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e Dense nuclear matter and collective phenomena

e HADES and experimental data Au+Au 1.23 AGeV

e Directed v1, elliptic v2, and higher tlow harmonics
(V3, V4, V5, V) Of protons, deuterons and tritons

e Parameterization and scaling properties

e Model comparisons
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Nuclear matter under Extreme Conditions
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Collective Effects

Flow Phenomenology

Emission relative to event plane
In-medium Interactions and nuclear stopping
= pbuildup of non-uniform pressure gradients

provides accelerating forces in different directions

Access to medium properties, e.g. viscosity,
equation-of-state

Fourier-decomposition
of the triple differential invariant cross section
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radial flow directed flow  elliptic flow
(cos @) = (px/pt);
(cos(2¢)) = ((pz — P,) /D),
(cos(3¢)) = ((p, — 3papy)/P}),
(cos(4¢)) = ((pz — 6p2ps, + D) /Pi),
(cos(5¢)) = ((p) — 10p2p; + 5papy) /L),
(cos(6¢)) = ((py — 15p,p;, + 15p3p,, — py)/PL).
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High Acceptance Di-Electron Spectrometer

e High interaction rates and statistics

» 5 weeks (558.3 hours) of Au+Au data taking
with 7 x 10° recorded events

» Beam intensities 1.2 - 2.2 x 106

e | arge acceptance in 6 identical sectors
» Symmetric azimuthal coverage

» 18°-85" in polar angle

e | ow-mass tracking system

» 4 Planes of multi-wire chambers
with Mini-Drift Cells (MDC)

» 6 Coils of superconducting toroidal magnets

e Particle ldentification
» Time-of-Flight (TOF and RPC)

» Energy loss in the MDC

e Forward Wall
» Reaction plane reconstruction
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Particle |[dentification

Time-of-Flight (TOF and RPC) Energy loss in the MDC
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Event Plane Reconstruction

Event plane of 1st-Order from Projectile
spectators in Forward Wall
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Compilation of World Data
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Update Star FXT QM2023

Compilation of world data

Good agreement of

mean transverse mass <mi>-mo,
integrated directed flow dv1/dy
and elliptic flow vz

\'Syn-2My (GeV)

Out-of-Plane v»

Long spectator passing time at
HADES energy
Tpassing = lexpansion = “squeeze-out”
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Collective Effects

Results on v1, v2, v3 and v4 tfor Protons, Deuterons and Iritons

HADES Au+Au ﬁ = 2.4 GeV
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Collective Effects

Results on v1, v2, v3 and v4 tfor Protons, Deuterons and Iritons

HADES Au+Au VS = 2.4 GeV HADES, Eur.Phys.J.A 59 (2023) 4, 80
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Collective Effects

Results on v1, v2, v3 and v4 tfor Protons, Deuterons and Iritons
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Collective Effects

Results on v1, v2, v3 and v4 tfor Protons, Deuterons and Iritons
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Collective Effects

Results on v1, v2, v3 and v4 tfor Protons, Deuterons and Iritons
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Results on vi—Vvg for Protons, Deuterons and Iritons

HADES Phys Rev Lett 125 (2020) 262301
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HADES, Phys. Rev. Lett. 125 (2020) 262301

“ldeal fluid scaling”
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ict] | id: 2 _ °F E3 ' N E
Prediction for ideal fluid: U4(pt)/”02 (pt) — 1/2 o H :
e - Protons ly_1<005 I 1.0<p <1.5GeV/ic :
. . e Samsnzs B B o B o e e
Slightly higher values (~ 0.6) PF. Kolb, PRC 67 (2003) 031902 NS Ur)»L'Db=6'9fm Von <01 F E

- o - N. Borghini and J.-Y. Oliitrault, PLB 642 (2006) 227 C ]

expected in more realistic scenario C. Gombeaud and J.-Y.”(;rcl}ilirault, PRC 81 (2010) 014901 4 5F- + B
E “Mpinen + E
Observed ratios for p, d and t "3 b FE, E
Independent of pt and centrality £ I ’ ] E
Close to predicted value of ~ 0.6 : : :
_0'55_ Deuterons ly_1<0.05 _E:_ 1.0<p <1.5GeVic _E
J. Wang et al., PRC 90 (2014) 054601 IQMD T S N L L L I B L B B e o
- P. Hil tal., J.Phys. G 47 (2020) 5, 055101 UrQMDX [ | I :
Confirmed by transport models Justin Mohs et al., SRC 105 (2022) 034906 sMASH > 2; T ;
Hi : + :
atnl=ullniee: it :
' . - { ' : _::_ +—i— _:
Hydro-like matter at SIS energies? 05 * ; | _
OF + -
_0'5;_ Tritons ly_1<0.05 _;_ 1.0<p <1.5GeVic _
Systematic Error of v2 and v4 are treated as correlated 0= 55 54 6o o T s i e et e e
P, (GeV/c) Y.,
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Parameterization
Rapidity-Dependence

Yo 1x HADES
— 0.0 2 Au+Au \/sNN = 2.4 GeV
0.2
—— 04
—— 0.6 e
08 S
1.5
U
T ¢=0
X
Centrality 20-30%
%75 1.00 < p <2.00 GeV/c

Polynomial function:
3
On, odd (}/cm) Un1 Yem + Up3 Yem

2
Un, even (}/cm ) T Up2 Yem

710

Behruz Kardan

0.8

0.6

0.4

0.2

-0.2

-0.4

-0.6

-0.8

Au+Au 1.23 AGeV

: | [ [ [ | [ | [ [ [ [ | :
BN Protons ]
- e |vy; x4 1.0<p <15GeVic ]
~ | e |ve x10 Centrality 20-30% 7
B e 7
C o] i
L |91 y =10
- o o 5] P |
B S ] i
7 % > .
n N > [¢] _
LA = ) s y
- B553a]_[s] _"— — i L :
B & R y, =03 \ .
- - _ o] \\\ ]
__ h y =06 \ |
| = u P —
[ 91
n DN - .
— = [Tl .
_:// |}/fp|(vl) > |1/tp|(v3) > |1/fp|(v-») =
| —— Trigonometric function N
S Polynomial function —
: | l l l l | l l l | l l | l l | :
~1 -0.5 0 0.5 1
Yem

Trigonometric functions:

odd - sat
vll (}/Clll) o v”
even sat

U”

(Yem )
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c

>

0.4

0.3

0.2

0.1

0

-0.1

-0.2

-0.3

-0.4

Au+Au 1.23 AGeV

=
-
-

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

=il (02) > |y2i|(v4)

ol e L

— y =03 y =07, ]
. & Trigonometric function _
—  ----- Polynomial function ~
— R N L L

-1 -0.5 0 0.5 1
Y em

' Sin(}/cm /}_/tp . 7T/2)
Un - COS(}/cm /1/7.1 ' 7T/2)

HADES Data:
PRL 125 (2020) 262301
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Emission Pattern

Protons

. HADES, Phys. Rev. Lett. 125 (2020) 262301
Allows to reconstruct a full 3D-picture S

of the emission pattern in momentum
space

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 NuSym23 - GSI - 18th September 2023

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

JT

N =2 ‘ ‘ ‘ ‘ ‘

2.0
1.5
1.0

NI
=
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Parameterization

pt-Dependence

Au+Au 1.23 AGeV
>C T ror Tl rr | >C LI L Y L I L B B RO
| \™=.0.7 p_= 065 a=0.96 _ 0.1 v, Protons —
0.2 03 Pl ize azzs 7 - [ ]vs x(-2) 025<y <015 -
B V¥ =-0.1 p =1.41 a=2.36 i 0.05 . Ve x 2 Centrality 20-30% ]
O} —— — B ]
i ok et 2
0.21- — 0.051- Tt 2
& | —V. - \“\\_
_0.41 5 015 1 Lo
- i _0.15F — T =
-0.6— N B __: :__\“Z
i — “ _020 TR =
[ L L EE T T TP R | N | iéé ]
-0.8— ---- vif=.0.8 x=0.35 n=1.0 — N — | _
- vl =-1.1 ;= 0.50 ::2.0 . -0.25— 7
T ﬁ:fgg if 82‘71 :jg — gigmo:‘: f””t‘?ﬁon ] [ — Trigonometric function _
| s AT T seseriuneion | - Bessel function ]
_1'"'|""|""|""|""| _0.3_|||||||||||||||||||||||||||||||||||||||||_

0 0.5 1 1.5 e 2.5 0 02 04 06 08 1 12 1.4 1.6 1.8 2
p, (GeV/c) p. (GeV/c)

t

Based on Blast-Wave Model (with azimuthal modulation):

IOZT cos(neps) In(ar(Ps)) Ki(Br(¢Ps)) des
J27 Ty (9s)) Ki (Be(gs)) dep
Bessel functions:

U (Pt) U}?f In(pe/ X)/ o (pe/ X)

Behruz Kardan

p(¢ps) = po(1 + 20, cos(ngs))

On(pr) =

NuSym23 - GSI - 18th September 2023

0.1

0.05

-0.05

Au+Au 1.23 AGeV

—— Trigonometric function
----- Bessel function

~
~
N

Protons
chml <0.05
Centrality 20-30%

I|II'II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|

O 02 04 06 0.8

Z’ll(pl) = Uy

sat

1 1.2 14 16 1.8 2
p, (GeV/e)

HADES Data:
PRL 125 (2020) 262301

Trigonometric functions:

tanh(p./ pp)"



Global Parameterization

Rapidity- and pt+-Dependence

HADES

Au+Au 1.23 AGeV

" [+1-0.05-0.05
C [+]-0.25--0.15
[ [+]-0.45--0.35
-0.65 - -0.55

[ @] Backward-
o Forward-Rapidity (x -1

Centrality 20-30%

v =-015 a=226 ]
p, =122 y =064 ]
x2Indf = 659.4 / 464

o

0O 02 04 06 0.8

HADES

12 1.4 16 18 2
P, (GeV/c)

Au+Au 1.23 AGeV

HADES Au+Au 1.23 AGeV HADES Au+Au 1.23 AGeV
A [ | L | [ | L | [ [ | L | [ | [ | L | | — 1 1 1 | [ | [ | [ | [ [ | [ | [ | [ | [ | | —
> = i -
04l o= J;)cnb g‘te(;"gg Centrality 20-30% - S yd’”b g‘te(;"gg Centrality 20-30% .
b [#]-0.15--0.05 Protons : " [+ ]-0.15--0.05 Protons ]
- [e]-0.25--0.15 vi¥=0.64 a=0.96 - ~ [#]-0.25--0.15 V3 =-026 a=179 -
0.2 B -0.35--0.25 p, = = 0.65 Y, = 1.01 B - -0.35 - -0.25 p, = =1.12 Y, = 0.70 7
= [#]-0.45--0.35 v2Indf = 182.2 / 464 [ [ ]-045--0.35 v2Indf =217.8 /464 -
| [e]-0.55--0.45 ] - [e]-0.55--0.45 ’
| [ -0.65--0.55 i " [ ]-0.65--0.55 i
B r]:‘:"-gggggﬂle--gne-g--.— .............. [ o ) | B —
&Q‘UU‘]’J’JQQD“” SSesstasisleeelelRlc - SR -
i (‘]EQO o 59999990[_1'{_1”””” T T 1N | : _
_O 2 | 1 ]R‘{]‘iuo T OO ""“"“""Muuu ° ) g H-H- — B |
LIS S —®

i ubgmq T - - ]
23 <! Iy OOt _M'V‘E'v‘m.g. ~ 7= - —
0.4 S S S e — - E
B O R4 e — e 810.09lgigiRia- a0 _| B —
- OO S O QQEEEEE Sioe] B —]
-0.6— [_e ] Backward- T E [_e ] Backward- E
n o Forward-Rapidity (x -1) u - o Forward-Rapidity -
| 1 1 | | | 1 | | 1 1 | L 1 1 | | | 1 | | | 1 | L | 1 | | 1 1 | | 1 1 | I I :I | | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | I:

O 02 04 06 08 1 12 14 16 1.8 O 02 04 06 08 1 12 14 16 18 2

p, (GeV/c)

I~ [Ce ] Backward-
o Forward-Rapidity

B Yo interval:
-~ []-0.05-0.05
- [« ]-0.25--0.15
- [e]-0.45--0.35

Centrality 20-30%

=0.03 a—?z"

-0.65 - -0.55

Combined Trigonometric functions (y, pt):

”Mf ph l/un ]

LLeven ¢ \
Uy f Ptr Yem )

Behruz Kardan

tanh(p;/po)® - sin(Yem /Yip - 71/2)

~tanh(p; /po)* - cos(Vem /Y=i - 7T/ 2)
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0 02 04 06 08

Simultaneous description of the rapidity and transverse
momentum dependence with only 4 Parameter
for each Centrality class, Particle Type and Flow Harmonic
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Nucleon Coalescence
Scaling Properties of vo at Mid-Rapidity

Scaling of v2 and p: 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 va contribution is negligible

Approximation for small vn

”Un,A(A ]?t) = Awv, (pt)

Behruz Kardan

HADES Au+Au VSun = 2.4 GeV
[ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | |
0ol Lo Protons Centrality 20-30%
» | Deuterons Y. |<0.05
[« | Tritons cm '
0.1
0

-0.1

-0.2

-0.3

-0.4

Coalescence:
Full Expansion

~0.5F ——Approx.v _(Ap)=AV(p)
o_l"|0|5|lll4llll1.|5||||2|““2|5_
HADES, arXiv:2208.02740 p, (GeVic)
Un,A=2(Apt) = 2vn(pt) :
| 1+ 207 (pe)
1+ v, (pt)

Un,A=3(Apt) = 3vn(pt) 1+ 6v;(pt)

NuSym23 - GSI - 18th September 2023

/-\_'_' 1 [T [T T _,,1 B I__:I [ [T I T T [T T T T [T T [T
Q. B : a
< | -
<< — _ —
£ 0.8 — -
l =
0.6 |
04— —
| —_A=2 _
B — A=3 |
0.2~ A=4 ~
B —A=5 |
I —— Full Expansion :
o Approx. vn,A(Apt) = Avn(pt) N
[ 111 | [ 111 | [ 111 | [ 111 | [ 111 | [ 111 | [ 111 | [ 111 | [ 111 | [ 111
0O 01 02 03 04 05 06 0.7 08 09 1
ValP)
D. Molnar and S.A. Voloshin PRL 91 (2003) 092301
P.F. Kolb et al., PRC 69 (2004) 051901
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Nucleon Coalescence
Scaling Properties of v4 at Mid-Rapidity

HADES ALH'AU m = 24 Gev AN T 171 T 11 T 171 [T 171 T T T 11 T T T 11 T T
. . < - L Y L I B B B ] Q"" - ’: /' ................... __
Scaling of v4 and pt with nuclear S S B 2 4 e :
mass number A 012 Deuterons Centrality 20-30% - = - e -
B < | Tritons ‘ycm‘ <0.05 ] < 0 6__ “““““““ —_
0.1 1 > 06¢ i
Inclusion of higher order terms 0.081 / 0-5E B
and contribution of vo 0.06[- r 4 o4b -
i At o B -
0.04 1~ ol \ S RN 5 -
Works as expected in simple 0.02 e - : :
coalescence picture if contribution ok ‘ ‘ 1 oz s -
. . . = - L — A= _
of dominant flow coefficient is © Coslescence: 1 o ’ E
: —0.02[~ --- Full Expansion — B /A —— Full Expansion i
iIncluded - Full Exp. incl. v, = - \2v, - % — Full Exp. with v =- 2", -
~0.04F — Approx. v, ,(Ap) = A v,(p) - oF --- Approx. v, (A P) = A" vy(p)  —
: | | | | | | | | | | | | | | | | | | | | | | | | | : [ | | | [ 11| | [ 111 | I I | I | I I | I | [ 11 1 | [ 1 | I—

0) 0.5 1 1.5 2 2.5 O 005 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45

GeV/c vV
Approximation for small v4 with vz HADES, arxiv:2208.02740 P, ) P
contribution: |
A _ AQ U4,A=2(Apt) — 47}4(2%) 1+4 ( ) 19 2( ) assuming: U4 (pt)/vg (pt) — 1/2
Un,A( pt) — Un (pt) V4Pt Va (Pt
1
U4,A=3 (A pt) =9 V4 (pt) 1+ 12 V4 (pt) 16 vz (pt) D. Molnar and S.A. Voloshin PRL 91 (2003) 092301

P.F. Kolb et al., PRC 69 (2004) 051901
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Geometry Scaling

—lliptic Flow vz

HADES Au+Au Sy = 2.4 GeV HADES Au+Au 1.23 AGeV —~ HADES Au+Au 1.23 AGeV
/C\\l _|||||||||||||||||||||||||||||||||||||| >c\j :||||||||||||||||||||||||||||||||||||||: OJN L L L B B I
\\w/ oL o | Protons ly_1<0.05 B 02k Centrality: Protons N \\:l 4:_ Centrality: Protons __
>C\l e _I[_)e.uterons ] . - E 00-10% ‘ycm‘ <0.05 . > ). - E 00-10% |ycm| <005 -
[ e | Tritons A L [ ¢ |10-20% - L [ ¢ |10-20% -
u ] _ 0_1__ [ e 1 20-30% _ 0.2 e |20-30% -
-0.2— |, — } 30-40% _ - 30-40% i
- @ @ @ mm - - i O ]
= . 0] — i i
B E (@] - ] B olele _ B _
04+ _ - s 1) - —0.2_ i
- 2 -0.1 oo — E .
B ] B | —0.4_— ]
_0.6 H o| - _0.2[- STl o6b -
i s ] | - ] e -
L E @ | : ....QEI__: : ‘E:;
- il = - -0.31- - -0.81 T
-0.8[~ - = - : - - -
- e 0.6<p <09GeVic ] . B ] -1 —
o 15<p <18GeVic | 04+ ] - .
[ 11 1 | I I | L 11 1 | [ 11 1 | [ 11 1 | I I | [ 11 1 | [ 11 1 _I | | | | 1 1 | | 1 1 | | 1 1 | | 1 1 | | 1 1 | | 1 1 | | 1 1 | | | 1 | | | 1 | I_ 11 | | | 1 | | 1 1 | | 1 1 | | 1 1 | | 1 1 | | 1 1 | | 1 1 | | 1 1 | | 1 1 | | ]
0 5 10 15 20 25 30 35 40 0 02 04 06 08 1 12 14 16 1.8 2 0 02 04 06 08 1 12 14 16 1.8 2
HADES, arXiv:2208.02740 Centrality (%) p, (GeV/c) p, (GeV/c)
= v Scaling with initial eccentricities Orientation of symmetry-planes
£ Calculated for overlap zone with Glauber MC Negative vo/{e2) values = v2 Event- and &
0 .{f —————————— Eccentricity-plane are perpendicular
TS S - O
- K. -" B \ .
’ A vo/{€2) almost independent of centrality and pt
i R - Similar scaling for v4 with (€2)2
: 1'0 e R V (r'tcos(ng) )= + (r'sming))-
X [fm] " (rm)
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Geometry Scaling

Quadrangular Flow va

HADES Au+Au \Syy = 2.4 GeV HADES Au+Au VSyy = 2.4 GeV HADES Au+Au 1.23 AGeV
N L L L O L O B RO I B B S I L B A C\}\1.2_||||||||||||||||||||||||||||||||||||||_
wC\' B e | Protons g \c.g 0.3 [ | Protons v 1<0.05 —] w‘\‘ - Centrality: Protons -
< 50 o | Deuterons _| % [ [*]Deuterons Yom < i \\:r 1 %égggzﬁ Vom| <0.05 -
><|' : e TH’[OI’\S : > 025 :_ ° Trltons _: > : 30-40% :
I ’ ] - - 0.8 -
1 — 0.2 B — i |
- I z —:
N | o5 g % - : :
0 of "~ - @ i 0.4 N
- o1 - B | _ |
e i &9 @ 1 0 B : :
i ° | N § 0.21- .
Y hul = = 4 o00s5F @ O . I ]
B ’ B (& i i ]
i B _ - . % & ] O~ ~
| L Ll ® _- _
-0.5— 0_0.6<p <0.9 GeV/c ] - e 06<p <0.9GeVic . 0 . . . . . . . .
B o 15« p: <1.8 GeV/c chml < 005 | _ o o 1:5 < pt < 1:8 GeV/c | V/C)
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
HADES, arXiv:2208.02740 Centrality (%) Centrality (%)

Scaling with initial eccentricities
Calculated for overlap zone with Glauber MC

Va/<{€2)2 almost independent of centrality and pt (va/{€4) iS Not)
= Fixed relation between vz and va (different to high energies)

Behruz Kardan NuSym23 - GSI - 18th September 2023



Model Comparisons to Proton Data

HADES, arXiv:2208.02740

HADES Au+Au Sy = 2.4 GeV HADES Au+Au Sy = 2.4 GeV

. . ? :I T | T 1T | T 1T T 1T IIII|IIII|IIII|IIII: ? _I T | T 17T | T T T 1T IIII|IIII|IIII|IIII_
Determination of EOS _>0.8 [+] Protons 4 _> [ [s]Protons AN (53
o ' . . > - m >, - == JAM (MD4) ]

New level of precision - multi differential Qo7 e 1 T o " uaw -
o . ; : . Y L : > - \ -
Additional information from higher orders © 060 - B S :
- E """""""" ] 1 -oo05- B — |

0.5 I ] : e |

i : ‘ = :

Models: 0.4F H - b N S — _—
JAM 1.9 NS3 (hard EOS, mom.-indep.) Model EOS K (MeV) m*/m  mom-dep. 0 33_ E i . i
JAM 1.9 MD1 (hard EOS, mom.-dep.) JAM 1.90591 NS1 380 0.83 no T ] - Ty 4
JAM 1.9 MD4 (soft EOS, mom.dep.) V=S i oo e 0ok 1 _oasC B
UrQMD 3.4 (hard EOS, mom.-indep.) UrOMD 34 o 250 ' = “r R LM (NSO) - ! 1
GiBUU Skyrme 12 (soft EOS) GiBUU 2019 (patch7) Skyrme 12 240 0.75 no o= == JAM (MD4) - . 1
- 0.6<p <0.9GeVlc Py - 0.6<p <0.9GeVic .

O_I L 11 | Itl [ | L1 11 | L 11 1 | L 11 1 | L1 11 | L 11 1 L11 ] _02_I 1 1 1 | Itl L 1 | L1 11 | | | L 111 | L1 11 | L1 11 | L1 1 I_

Conclus S T ] S [T
OnC USIOnS B JAM (MD1) 7 - otons ]

: 0 - s tég/ll\/(ll\[/)lD4)__ 0.03— =

Overall trend reasonably described, but no model ; SEHE : :
works everywhere L AN I N
005 [ . — i )

I A _ 001 7 . RONE

| . . : NG : [ R :

Several systematic deviations can be linked to 0.1 - . of -
different implementation in transport codes } : 0015 :
~0.151 = T B

- | - == JAM (NS3)

o S . . i ly_1<0.05 1 —0.02:— y I<005 == ‘L’fr‘g"l\g'\é'["‘;—_

For unified description a consistent modelling of Lo CfTmsosseve - of<geoscave L amw
|ight nuClei formation iS essential OI 1 1 I5I 1 1 I1OI 1 1 I15I 1 1 I20I 1 1 I25I 1 1 I30I 1 1 I35I 1 1 I40 O| [ |5| | |1O| 11 |15l (| |2O| [ |25| L1 |30| L1 |35| L1 |4-O
Centrality (%) Centrality (%)
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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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- B ] i \ = ] i N RO 1 0.0t e m S
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n_l L1 1 | L 111 | L 111 | L1 11 | L1 11 | L 111 | L1 11 | L1 ] I L1 11 | L1 11 | L 111 | L1 11 | L1 11 | L 111 | L1 11 | L1 11 e I | | I | | I I | | Ll 11 | I | | I | | I | | Ll 11 _I L1 1 | | | L1 11 | L1 11 | L 111 | L1 11 |_I 1 11 | L1 1 I_
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> [e]Protons 1 > I [e]Protons jﬁm EI\NA%?;)) 4 S L [e]Protons jﬁm E'\NA%?;)) 1 > [ [e]Protons B
RN Aberrancy vi | % g5l Curvaturev2 ... v aon— Aberrancy vs ... iawwos - N - Curvature v4 ]
e B 1 © B uQMD 1 0.1— uamMd | T 0l— . _
< - 1 I - e-aBUU ] X - cemgiBuU ] X .
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Event-wise Flow Correlations

—vents can characterised according the

event-wise magnitude of the elliptic tflow

V2 event
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Event-wise Flow Correlations
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Slope of the Triangular Flow v3 Quadrangular Flow va
A strong sensitivity to the EoS is seen The magnitude of v4 seems to follow an almost
guadratic dependence

UrQMD Model Simulations: Not corrected the underlying
T. Reichert et al. EPJ C 82 (2022) 510 Multiplicity Fluctuations
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Conclusions

(General Parameterisation

* Phenomenological approach based on

hydrodynamic inspired Blast Wave model

Scaling Properties

e Scaling relation between flow coefficients

Hydro-like matter at SIS energies?

* Geometrical Scaling to initial overlap eccentricities
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Nucleon Coalescence

e Scaling of v2 and v4 according simple “nucleon
coalescence” via momentum addition

Model Comparison

* Multi-differential analysis including higher orders

New level of precision
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e Consistent modelling of light nuclei formation

General Parameterisation
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Outlook

Event-wise Flow Fluctuations
Correlation and Relation between Flow Harmonics

Next Steps towards EOS
Detailed comparisons and sensitivity to model
parameter space = Bayesian analysis

System-Size and Energy-dependence
Au+Au at 1.23 AGeV (2012)
Ag+Ag at 1.23 and 1.58 AGeV (2019)

SIS Beam Energy Scan
Au+Au at 0.2 - 0.8 AGeV planned (2024)
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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 implementead

via averaged mean-field potentials (Skyrme-like or RMF)
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Equation of State of Dense Matter

Momentum Dependence of the mean fields

e Momentu

M dependence

characterized by m*=0.7mn

P. Danielewicz
Nucl.Phys.A 673 (2000) 375-410
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First prediction of va{RP} in 2000!
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<cos(2¢)>

P. Danielewicz, R. Lacey, W.G. Lynch

Science 298 (2002) 1592-1596

. Bi+Bi Collisions

I Figure from Supplementary Material

- E=700 MeV/nucleon N
. b=8.6 fm KaoS Proton Data:
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Properties of Dense Nuclear Matter

Shear viscosity

e Nuclear shear viscosity extracted from c\’g L R I e L N
—— 1 ~ 1/T° Tomonaga, Z. Phys. 110 (1938) 573 _
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Motivation

Flow and Event Shapes

radial flow

Landau scenario
total stopping

@

top view

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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Event Plane Determination

o Re-cent.FW Hits & Charge Weight
e Re-cent.FW Hits & Charge Weight & Flatterning

with 8 cos- and 8 sin-terms 1.1
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Event Plane Resolution

. . C N | T T | L | T T L L T T | L |_ S
EP-resolution via sub-event method S HADES -1 45
: - : 5 K2 1 3
with three implementations 2 1|-Au+Au1.23 AGeV oz &
% : N4 :
: : : N5
Determination of resolution parameter x o 0.8 DI
- directly via <cos (AD)> e :
- Approximation via Fraction of Events with A > /2 D—“_‘ : -
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Systematic Uncertainties

Validation and Consistency Checks

Sources of uncertainties

- Track selection and PID
- Occupancy correction
- Non-uniform acceptance

Toy MC study
Influence of the iIncomplete acceptance
and a non-uniform event-plane distribution

Consistency checks:
- Measurement symmetry with respect
to mid-rapidity
- Zero-crossing of odd harmonics at yem=0
- Vanishing residual sine-terms
- Time-dependent systematic effects

Reversed field polarity
Comparison with flow coefficients from the
full data set

Behruz Kardan

HADES, arXiv:2208.02740
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