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Dense nuclear matter and astrophysics

Properties of neutron star and
ts Equation-Of-State (EOS)

e Similar conditions in heavy-ion
collisions at SIS18 energies

than in merging neutron stars
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HADES, Nature Phys 15 (2019) 1040
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= Heavy-ion collisions can provide access

to equation-of-state of neutron star matter
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The HADES experiment

Fixed-target experiment at SIS18(GSI, Germany)

Large acceptance in 6 identical sectors

e Symmetric azimuthal coverage START ~ VETO MDC IV
e Superconducting toroidal magnets

e [ ow-mass Drift Chambers (MDC)

Particle identification
e Time-of-Flight walls (TOF and RPC)

e Energy loss (MDC and TOF)

e et/e- and photon identification
(RICH and ECAL)

RICH Magnet TOF
Forward Wall Heavy lon Setup

e Reaction plane reconstruction
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Particle |ldentification
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EFvent Plane Reconstruction

1st-order event plane from projectile in Forward Wall
o Charge-weighting according to the energy loss Iin scintillators /

e Correction of non-uniformities

e EP-resolution via sub-event method TN
\ \
‘ \
g LT T T1 | T T | T T | T T T T T T IIII|IIII|_ \\\ )
= [ HADES DI Projectile Spectators | n
= 4_Au+Au1.23 AGeV 73 — °
o [ ~e- %8 7]
a Tl R
B —o- N5 |
0 0.8— —o— N6 _
o YOl ]
-
S [ ]
L o6t —
el ]
S | ]
> L -
L 0.4 _
0.2/ _
O IIII_|_I_I_I__I_|_I_I_I_I_|__I_I_I_I_|_I_T_I_I_|_I L1 I_|IIII|II_I_I_|_

0 10 20 30 40 50 60 70 80
Centrality [%]

Behruz Kardan

_ -
-
30 ]
7 -
-
. -
-
-,
-,
s
7’

—— o o
- - -

P - -

S _me_—-

-

-
-
~ ~ _ ) e — =

QNP2024 - Barcelona -

11t July 2024

Forward Wall

Qn.y
tan pr,1
Un = Ugbs / U
R, = (cos[n(¥,, — Urp)])

Qn,w — ZNFW w; COS(n QbFW,z)

m— ZNFW w; Sin(n QbFW,z)




out-of-plane

Collectivity squeeze-out
Emission relative to event plane f bounce off
| | | | / f side-splash ~ /
e In-medium interactions and nuclear stopping ! . )/
— buildup of non-uniform pressure gradients ~ .* - ’ R
orovides accelerating forces in different b e o -
directions /. side-splash )
_______Sdespash T . reaction plane

e Access to medium properties, e.g. viscosity, / i X,

equation-of-state out-of-plane

. o . . . squeeze-out
Fourier-decomposition of the triple differential

Invariant cross section
W

Ei)—N - 21 Cf;Nd (1+2§:vn(pt,y) COS(ncb)) A
p° T p¢ dpt Ay — ? @
é V' A

o= o) @ m

Extraction of azimuthal moments v
stopping radial flow directed flow elliptic flow

vn (D¢, y) = (cos(ng))
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Collectivity
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smash Analysis Results 2.2
UrQMD J. Steinheimer et al, EPJC 82 (2022) 911
pBUU P. Danielewicz, PRC 51 (1995) 716
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https://theory.gsi.de/~smash/analysis_suite/SMASH-2.2/
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Good agreement with world data
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Compilation of World Data

Energy-Dependence
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Collective Effects

Results on v1, vo, v3 and va for Protons, Deuterons and Tritons HADES, Eur.Phys.J.A 59 (2023) 4, 80
HADES Au+Au YSyy = 2.4 GeV
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Collective Effects

Results on v+, vo, v3 and v4 for Protons, Deuterons and Tritons HADES, Eur.Phys.J.A 59 (2023) 4, 80
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Collective Effects

Results on v1, vo, v3 and va for Protons, Deuterons and Tritons HADES, Eur.Phys.J.A 59 (2023) 4, 80
HADES Au+Au \ISN = 2.4 GeV
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Collective Effect

Results on v, Vo, V3 anc

HADES

V4 for Protons, Deuterons and Tritons

Au+Au VSNN = 2.4 GeV
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Collective Effects

Results on v1, vo, v3 and va for Protons, Deuterons and Tritons HADES, Eur.Phys.J.A 59 (2023) 4, 80
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Only a fraction of the data is shown
In total 17k data points with individual systematic uncertainties available: [hepdata]
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https://www.hepdata.net/record/ins2132332

Collective Effects

Results on vi—vs for Protons, Deuterons and Tritons HADES, Phys. Rev. Lett. 125 (2020) 262301
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Emission Pattern

Protons

e Allows to reconstruct a full 3D-
picture of the emission pattern in
momentum space

o Complex evolution of shape as
function of rapidity determined by
flow coefficients vi — ve

First Proposed in S. Voloshin and Y. Zhang
Z.Phys. C70 (1996) 665-672

Behruz Kardan

HADES, Phys. Rev. Lett. 125 (2020) 262301
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HADES
Au+Au \/sNN = 2.4 GeV
Protons

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

Yom
0.0
0.2
0.4
0.6
0.8

N = ‘ ‘ ‘ ‘ ‘

JT

2.0
1.5
1.0

NIW
=
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https://doi.org/10.1007/s002880050141

Parameterisation
Rapidity-Dependence

Yy 14 HADES
— 0.0 2 Au+Au \s,, = 2.4 GeV
0.2
—— 04
—— 06 e
—— 0.8 S
1.5
0
T ¢=0
X
Centrality 20-30%
%n 1.00 < p, <2.00 GeV/c

Polynomial function:

3
Un, odd (}/cm) Unl }/cm + Up3 }/cm

2
On, even (}/cm) T Un2 Yam

Un0

Behruz Kardan

c
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https://doi.org/10.1103/PhysRevLett.125.262301
https://www.hepdata.net/record/ins1797626

Parameterisation based on Blast-\Wave Model

pt-Dependence

Au+Au 1.23 AGeV
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Based on Blast-Wave Model (with azimuthal modulation):

[027 cos(ngs) In(ai(ps)) Ky (Bt (ps)) ds 0(¢ps) = po(1 +2p, cos(nes))

J27 T (9s)) K (Bi (@) deps
Bessel functions:

Un (Pr)
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On(pr) =

Au+Au 1.23 AGeV

>C O 1__| I | T | T | T T 11 | T | T | T | T | |__
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HADES data:

PRL 125 (2020) 262301 [hepdata]

Trigonometric functions:

sat

ot Lu(pe/ x)/ To(pe/ X) on(pe) = vy - tanh(p/ po)"
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https://doi.org/10.1103/PhysRevLett.125.262301
https://www.hepdata.net/record/ins1797626

Global Parameterisation
Rapidity- and pt-Dependence

HADES Au+Au 1.23 AGeV
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Geometry Scaling

Elliptic Flow vz

V,/(g,)
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Event-wise Flow Correlations

e Events can be characterised according the event-wise

magnitude of the elliptic flow V2 event

e Slope of directed flow dv1/dyly=o resp. flow angle Briow

6 HADES work in Progress Au+Au \/S—NN =2.4 GeV
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Behruz Kardan
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UrQMD Model Simulations:

T. Reichert et al. EPJ C 82 (2022) 510
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HADES Work in Progress

Au+Au \Syy = 2.4 GeV
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Event-wise Flow Correlations

HADES work in Progress Au+Au \Syy = 2.4 GeV HADES Work in Progress Au+Au \Syy =2.4 GeV
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Model Comparisons to Proton Data

Determination of EOS

HADES Au+Au Sy = 2.4 GeV HADES Au+Au (Syy = 2.4 GeV
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Conclusions

General Parameterisation

* Phenomenological approach based on hydrodynamic
inspired Blast \WWave model
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Outlook

Next Steps towards EOS
Detailed comparisons and sensitivity to model

. . HADES
oarameter space = Bayesian analysis

Au+Au \/SNN = 2.4 GeV

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

System-Size and Energy-dependence

Au+Au at 1.23 AGeV (2012) Y.,
Ag+Ag at 1.23 and 1.58 AGeV (2019) — 0.0
0.2
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Dense nuclear matter and astrophysics

Phase diagram of QCD Matter

e Deconfinement phase transition

= [ndications for crossover transition
at high energies corresponding to vanishing
ug (e.g. LHC)

s Conjecture of 1. order phase transition

at low energies corresponding to high us
(e.g. SISTOO0/FAIR, SIS18/GSl)

s Critical End Point (CEP)
e HADES at SIS18

= Nucleons essentially stopped in collision
zone

= Baryon dominated fireball = ps ~ 800 MeV
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Nucleon Coalescence
Scaling Properties of vo at Mid-Rapidity

Scaling of v2 and pt with nuclear
mass number A

Inclusion of higher order terms

Works well for the dominant flow
coefficient as expected in simple
coalescence picture

Odd flow coefficients vanish at mid-
rapidity and v4 contribution is negligible

Approximation for small vn

”Un,A(A ]?t) = Awv, (]?t)

Behruz Kardan
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Nucleon Coalescence
Scaling Properties of v4 at Mid-Rapidity

Scaling of v4 and pt with nuclear
mass number A

Inclusion of higher order terms and
contribution of v»

Works as expected in simple
coalescence picture If contribution of
dominant flow coefficient is included

Approximation for small v4 with vo
contribution.

Un,A(APt) = A° Un (pt)

Behruz Kardan

V4, A=2(AD:) = 4vs(py)

V4, A=3(Ape) = Jva(pe)
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Equation of State of Dense Matter

e E0S is the equilibrium property of Hydrodynamical simulations

Non-equilibrium dissipative effects are described
by transport coefficients (shear viscosity n)

* |[n microscopic transport models implemented
via averaged mean-field potentials (Skyrme-like or RMF)

Pmax/Po: ~2 -3 ~5 ~7
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P. Danielewicz, R. Lacey, W.G. Lynch
Science 298 (2002) 1592-1596
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https://doi.org/10.1126/science.1078070

Equation of State of Dense Matter

Momentum Dependence of the mean fields

Momentum dependence characterized

P. Danielewicz, R. Lacey, W.G. Lynch
Science 298 (2002) 1592-1596

I Figure from Supplementary Material

Bi+Bi Collisions ﬂi ;
E=700 MeV/nucleon N
b=8.6 fm KaoS Proton Data:

Brill et al. Z PhYsik A 355, 6|1 —68 (1996) -

by m*=0.7mn
0.05
P. Danielewicz
Nucl.Phys.A 673 (2000) 375-410
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First prediction of v4{RP} in 2000!
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Geometry Scaling

Quadrangular Flow va

HADES Au+Au \Syy = 2.4 GeV HADES Au+Au (Syn = 2.4 GeV

C\I/c\\l :I 11 |_II [ 1 | T T T T1 T T1 | T 11 | IF|> | ‘|t | T |: /; _| T 1 | T 11 | T T | T 11 1T 11 | T 11 | T 11 | T |_
O o Profons 7 e 031 [¢]Protons y 1<005
~ 15 o | Deuterons _| ~ - [« | Deuterons cm .
NI e |Titons | =g o5 [+]Tritons =
L O _| - _

- 4 02 [ . -
- 1 o015k % -

0.5 g @ — i @ g .

i o = 0.1 @ =

B i O A A N

i @1‘3 o | - ]

o | o ™ =+ o005 @ i E

- @] _

-0.5— « 06<p <0 GeV/ o B ° <p < _
-0 iscp<receve V| <005 E | LR

o b b b b b P Ly 1| _0'05—_||||_||||||||||||||||||||||||||||t|||||||_—

0 S 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
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Scaling with initial eccentricities
Calculated for overlap zone with Glauber MC

va/{€2)2 almost independent of centrality and pt (v4/{€4) IS not)
= Fixed relation between v2 and v4 (different to high energies)
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Model Comparisons to Proton Data

HADES Au+Au \Syy = 2.4 GeV HADES Au+Au \Syy = 2.4 GeV HADES Au+Au \Syy = 2.4 GeV HADES Au+Au \Syy = 2.4 GeV
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* Aberrancy: the third derivative of a curve
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Properties of Dense Nuclear Matter

Shear viscosity

Nuclear shear viscosity extracted from

tranSpOrtmOdels C\’I-\ AL B O
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https://doi.org/10.1103/PhysRevC.94.044622
https://doi.org/10.1016/j.physletb.2005.01.069

Motivation

Flow and Event Shapes

radial flow

@

top view

Landau scenario
total stopping

Bjorken scenario
partial stopping
initial longitudinal flow

How to Deal with Relativistic Heavy lon Collisions
R. Hagedorn (1981)

Hagedon-Myers scenario
(similar to “firestreak” model)
stopping dependent on nuclear density
partial stoped matter moves with
different rapidities
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https://inspirehep.net/literature/164453
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Fvent Plane Determination

Correction of non-uniformities in the «10° Quality of Flatness
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Fvent Plane Resolution

" HADES —e- 9

—o— N2 -
11— Au+Au 1.23 AGeV o K3 —

N4
—o— NH
—o— 16

EP-resolution via sub-event method
with three implementations

e Determination of resolution parameter x

0.8
= directly via <cos (AD)>

» Approximation via Fraction of Events with AD > /2

Event Plane Resolution

= Ft-Method

. O
(0))
I I I | I I I | I I I | I I I

Calculation of EP-Resolution of different order
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Systematic Uncertainties

Validation and Consistency Checks

Sources of uncertainties HADES, arXiv:2208.02740
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HADES, Phys. Rev. Lett. 125 (2020) 262301

“ldeal fluid scaling”

- 3 F [+]10-20% HADES Au+Au Y, = 2.4 GeV :
Relation between vo and v4 > 2f -120-30% NN -
E [-]30-40% T ]
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Other Ratio-Scalings?

Protons and light nuclei

Behruz Kardan

~ F § T [ " T
> 4 []10-20% -
- r °T HADES|Au+Au \s,, =24 GeV |* i
S T [+]20-30% T e ]
™ n o/ —+ ] - .
> 3| E30-40/o_“_ [ B .
=l T = bl i

21— [ 0__ _— —+_ %] 1

N ] i = R T = ] i

SR Ana s T i‘—‘:: —Ii‘{' ]

I = T =N 7
] ‘va/(viva)

o | T ]

~ Protons -025<y_ <-015 T 1.0<p <15 GeV/c

—_ P ——
S T N
é: N 1 i
= [ o T B ]
=8 — T 11 = M°F -
o[ TH ’ T — Lk h
T Nigunos 5

L 4 . = e s i :. | .
O E ¥ =ti=ll -

C LY — T [ - ]

O T = B

- Deuterons -025<y <-0.15 T = 1.0<p <15GeVic

;& 45_:::}::: - LHI”:I”:L”_I”:IQ_Ii""iiii :;::|::::|_E
~  f | - ] . O -
<> [ n B . j ] ]
> 3 H = —+ E_ —
i aRUOEN=EO RO AR L ]

o[- — 11— — 1 | BEH——1— . ]

: PR LR ERER] 1 8 B :

- MM I = = s e Nghpx ]

£ T L 1 L :
k1L s :

- Tritons | [— -025<y_ <-0.15 1.0<p <1.5GeV/c -

Cova b b b b b b b b b b by by o oy oy oy by oy by oy by T

0O 02 04 06 08 1 12 14 16 1.8 2 -1 -0.5 0 0.5 1

P, (GeV/c) Yo

QNP2024 - Barcelona - 11th July 2024

12

10

Vo/(VaVy)

[—1
=]

-025<y <-0.15

LI L B LI By [ m

[+]110-20% J
[~ ]20-30%
[+]30-40% -

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
HADES Au+Au VsNN =2.4 GeV

vs/(V3va)

't

1]
1

1.0< p,<1.5GeVic
L L I

ZUAD)
>

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|::|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIl:
9
—S
o
=
[72)
|

Deuterons

[t ] |

-025<y <-0.15

——t

=]
X
]
=]
=
CioR
= =——1]

1.0<p <+5 GeV/c

Ve/(V5Vy)

-2

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIL

_4IIIIIIIIIII

|

i

|

i

T

:

—0.25<y__ <-0|1!
1 I

\W A |

oo bore e b b beee b b b bova bvee b b b b b b e b b bevae b b Ly

=
=

=
| I |
[—F ]
e

—
(@)
A
5

< 1.5 GeV/c

0O 02 04 06 0.8

1 12 14 16 1.8 2

P, (GeV/c)

0.5
y

38

1

cm



