_3 -‘--|_.______l._.:-"__-'_'.__M-L — : F ; :
: --“"—'—-—-_.__“_"_ﬂ_m_'_: ﬂ" 'j K_ -
N SRR T FTUTY EVETE FEVET FUTIN IO I T I DU T P TR
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m,, (GeV/c®) m,., (Gev/c?)

similar to the Identity method for 2 particle species (signal and background in this case)

ALICE, OM18

A. Rustamouv, CPOD2018, 24-28 September 2018, Corfu, Greece




Background estimation

G. Kornakov et al, arXiv: | B08.05466 [physics.data-an]

CB is generated by random
rotations of tracks around
symmetry axis

All reconstructed pair
combinations are split into

signal and background using
an iterative procedure

Carried out in M-p;-y-0 space

Kinematics of a single track
contributing to the signal is
accessible

An iterative method for estimation of the combinatorial background

i E]-1

Wie
&
=
=)

g
g

Signal/Backgroumd
|
-

Entries [Me\

J-ons

— I-E b B
& 1—n—5’m R _+__¢._.
0.5}
1000 1200 1400 Te00
M., [MeV/c?)

Validation of the method:
[] with simulated data
[] with narrow states

A, K°, in real data

Tetyana Galatyuk | TU Darmstadt / G5l | CPOD 2015 | 20



Hardware developments and
experimental measurements
olans



STAR Detector Upgrades
STAR Detector Upgrades for BES-|

nner upgrade

vent “lane etector

N A X
-
A S
s R
.‘./;
4 X

AN \\:\ <
: better/independent reaction plane esti

& fim -

: 5 W\ Ll 8 - S .

 increased acc. to ~1.7.in y;merﬁcut-oﬁ, mlpl'”?w\;éd dE/dx reseltition
TN B\ / A R

™

: PID in forward direction




STAR Fixed Target & BES |

Why a Fixed- larget Program?

Preliminary HADES resul

Ty

0-10% -
Qua rk-G|u0n (QM 2017) Au *I-ﬁ-u Culhsmr;iiq;iwg

Iyl < 0.8, 0 < py < 2(GeWiE)
Plasma \%4_ B STAR PRELIMINARY
e 1: -—\L I‘BE S ® net-proton

3 T A anti-proton

II O peoton
I BES- anof lof asl-p
LrMiD for rat-p

2 C #d;er Systematic uncertainties incl

UHE 2.7

2
=
i
&
@
=8
5
=

Need
data

here! 5 10 20 50 100 =200

Colliding Energy Vs, (GeV)

Baryon Chemical Potential pg

* RHIC collider-mode luminosity unusable below 7.7 GeV
_________ baseline

+ FXT program extend the energy and g coverage for

systematm measurement of fluctuation signal: V/E

- kurtosis measurement is one of the future I l -
M. Stephanov. J. Physics G.: Mucl. Part. Phys.

program goals 38(2011) 124147

34

Grazyna Odyniec/LENL - CPOD 2018, September 2018, Corfii, Graece

Extends energy range from v's = 7.7 down
to 3 GeV (g : 420 MeV — 720 MeV)

Dedicated short runs more efficient,
successful test completed

Precision investigation with new
techniques and the same detector

EEEE
Energy | Target of-mass
Energy Rapidity
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
145 39 6.3 137 633
115 3.5 4.8 1.25 666
9.1 3.2 3.6 1.13 699
7 (4 2.9 1.05 721

BES Il Proposal

= BESIl ———

Million Events

2
[TTIT T TTTTm T T 177710
Current Data Sels

rL'Cﬂ 5’1'& 3 1_'1. \Cb-lb \hﬁ .\'\5

http://science.energy.gov/~/media/np/nsac/pdf/2015LRP/2015 LRPNS 091815,

ot 17 ys,. (GeV)

df



NA61/SHINE Upgrades

Detector upgrade foreseen during long shutdown (2019-2020) |
- motivated mainly by charm production requirements .m+

Opp=14.6 = 3.2 MeV
yleld = 62 = 18

counts

Performance
result

Replacement of the TPC [
; read-aut electronics & |
Construction of Vertex Detector (VD) to . crease data rate 10 1 kHz 2
for DP, D® decay reconstruction
PhsP| W | | | ] 0 +
=] [
H¥esla @ B B H BN T IV YVI IV TV vl T s ATTHY
E 165 1.7 1.75% 1.8 185 19 1895 2 205
. @ase @ B HE B B N My, [GeVic®]
]
- SBeBe @ B B B B OB o
ll - g .
. PP L . 1-:1:_— = STATISTICAL MODELS =
I - B N B . [ e DYRMAMICAL MODELS
Mew trigger and data 15 20 a0 a0 75 150 * I central Pb+Pb at 1584 GeVic -—
acguisition system Upgrade of Projectile
- am m nt A Ge\),
Mew Time-of- Fllgl t Spectator Detector beam momentum [A GeVic] PR —
detectors 5
2 - —
New Vertex Detector will allow for precise measurements - -
of charm hadron production in 2021-2024 0 E
HsD paCD HRG QUARK UL‘;'\.".LESLJENCE EMES

Mechanisms of charm production — validating models

¢ Models (implementing sequential melting + regeneration effects + initial state effects + ...) try to
describe charmonium states; cross-section for charm quarks production is an important

parameter, but:
¢ Predictions of different models differ by two orders of magnitude!




BM@N @ NUCLOTRON

BM@N setup

Target &
TO detector

Si&GEM

5 ./ mRPC-2
-

Analyzing mRPC-1
magnet 7DC

BM@N advantage: large aperture magnet
(~1 m gap hetween poles)

— fill aperture with coordinate detectors
which sustain high multiplicities of particles

— divide detectors for particle
identification to “near to magnet” and “far
from magnet” to measure particles with low
as well as high momentum (p > 1-2 GeV/c)

— fill distance between magnet and “far”
detectors with coordinate detectors

M.Kapishin

BM@N

* Central tracker (Si + GEM) inside
analyzing magnet to reconstruct AA
interactions

» Quter tracker (CSC, DCH) behind
magnet to link central tracks to ToF
detectors

* ToF system based on mRPC and TO
detectors to identify hadrons and light
nucleus

» ZDC calorimeter to measure centrality
of AA collisions and form trigger

» Detectors to form TO, L1 centrality
trigger and beam monitors

* Electromagnetic calorimeter for y,e+e-

BM@N / MPD experiments

Year

Beam

Max.inten
sity, Hz

Trigger rate,
Hz

Central
tracker
status

Experiment
al status

M.Kapishin

stages of BM@N experiment

2016

d(1)

0.5M

5k

6 GEM half
planes

technical
run

2017
spring

C
0.5M
5k

6 GEM half
planes

technical
run

2018
spring

Ar Kr,
C(SRC)
0.5M

10k

6 GEM half
planes +

3 small Si
planes

technical
run+physics

BM@N / MPD experiments

2020

Au

™

10k

7 GEM full
planes +
small +
large Si
planes

stagel
physics

Beam parameters and setup at different pM@N

2021
and later

Au,p

2-5M

20k—50k

7 GEM full
planes +
small +
large Si
planes

stage2
physics



BM@N @ NUCLOTRON

BM@N setup BM@N ., Beam parameters and setup at different pM@N
<t 2GEM stages of BM@N experiment

Target &
TO detector

* Central tracker (Si + GEM) inside
2 m[ N / RPC.2 _ar:alyzling magnet to reconstruct AA Year 2016 2017 2018 2020 20211|ater
“— interac._ / -
p_ o 2> N indeuteron and carbon beams BM@N
magni Carbon beam run, 4 AGeV
. RPC-1
ﬁr;s;lzgltng " o detect d (C) + tﬂl’get — x ﬂf 25001 | Invariant mass: A —p+ & (C+C,CuAD % | Invariant mass: A —p+ 1 (C+C) [ M
» ToF ! I I - - § i s = = 4““: ss=1.115
BM@N advantage: large aperture magnet | 4 . 4 A signal width ~ 2.5-3 MeV = o : ;ﬁ-._:h];; ; . :.Ig.m;r:;rr; 50K
(~1 m gap between poles) nuclet £ S;fs:lu.z' g SB=02 R
_ _ _ Deuteron Data g SIS TE < 26.8 E 00 SIVS+B = 108
— fill aperture with coordinate detectors - 7DC 1500 ' : yq' " \EM full
which sustain high multiplicities of particles | jsaa° g | dmeint v A5 ¥ (40 O G |- ¢ mﬂﬂ nes +
— divide detectors for particle . Dete = 6001 J ,Mr'_ g \ + all +
identification to “near to magnet” and “far : A Y N e e e e ' . L S . 1esi
, ) , trigger - ¢t ' m 1 12 14 116 LIS L1 112 113 LiIe LIS
from magnet” to measure particles with low £ 400 :’r M, GV M, Gevic NS
as well as high momentum (p > 1-2 GeV/c) |*Elec = ¢ ! B [Invariant mass: A —p+ 1 (C+Cu) | 1000, | Invariant masss A p+ w (CeAD | ge2
SIVS+B=17.7 = 2 :
— fill distance between magnet and “far” 200 SB=04 Chae X Mass = 1.1159 2 | Mass = 1.1156 'sics
detectors with coordinate detectors s Mass = 1,113 = Sigma = 0.0025 = w00 Sigma = 0.0028
o _ s Sigma = 0.0030 £ B0 SB=02 . S =0.2
M.Kapishin BM@N / MPD experiments 0 X i x E : Si(8oB = 16.5 E : SS+B = 167
M, GeVie! ool 00| F#
Algorithms for event reconstruction and analysis are a00)
being developed, signals of A hyperon decays are R KR K DR R i 8 [E R R R NE e ot

reconstructed



NICA

45 T*m, 4.5 GeV/u for Au™*

RE21  RF3  RE11 . -
W g BWan M Dumed P B

{5.8) (5.6} {7.5)

Ring circumference, m

Number of bunches

r.m.s. bunch length, m

8 m
' | max. int. Energy, Gev/u

r.m.s. Ap/p, 10-3

IBS growth time, s

Luminosity, cm™? s

~— Y Seliae MPD |
. M

Double ate
dipole’& quadrupole Dumpz = B
prototypes Aul+79) ion mode [

27

M.Kapishin BM@/N / MPD experiments



NICA complex with two experiments BM@N and MPD
N |CA has a potential for competitive research in the field of
baryon rich matter

e Ther) " AT
Multi-Purpose Detector (MPD) NICA NICA QCD matter at MPD / NICA energies
tracking: up to |n|<1.8 (TPC) Stage 1 (2020). TPC, TOF(barrel), LT L
PID: had., e, y(TOF, TPC, ECAL) | ECAL(barrel), FHCAL, FFD ) > maximum of net baryon density — :"E’ ]
Reaction: centrality & plane _ N Tam
ot Stage 2 (2023): ﬂ density frontier N
EeEiaieniiial) ITS + EndCap (tracker, TOF, ECAL) = _ | oy
n » maximum of K*/x* ratio
ECal TOF o - . g 15
§C Col FHCal __» maximum of A/x ratio “ Rt
Yoke FFD ll' | D » maximum yield of hyper-nuclei f ﬁ\ ; Ze
n.-—— il -
o = '-j. — » transition from Baryon to Meson 5 I
- U T
Mjil: 4 . dominated system ;f;;l:r\:'\
::i.._—.::: L5 > maximum of A polarization N
o —— _ ~ 1-st order transition & mixed phase creation . .. m
IT ~—— — = 100 =) iy -~
L TPC | i ~ Critical Endpoint ? {:‘;"
Plan: overall commissioning  Cryostat %
starts in 2020 Y
M.Kapishin BM@N / MPD experiments 29 M.Kapishin BM@N / MPD experiments 9
(LR IATS F S ALt 3] 10N -

M.Kapishin BM@/N / MPD experiments 27



FAIR

FAIR: Research Programmes

’A,

\\‘(:’ & ' CBM: Nuclear Matter and
- Foom /{“—“ "/ the QCD-Phase Diagram
=L~ ' (nuclear collisions)

PANDA: Hadron Structure

A

(p - pbar collisions)
NUSTAR: Nuclear Structure
(rare-isotope beams)

R4
P

APPA: Atomic and Plasma Physics
(ion and anti-proton beams,
highly bunched beams)

—

The CBM experiment at FAIR

CPOD, Corfu, 27 September 2013 V. Friese 15

= Fixed-target spectrometer

= Hadron, electron and muon ID

= Large (central to forward) acceptance

= Tracking in dipole field

= Electron ID after tracking

= Extreme rate capability: up to 107 / s

= Trigger-less readout

= Event building and selection on CPU
in real-time

Now under construction;
Full-system test (mCBM) February 2015

2024 commissioning with SIS-100 beam

CPOD, Corfu, 27 September 2018 V. Friese 22



HIAF

HIAF

Fragment Separator and Spectrometer

Posuble esternon to
Main - Separaton Syote megret

Pre Segwcaton

L J -3 o o .’ L~
DR Spectrometer

Setup for

Hypernuclear Study Spectrometers

O
-

- 4

i= Y
,,"_,:,._‘

= onoww =]+ QCD phase structure at high baryon densities e,

el
-'"'“H:!. tion Spectrometer

CPOD, Corfu, 27 September 2018
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Low Energy pil Separator
e AR SE
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1" Onarge Shwne gw—' - -
TSR Low Energy Spectrometer \l! - courtesy N. Xu
Friese P2




J-PARC-HI

HI acceleration scheme in nutshell

1O

e World’s highest intensity ~10" Hz,
Interaction rate ~ 10% Hz

Ep.,=1-19AGeV, Vsyx=1.9-6.2GeV (U)

HI Booster Ring
es Ton species: p, Si,..., Au, U
— £
E E *5 E f i AT
Es it s g " %, p/HIto HD
-] IE £
& Z 3 50 GeV MR
3230 GeV (p)
35+ st ity
20[3%MeV Uss+—1yoe+ ?‘? 7
20 > 67 AMeVH3 G4V RC
T 0.4 > 3GeV # _—
3.- o

-

%MM;"“ Uss+
62 = 735 AMeV

Sakaguchi@CPOD2018, Corfu, Greece

[ 5 Linac: 0.4 Gev 0,73 > 11.2 AGeV

Available beam and rate

e

iaeeay

Interaction rate [Hz]
3

_rrleTl IIIIIIII| II|T|'|II| III|'|T|I| IIIIIIII| IIII|'|T|"_|_|_|'|'|'|T|]_

_FAIR SIS-100 CBM |

1 10
Collision energy VS w[GeV]

Sakaguchi@CPODz018, Corfu, Greece

Statistics
1 year at AGS = 5 min at J-PARC-HI

Assumed beam rate: 10! Hz
0.1% A; target 2 Event rate: 100MHz
In one month experiment:

p,o.p—>ee: 100 - 10"
Hypernuclei: 104 - 1012
Strangelets: 1- 102

Ref: HSD calculations in FAIR Baseline
Technical Report (Mar 2006)
A. Andronic, PLB697 (2011) 203

Strangelets: P. Braun-Munzinger,
J.Phys.G21 (1995)L17
9/27/2018




summary

* System size and energy scans

* Onset of the deconfiment - observation of the changes in many
observables

* Onset of the fireball
e Search for critical point
* New techniques for EOS constrain

* New facilities running at the end of the first quarter of the twenty-
first century

* Look for better quality data



Thank you



Fluctuation
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Fluctuation

5-HADES (Net-)protons
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Fluctuation

5‘ -)protons
D HADES 0-10 %
HADES 4+ HADES 30-40 %
STAR -
J-PARC-HI B
STAR FXT 3 STAR 0-5 % .,
STAR BES II - STAR 30-40 %
o 2:_ STAR STAR
Yl o BES II
1 ¢
i o + :
0-
—1 ST .
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