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Observables



Observables

Collectivity + Vorticity

Radial, directed and elliptic flow (+ higher orders)
Global polarization

Criticality (= Anar’s lecture)

Strangeness in Matter

Maximum in relative strangeness production
Hypernuclei: hyperon interaction — neutron star EOS

Emissivity

Thermal radiation
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Collectivity



Evolution of a Heavy-lon Collision

Kinetic freeze-out at T,: % K, p, ...

Elastic collisions cease % Kp.. o f

Momentum spectra frozen \ T /T’° Teh
b ot <
e -

Chemical freeze-out at 7,:
Inelastic collisions cease
Particle yields frozen (— statistical models)

Pressure generated throughout system evolution

(hadronic and partonic phase) Hydrodynamic
— Modifies particle spectra Evolution

Pre-Equilibrium
Phase (< 1))

a) without QGF/ \ b) with QGP
A
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Radial Flow: Transverse Spectra

A A
3 3
O O
pa pa
© ©
£ 3
-
mry
No radial flow: With radial flow:
exponential spectrum additional boost by expansion (v1)
(e.g.: p+p collisions) = blue shifted spectrum
1 dN mmr 1 2
S —-— X exp (_T—f) TeffNTf+§mvT
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Radial Flow: Transverse Spectra

1/m; dN/dm, [a. u.]
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Radial Flow: Transverse Spectra

Low hadronic cross section % ‘L ALICE, Po-Pb (5, =276 TeV, 0-20%  °He
' — (O] L
of rare particles (=, €2, J/V) < [
= 1.2— Linear fit
- 0.21 GeV + 0.37c>Mass
Radial flow dominated by partonic L
contribution at very high energies !
0.8:—
Different to lower energies - 0
0.6_— L
0.4_—
i Figure by
B B. Doenigus
0.2_IIII|IIII|IIII|IIII|IIII|IIII|
0 0.5 1 1.5 2 2.5 3
Mass (GeV/c?)
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Radial Flow: Transverse Spectra
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Reaction plane
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Reaction plane: Measurement

730 HADES Au+Au Sy = 2.4 GeV
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Flow: Fourier Decomposition

Coordinate space Momentum space

.|

d3N 1 d*N [ >
| +2 Z v, cos[n (@ — Wrp)]

n=1

d3p T pdpdy

Un(Pr, V) = (cos[n(¢ — Yrp) )

C. Blume, Cracow School Zakopane, Poland, 17. - 23. Sep. 2023

11



Flow Coefficients

¢»=(p—VYgp)
:%fl elliptic flow
Pante radial flow vg = (cos(2¢))
@ _ [ PPy
p?
) directed flov i ]
riangular flow
v1 = {cos(¢)) $3 vs = (cos(30))
Dt — 1 Y
Pt
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Elliptic Flow

L

Radial Flow

ELLIPTIC FLOW Fragment of

. gold nucleus
Off-center collisions

between gold nuclei
produce an elliptical
region of quark-
gluon medium.

Elliptical quark-
gluon medium

The pressure gradients
in the elliptical region
cause it to explode
outward, mostlyin

the plane of the
collision (arrows).

Scientific American
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Configuration at Lower Energies

Long spectator
passing times

e . ——— — —

out-of-plane

squeeze-out I

bounce off
side-splash

out-of-plane
squeeze-out
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Energy Dependence of v,

Slope of directed flow (v4) at mid-rapidity:
dvy/dy'|y—o with ¥/ =

HADES  Au+Au Sy = 2.4 GeV
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Energy Dependence of v,

Elliptic flow (v,) at mid-rapidity:

Evolution from
out-of-plane to in-plane flow
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Higher Order Flow Components

1. HADES
2 Au+Au \s, = 2.4 GeV
A Protons

Centrality 20-30%
10< p, < 1.5 GeV/c

ycm
— 0.0
— 0.2
I ——
T —— 06
—— 0.8

HADES,
3 Phys. Rev. Lett.
2™ 125 (2020) 262301
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Shear Viscosity over Entropy Ratio

4
H,0
i N
He 2
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|

100 MeV/n I
— QCD result
—HRG /pert
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Figure: B. Kardan

TS Bass etal.
Phys. Rev. Lett. 102, 172302

O Danielewiczetal. |
arXiv:1612.04874
Bernhard et al. phys. Rev. C91, 054910
A ALICE Data (Glauber) H (KLN)
=== |vanov et al.
== Eur.Phys. ). A (2016) 52:367

— Khvorostukhin et al.
Nucl.Phys. A845 (2010) 106

Strongly coupled QGP at high energies (“perfect liquid”)

0.4 0.5 0.6 0.7
T[GeV]

Baryonic medium at lower energies more difficult to characterize
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Neutron Stars: Equation-of-State

Mass-radius relation

Depends on EOS of
dense nuclear matter

Constraint from astrophysics:

Observation of Myg = 2 M,

Important information
from heavy-ion physics

Mass (M)

0.0

7 8 9 10 1 12 13 14 15

Radius (km)
Ozel et al ‘16
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Flow: Equation-Of-State

Pressure P (MeV fm=)

HIC experiments
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Constituent Quark Scaling

NCQ-Scaling:
vV, divided by number
of constituent quarks n

Holds (within ~ 20%)
at \/SNN — 146 GeV

'STAR Preliminary | ] o | | |
096 Au+Au |5, = 14.6 GeV { b Fitto Kg {_ i
L Centrality: 0-80% JOPRE ) EL sl 2l P T -
0.04— ® (?t'; T > f' @ —
- o | AL
\‘:‘* i @y% Particles Az g Anti-particles |
oo §*3 oA vz +— 5 ox vz -
% sk ve | AT Event Statistics: 269M 40 4,
g&? & 6 < Ng;"*(l<0.5) < 410
—H-—-—-——-"—-"—- - - - - - - - — — — — - — — = —_— . D D D D === —
P N | - ! - ' ! !
LT i % -
® (@) Ooo 0O
S 1 1,?41,.- T%Lq.+0+ i-_l .}_——:}——{-fao-—g— —g—+—+—+—i—il—-}———i’—
: 0.8:' } T oo, ﬁ 0 \ _|
0 0.5 1 0 ) 0.5 1
(mT-mo)/nq(GeV/c )
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Constituent Quark Scaling

NCQ-Scaling:

vV, divided by number T EBESD A#a
. oA oK %)
of constituent quarks n, 006 :Ez':'f 4 L ¥

Holds (within ~ 20%)
at \/SNN — 146 GeV

0.08

- i
C 0.04

0.02

-0.02

[ Au+Au Collisions (10-40%)

1 I 1
1 STAR Preliminary

B id
-, 5

3.0 GeV

(b) Anti-particles

T A
K A
p ¥

Seems to be broken IR E R RS N R [

0 02 04 06 08 0 02 04 06 08
at \/syy = 3.0 GeV Scaled Transverse Kinetic Energy (m_- m))/n_ (GeV/c?)

STAR: PLB 827 (2022) 137003
Disappearance of partonic contribution (7)
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Vorticity



Global Polarization

”
o~ -
,» »

‘‘‘‘‘‘‘‘‘‘

F. Becattini and M. Lisa, "
Ann. Rev. Nucl. Part.

Sci. 70 (2020) 395

V4 iy -
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Global Polarization

Extreme vorticities possible ( w ~ 102 ;.Sj'*i)-f;_i; T

- -~ >
- - - . e ,l"
- - -~ - /
- - s - ) o
.~ e ~ 4
> .
e -
-
- -~

V4

Lageangular momenta L]~ 105

F. Becattini and M. Lisa, -

. Ann. Rev. Nucl. Part.
Sci. 70 (2020) 395

i

i
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Global Polarization

Observable: /A emission
Weak decay: A —p + 11~

Proton preferentially in spin direction
= Polarization Pj:

8 (Yep— ¢p)
T ONA REP

Py =

N\ decay parameter: a, = 0.732 + 0.014
Y- = event plane angle,

. F. Becattini and M. Lisa,
Rep = EP-resolution Ann. Rev. Nucl. Part.

®*p = proton azimuth angle relative to EP Sci. 70 (2020) 395
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Global Polarization

Strong increase of Py
towards lower energies

Agreement with 3D-hydro
AMPT model disfavored

2 n PRC103 (2021) 3, L031903, HADES p_e[0.2,1.5] GeVi/c ye[-0.5,0.3]
bod M T
—_ | Au+Au, b=6fm, |y|<0.5 B Ag+Ag:
rf 8— T s hadronic E0S ® 10-40% e 10-40%

- === crossover EoS O 20-40% O 20-40%

— 1PT Fas STAR 20-50% p_e[0.5,6.0] GeV/c |<1

B n PRC104 L041902 (2021), 0 Py,

e E Au+Au, b=5fm, ly|<1, p.€[0.4,2.0] A PRC76 024915 (2007)
s AMPT model X Nature548 62 (2017)
| V¥ PRC98 014910 (2018)
— ALICE 15-50% p_€[0.5,5.0] GeV/c |y|<0.5

41— 4 PRC101 044611 (2020)
| STAR 20-50% pTe[O.7,2.0] GeV/c ye[-0.2,1]
— 4+ PRC104 6, L061901 (2021)
21—
B v
Ob—-comooo ooy L. -
— HADES, PLB 835 (2022) 137506
| IIIIII| 1 1 IIIlIIl 1 | IIIIII| 1 | IIIIII| | | L1 11
1 10 102 10°
Sy - 2y [GeV]
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Global Polarization

Difference between Pz and P,
No evidence for Pz — P, >0

Relation to late stage magnetic field
(feed-down effects ignored):

|B| —~ TSIP/_\ _PA|

241N
Ts = Temperature of emitting source i
L = Magnetic moment of A _1s5L

111l

_0'2: jgﬁ 57 %
1
- i

¢ ]

scaled using ay=0.732

< STAR 20-50% Au+Au, BES-IT | -
<> STAR 20-50% Au+Au, BES-I | ]
< ALICE 15-50% Pb+Pb .

11l 1 Lol

10!
STAR, PRC 108 (2023) 014910

Upper limits:

102 108 104
SNN

B <9.4x10™2Tat \s\y=19.6 GeV (B < 1.4x10"13T at s\ = 27 GeV)

C. Blume, Cracow School Zakopane, Poland, 17. - 23. Sep. 2023
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Strangeness in Matter
Hypernuclel



Production of Strange Particles

dN(A)/dy (y=0)

)/dy (y=0)

[1]

dN(

u % = & *j_
20 : E
C 'jTJ C gk** ]
150 é@* T 3 £ E
: é C Ky S % STAR |1
101 ¢ - o v PHENIX |
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2r %‘ {] 3 x* E
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- 83 K |
r o : é STAR, E
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O Ll | L ool L
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10°

10
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10°
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10™
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dN(A)/dy (v

dN(Z")/dy (y=0)

K*/1t* (y=0)

0.2

0.1

lf@llllll

IIIIIII

T IIII| T IIIIIIII

NA49, PRC77 (2008) 024903

| IIII[III

p+p Pb+Pb Au+Au 4
SPS(NA61 p+p)
WORLD(p+p, 4m) n

AGS
SPS(NA49)

RHIC
LHC(ALICE)
| | | [ II |

a be | gef

10°

Structures in energy dependence (e.g. maxima for A, K+/1t*)
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Production of Strange Particles

: ~ 0.2
Relative strangeness E : )
production is maximal 5 0181 * f'g“arks
~ B Ss-Quarks
around /sy = 6 — 8 GeV g 0716 :
S 0140 LI
ﬁ - " e
= 012 - - ;
Iz 01 - : *
e - I
0.08F Cﬁ?
006
= g m o NA49
0.04:— l
0.02]- 00 AGS
02,
O_Illllllllllllll|III|II]|III|III|III|II1
0 2 4 6 8 10 12 14 16 18 20
CB, J. Phys. G31 (2005) S685 m (GeV)
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Hypernuclel

Nuclei with A replacing neutron(s) S.ﬁ- 6, He
-Zw%&mmw
' ' [ Al "B |
Important information =
' ' [He e s L
hyperon-nucleon interactions VG Ve He| ™ [He
n

— change in binding energy iy

Double-A hypernuclel
particularly interesting
(so far only handful events!)

- Discovery of 6,\He
A by Danysz

and Pniewski

~ in photo emulsion
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Hypernuclei + Neutron Stars

Mass-radius relation:
Depends on EOS of
dense nuclear matter

Constraints form

observation of
Mys = 2 Mo

Important information L . ) ot
from heavy-ion physics Ozeletal'te o

C. Blume, Cracow School Zakopane, Poland, 17. - 23. Sep. 2023

33




Hypernuclei + Neutron Stars

Hyperon-puzzle

Hyperons should appear
when density increases

— EOS softens with hyperon matter

= 2 M cannot be reached

25

YN and YY interaction |
Repulsive YN and YY

interactions = stiffer EOS

3-body forces between Ys

— N

— N+free Y -

— N+Y

|
1.5

Central baryon number density [fm'J]

quark-hybrid
star

hyperon
sfar

absolutely stable
strange quark
matter

udls
u
ms

strange star

R ~ 10 km
M~14 M‘.“.

Important input from hypernuclei measurements

C. Blume, Cracow School Zakopane, Poland, 17. - 23. Sep. 2023

traditional neutron star

neutron star with
pion condensate

Fe
1osg/om
10" glem

3
3

101 glem 8

nucleon star
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Production in Heavy-lon Collisions

Statistical model

Based on parametrization:

T =T (Js\) and pg = Ugly/Sn)
Predictions for the CBM energy range
Hypernuclel production favored

at low /Sy, 1.6. Iow Ug

Expected rates
Double-A hypernuclei:

~10-%/evt. — ~10-11/evt. in CBM range

%) = =
€ 10° S 3 =-3iH —
o W —e— “He =
> TS -=-3,H

> e .‘He =

S OE. —-i, He =
é 10° ;— -—_'(‘\EHe —;:
5 10° . S -
Z F ) ' —
o - -
D 10k =
> E E

= 5
10" = =
107 = =
10 A. Andronic et al., i

PLB697 (2011) 203 =
I T | I

10°

High interaction rates needed

C. Blume, Cracow School Zakopane, Poland, 17. - 23. Sep. 2023

10"
\ Sy (GeV)
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(Anti-)Hypertriton

- 350
300

STAR, 50
Science 328 (2010) 58 0

N llllIIIllllIIIIIIIIIIIII[IIII'IIII

O signal candidates

_____ signal+background fit _

[

rotated background

3

P
3.05
*He + 7 Invariant mass (GeV/c?)

3.1

Counts

140
120 |-
100 |
80 [
60
40 :_ signal candidates _:
C rotated background ]
20 :_ ————— signal+background fit E
.
2. 95 3 3.05 3.1
SO~ +
He + n* Invariant mass (GeV/c?)

First observation of an anti-hypernucleus (Au+Au at /sy = 200 GeV)
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Hypertriton

: 1.0
Loosely bound object - i
. . 0.80 Earlier measurements | B
A\ binding energy: B, = 400 keV [ STAR, Nat. Phys. 16 (2020) 409 i
(compare By = 2.2 MeV) 0.6/ 3y iH+ 2
Wavefunction is larger than Pb-nucleus > 04 NPBi(1967) + xﬁ% :
= - i
3 — 0 + t STAR (2019) 1
A m 0.0 + NPB52(1973) -
L NPB4(1968)t -
Decay modes O -0.21- .
3, H — 3He + - % _0_45_ PRD1(1970) _
S\H — SH + m°
S\H— d+p+T11-
3 0 — —
AH—d+n+T ~10.6 fm ~6.5 fm
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Hypertriton Yield

(Bx ~ 0.4 MeV) survive in a fireball with 0.2

Ratio hypertriton/3He 2 1.6F « Data:ALICE 0-10%, Pb-Pb |5 =276 TeV
. > - o Data:STAR 0-80%, Au-Au |5, = 0.20 TeV
Good agreement le[h. 1.4 Thermalmodel  ALIGE, PLB754 (2016) 360
thermal fireball pl’edICthﬂ - -- SHARE - Hagedorn resonance gas model
for temperature T ~150 MeV 1.2 — G - Heidelberg
1: -~ THERMUS
0.8 ki
o . 0.6f-
“Ice in fire” / “Snowball in hell” o + - $ e
How does a weakly bound object B e LN

*H — (*He + =) assuming B.R.=25%

freeze-out temp. of ~150 MeV 7 0
> H/He > H/ *He
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Hypertriton Lifetime

Hypertriton lifetime “puzzle”

Lifetime smaller than the one of free A?
Recent data rather agree for 3\H

4 \H: ~ 4,90 deviation observed
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Emissivity



Photons

Electromagnetic radiation (y and y*) emitted during full fireball evolution

No strong interaction with medium = escape unmodified

Sources of di-leptons (y* — ete, V" — utu):

Dalitz-decays (°/n — etey)
Low mass range: vectormeson decays (p, w, ¢) = medium modifications
Intermediate mass range: thermal radiation (open charm)
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Photons: Thermal Radiation

Black body radiation
2 hv3 1
B(v,T) =
(v, T) 2 eXp(ki;VT) i

Planck’s formula

Radiation intensity

A

Ultraviolet 1 Visible ! Infrared
-— :

® A maximum

2a_ Wien’s law:

)\maar;

IIIIIIIIIIIIIIIIIIIIIIII

Wavelength A (uwm)
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Di-Electron Spectrum

Reference NN spectrum

1073
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— Excess radiation
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Di-Electron Spectrum

Subtraction of reference -
M ' Au + Au \FNN =2.42 GeV 0-40%
: EXCGSS radlatlon NN ref., n, @ subtracted
1073 = kT=71.8 +2.1 MeV
"m s HADES, Nat. Phys. 15 (2019) 1040
Not described by vacuum p & f e
Broadening due to p-baryon scattering g 1 F 0 K- Texas AGM
o C - CG SMASH
] x —_—
; B \\ |;;|§([>)Il.broad.+4+
% B T — bremss. (NN, zN)
$ 5 | iy
% 10™ = ~
5% E ~— T T =
= T // —— N\
107¢ = / Vacuum p: \%\\\\
- fl — - HSD N\
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I Y S RSN BRI \\
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Di-Electron Spectrum

Subtraction of reference
— Excess radiation

Calculations with in-medium p spectral
functions, folded with fireball evolution
from coarse-arained transport

In-medium propagator: R. Rapp and H. van Hees, PLB 7563 (2016) 586
p — a4 chiral mixing: R. Rapp and P. Hohler, PLB 731 (2014) 103

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

CG GSI-TAMU: T. Galatyuk, F. Seck et al., EPJA 52 (2016) 131

CG SMASH: J. Staudenmaier et al., PRC 98 (2018) 054908.

HSD transport model: E. Bratkovskaya et al., PRC 87 (2013) 064907.

Thermal radiation of medium

Exponential spectrum — black body rad.

Fit result: T,y = 71.8 + 2.1 MeV
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Di-Muon Spectrum

Subtraction of reference
— Excess radiation

Inverse slope parameter
T« depends on mass M
of di-muon-pairs

Thermal radiation
at intermediate masses

In-In dN_/dn>30

v excess dimuons

* Renk/Ruppert
e Hees/Rapp
* Dusling/Zahed
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Thermal Radiation

QCD Phase diagram with
Inverse slope parameters 7

Information on the early
phases of the fireball

Thermometer
Chronometer
Barometer
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Thermal Radiation

Energy dependence

ure [MeV]
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Sensitivity to the
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R.-A. Tripolt, NPA 1005 (2021) 121755
NABO, EPJC 61 (2009) 711
HADES, Nat. Phys. 15 (2019) 1040
Jsnn > 6 GeV: R. Rapp and H. v. Hess, PLB 753 (2016) 586
JSnn < 6 GeV: T. Galatyuk et al.: EPJA 52 (2016) 131
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Di-Leptons: Future Experiments

Low-mass region
(LMR)

CBM Simulations

0-5% Au+Au \s,=4.9 GeV

L 3

Pb-Pb {s 8.8 GeV NA60+
0-5% central collisions

E. Scomparin, G. Usai CPOD22
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