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The HADES Physics Program

Heavy-lon Collisions Elementary Collisions
* Three mostrecent beamtimes: * Three most recent beamtimes:
> Ar+KCl @ 1.76A GeV (2005) » p+Nb @ 3.5 GeV (2008)
> Au+Au @ 1.23AGeV (2012) > m+W /+C/ +PE @ 1.7 GeV (2014)
» Ag+Ag @ 1.58/1.23A GeV (2019) > p+p @ 4.5 GeV (2022)
* Properties of nuclear matter at highest * Electromagnetic structure of Baryons and
baryochemical potential / nuclear density Hyperons
* Event-by-event correlations and fluctuations * Reference measurements to separate

_ in-medium effects in heavy-ion collisions
e Strangeness production close to or below the

free NN threshold energy * (Rare) electromagnetic hadron decays

* Di-Lepton signals from various sources * Di-Lepton signals from various sources
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Nuclear Collisions at SIS18/HADES Energies
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Rare Probes at SIS18/HADES Energies
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e Spectral functions of mesons modified by interactions 10 107 10°
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with baryons and mesons

* Leptonic decay products decouple from the fireball = Direct access to medium properties
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The HADES Experiment (Heavy-lon Setup)

* Fixed target experiment at  START VETO\ MDC IV
SIS18 (GSI, Germany)

MDC il

e Magnet spectrometer aEs!
 Low mass Mini-Drift- MUY —

Chambers (MDCs) BC) Al [ \(\"\\ | ’ \ ' “:6 FW
+ Time of flight walls \ ) }:‘ PNV < N E

RPCand TOF TR A Y N
* RICH and ECAL for e*e” and \\:\i’ /'Q/ ) A & X'~ ECAL

photon identification \\ aP &N N1 %/\N
* Forward hodoscope (FW) e - - RPC % F-\IR

for spectators detection

* Almost full azimuthal angle and polar angles between 18° and 85° covered
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Electromagnetic Probes

Reconstruction and Analysis of Virtual and Real Photons
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Dilepton Reconstruction Performance
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Dilepton Spectra and Flow from Ag+Ag
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 Up to now no (elementary) reference measurement for Ag+Ag data available - Using simulations

* v, becomes0at M., >120MeV - Dileptons are penetrating probes
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Dilepton Excess Radiation from Au+Au
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Excess Radiation in heavy-ion reactions
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Collective Phenomena

Flow, Correlations, Fluctuations of (abundant) particles
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* High statistics enable multi-differential analyses
(spectra, angular distributions, azimuthal

0.75<y, <-0.65|x10 - anisotropy, coulumb force, etc.)
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First observation of Pion-v; at this energy
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Two-Particle Femtoscopy Correlations
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 Proton + Proton, Proton + Cluster and Cluster + Cluster Correlation Functions measured down to k*
of few MeV/c with high precision and low statistic and systematic uncertainties

* Importantinput to constrain the EoS of dense nuclear matter
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Two-Particle Femtoscopy Correlations
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Outlook: Event-by-Event Fluctuations

* Net-Particle Event-by-Event Z 60000
fluctuations sensitive to phase B ﬁ AgtAg @ 1.58A GeV
transitions of nuclear matter 50000 — f{ ' Work in Progress
: : - A 675 < m,-m, < 700 MeV/c?
* Mass spectrum fitted with N n + 1 0.05 Mo evie
c e . 40000{— -0.05<y,,<0.05
individual functions for each - . 20 %He dE/dx Selection
particles species B |
30000 — #
* Application of Identity method to -
separate particle species 20000 —
> Also applied at ALICE -
10000 —
* First results on Event-by-Event -
fluctuations from Ag+Ag data ok A i I -
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Strange Hadrons

Reconstruction and Analysis of Hadrons containing Strangeness
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Weak Decay Reconstruction
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A\ Polarization / Vorticity

Measurement of the global

<
ol—l i —
- _ . ) P Au+Au, b=6fm, |y[<0.5 Au+Au: Ag+Ag:
spin polar|zat|on using self- o _ s hadronic E0S m 10-40% e 10-40%
=== Crossover EoS O 20-40% O 20-40%

analyzing A decays

» Performed multi-
differentially in transverse

momentum, rapidity and
centrality

PRC103 (2021) 3, L031903,

m—— 1PT E0S
PRC104 L041902 (2021),
Au+Au, b=5fm, |y|<1, pTe[0.4,2.0]
mmmm AMPT model

HADES p. <[0.2,1.5] GeV/c ye[-0.5,0.3]

STAR 20-50% p_ €[0.5,6.0] GeV/c [n|<1
A PRC76 024915 (2007)
¥ Nature548 62 (2017)
¥ PRC98 014910 (2018)
ALICE 15-50% p_<[0.5,5.0] GeV/c |y|<0.5
4 PRC101 044611 (2020)

STAR 20-50% p_ [0.7,2.0] GeV/c ye[-0.2,1]

.. + PRC104 6, L061901 (2021)
e Strongest polarization ol

observed at low energies

 Further constraints for the B
EOSOfcompressedbaryonic 1 IIIIII| | 1 IIIIII| 1 | IIIIIII | | IIIIII| | | L 1 11

matter 1 10 107 10°
Phys.Lett.B 835 (2022) 137506 VSun - 2My [GeV]
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Part>

o=1.4510.06
x?/NDF = 5.90/10 = 0.59

Strange Yields vs. (Ap, )

 Production below (at) free NN-threshold
» Missing energy provided by the system

Mult / (A

e Centrality dependence compatible with universal
scaling assumption: 107
Mult &< (A, )¢ with oy .0, =1.451 0.06

» Hierarchy in production thresholds not reflected
» Suggests scaling of primary ss creation

Phys.Lett.B 793 (2019) 457-463

» Hint for quark percolation
K. Fukushima, T. Kojo, W. Weise, PRD 102,096017(2020)
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Strange Yields vs. (Apy) ot ures | ST

A
K* .

 Production below (at) free NN-threshold
» Missing energy provided by the system

e Centrality dependence compatible with universal

scaling assumption:
Mult &< (A, )¢ with oy .0, =1.451 0.06

» Hierarchy in production thresholds not reflected

» Suggests scaling of primary ss creation

» Hint for quark percolation
K. Fukushima, T. Kojo, W. Weise, PRD 102,096017(2020)

* Ag+Ag:identical slope within errors ag,,, = 1.47 £0.04

* Further investigation to reduce systematic 50 59 89 90100 500
uncertainties ongoing o (Ao
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Hypernuclei

Reconstruction and Analysis of Hypernuclei
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*H Two-Body Decay: 3H = *He + 1

R \ WADES Preliminary * 3H lifetime measurement contributing to resolving
z B 3 . .
s T Ag+Ag {5 = 2.55 GeV the 3H lifetime puzzle
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*H Two-Body Decay: \H = “He + 1

Z; ol HABES Preliminary * 1H lifetime measurement contribution to world data
s F Ag+Ag Y =255Gev | * Lifetime of (216 % 7, + 10,,) ps compatible with
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i e Further systematic uncertainty analyses ongoing
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Hypernuclear Excitation Functions

] ]
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Only few measurements available - Interesting prospects for upcoming FAIR experiments (e.g. CBM)

Plots based on Phys.Rev.Lett. 128 (2022) 20, 202301
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The HADES Experiment (p+p Setup)

e iTOF plastic szintillator for / \
RPC
event triggering ﬁé% - \4‘ n.
) HADIES e
* Two straw-tube-tracking- . MDClll _

stations (STS land Il) in
forward direction

STS I

» Four layers in two
orientations per station

» Built in collaboration
with PANDA

* Forward time-of-flight . | ' F'\IR

detector (fRPC)

* Extends the polar coverage to the region between 7° and down to almost 0°
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Dilepton Reconstruction Performance
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Hadron Reconstruction Performance

R x10™
5 - HADES Online Analysis
2 40 107
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P+

* High statistic signals from A and n°® decays - Detailed studies of (rare) hadron properties possible

* NN reference measurements for CBM and STAR Fixed-Target data
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* High statistics in dilepton invariant mass 1078 L \ \ HT S Il i ooy e
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(Protons, Light Nuclei and Pions) o R ¢ B
= + ALICE 15-50% p,€[0.5.5.0] GeVic y|<0.5 125 * "-. pretenpE
4_— / ¢ PRC101 044611 (2020) L oo .l "u.-
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. | . | |
* Universal strangeness scaling holds in Ag+Ag o S
* High quality analysis of weak decays withan : - - S — -
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. - . . o + m| *E ) )
» 4.850deviation of tH lifetime to free A - i o I =
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Hadron ldentification with HADES

* Heavy-ion runs: @ 1.2
> 2012: Au+Au g L
VSny = 2.42 GeV - -
7 billion collected events .
0.8}
» 2019:Ag+Ag ;
\VSyny =2.55and 2.42 GeV -; 107
14 billion collected events ~ %°
* Hadron PID primarily via 0.4 10
momentum and velocity
> Separation of multiple- ol I | el e
charged particles via ~2000 1000 0 1000 2000 3000 2000 |
specific energy loss Baryon dominated! Momentum / Gharge [MeVic]
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Ag+Ag

Lepton Identification with HADES | w/o time cut

T E ¢ 1
T T £,  w/o time cut,
E E i —
120—_ -
E E i -
- 4 100~ - ’
C 7 L ’ o
F E 80— J
- : T
o E 60—
"""HH‘W‘W‘H-'---'---T [ . v L b b b b b b by by
-20 0 20 40 60 80 100120 Y PR . VAN PR 000 800 600 400 200 0 200 400 600 800 10
X [mm] 0 60 80 100 120 140 p xq [MeV/c]

Column

* Upgraded RICH photodetection plane w/ time cut

involving future CBM @ FAIR technology

 Good time resolution and increased
sensitivity - Allows for time cuts to
enhance lepton purity

| | R vl | il |

* Significantly improved lepton identification and double-ring Aok W TR g S
detection - On average 16 hits per ring detected 000000000 n i
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First measurement of massive y* : Tomaree 2
emission from N* baryon resonances Tas e
> 3F ) =

HADES, PRC 102 (2020) 2, 024001 = . E

e TU + P 9 n+1c +71t HA‘DI%S, PRC 95 (5027)3)65295 o “_'g 2'55 | \\\ o ’+ Li___\ -
MM | cogiionaenvies 3 °F ~_ OIIH=Ell 7

» included in PWA (Bonn-Gatchina) e %“’1.55 - xﬂ | i+/ N1
to provide partial wave decomposition s = E

0.5F E

B T B S BT R R

° TU+ n+e +et
P> Me. (MeV/c?)

» probe baryon resonance — nucleon transition o R VAR
8L quasi-free / P

a2 7; T+p —> e'en / / é

* Dominance of the N*(1520) resonance ;gc’ of p.=685 Mevic ] E
: i .

at+/Syy = 1.49 GeV S 5 / £
E 45— —%I'Enz-likeFF[Ramalho] —E

» p meson as "excitation” of the meson cloud B F —— Legrengn model Zasnyi § Y% E
o = [ -

. i T ob T E

» Vector Meson Dominance — foundation of the s 2 o = -
« s e . = =771 —
emissivity calculations for QCD matter L e

00 100 200 300 400 500 600

arXiv:2205.15914 [nucl-ex] M., (MeV/c?)
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° :-1:':1 ﬂ.m_ %
Cha rged Pions PrrST————— R
u.n:a:— s 050<y_ < -0.30
013_ | | T H 0.0 - E |
1812F " 06-10 % AgAg S\=2.55 GeV o |+ 030<y, < 010
'?:1 Omi 0.65<y_ <0.75|x10" + ] Down to py,y gﬁ#; s 0.10<y_ < 0.10
o 108 T 1 =60MeV/c [
S 0-10% Centrality N R ® 1 . o0i0<y <030
108t - —0.01— I S—— e
> = Work in Progress — - —*—]
...__E_, 10%F = N * e 030<y_< 0.50
: oF — —ﬂ.ﬂE_— . |
=107 5 C Work in Progress » 0s0<y_ <070
?:: 1: . 003 ——— e w0 800 7000 1200
O 1072k 5 P, [MeV/c]
2107 ~
O -6l o
NEJ O_Bi— a * High statistics allow for multi-differential analyses
7—“1?10; - (spectra, angular distributions, azimuthal
10 o, 073 Ven |065|x1|0" | - anisotropy, coulumb force, etc.)
10— || | || | || | || | | | | |

0 200 400 600 800 1000 1200

* First observation of Pion-v; at this energy
m,-m, [MeV/c]
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Protons: Yield and Kinematic Distributions

.
o
™

* Llarge phase space coverage g °F +oss<y, <070’  HABES Preiminary § o[ EABES Preliminary @ 0-10%
with small statistical and S g O 0TS 00N AGAG s =28 GV | L agpg sy =255 Gev D
2 0 - 10% Centrali ~ B °
systematic errors 2" p - ) k" 0 - 30% Centrality [ systemate e
s |
* Influence of spectator £ -
« . . e}
matter clearly visible in B
peripheral collisions 1 B
YL
107 -
* Various multi-differential [ %
analyses (spectra, angular 10 9:_ Target- and Projectile-Rapidity
distributions, azimuthal 0 ST T T
anisotropy, etc.) possible S5 1 05 0 05 1 15
10°® Yem
e Light Nuclei (d, t, 3He) . * 0-10%: Nucleons almost stopped

under analysis o oo ko ot o oo as.  + 10-30%: Participant region
b, MeVic] contaminated with spectators
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Weak decay reconstruction

* Combinatorial background about e ;;;39 — ST :
. i 8ok t“ 2 Signa o ]
factor 10,000 above signals \\\\ RBackground | 5

* Long lifetimes - Off-vertex-topology -

Dau1VD [mm]

o e
e Evaluated by an artificial neural network
TMVA: arXiv:physics/0703039v5 [physics.data-an]

=
Counts /2 °

Counts / 0.5 mm
Counts / 0.5 mm

R MTD
DaulVD ~ ~ 55 %5 0
~ VDX [mm] MTD [mm] APAngle [7]
Event
Vertex 0
MotVD {\‘ AYASS
\ | J
VDX
Dau2VD P
P -
-7 Toolkitfor MultiVariate Data Analysiswith ROOT
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Weak decay reconstruction
Parameter }A,
 Combinatorial background about b

factor 10,000 above signals N,

* Long lifetimes - Off-vertex-topology

— =

e Evaluated by an artificial neural network
TMVA: arXiv:physics/0703039v5 [physics.data-an]

oD —
RN E=e
DaulVD ~ e
~
Event o -
Vertex 0 ~
MotVD {‘° ATKS = (Alpha)
\ z)
J -~
VDX P Decay
”
Dau2VD ke vertex @
- v
-~

NN Response
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Reconstruction and Analysis of A Hyperons

x10~ -
E 1 HADES Preliminary > 10°s = 045<y_ <055 (x10%  HADIES Preliminary § HADES PhD Thesis
Z Ag+Ag (5 = 2.55 GeV : 10°E ¥ -075<y_ <-065(x107) Ag+Ag |5y = 2.55 GeV < AG+AG Sy, = 2.55 GeV
_ 2 = L =2
g B 0 - 25% most central 2 40 A 0-10% Centrality § )
> i ° o A - 0-10% Centrality
8 08 Signal (i * 20) = (2.45 +0.01) x 10° 2 =
i Signal / Background = 3.26 5 C
B Significance = 1370.6 o107 -
0.6— > 107 L
i 107 i
_ 104 10°L
0.4 C
u 107 C
_ 10 : . .
L —®— Experimental Yield
_7 -
0'2_ 10 I:I Systematic Err.
-8 L
10 10°L  —— ppG- ©=263ps
107 -
LA\, IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
080" 1100 1120 1140 1160 1180 1200 10-10 0 200 400 600 800 1000 1200 1400 1600
mp+1r [IVIeVII 02] ’~‘-\\\; tdecay )
107"
* Very significant signal o d%tka\ e Lifetime measurement as test-case
. 13 I I I I I I I I
« Detailed analyses of hyperon 0 200 400 600 800 1000 1200 1200 1600 *  Result of (2622 % 3) ps
P, [MeV/ic]

production possible compatible with PDG value
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Reconstruction and Analysis of K& Mesons

. X 0
5 F HABES Preliminary
Z 0.4
T : Ag+Ag Sy = 2.55 GeV
g - {y  0-25% most central
50.35 ﬁ
8 F 2y Signal (u * 20) = (1.55 £ 0.01) x 10°
0.3F :0‘ Signal / Background = 3.07
r Significance = 1079.5
0.25F
0.2
0.15F
01 3K
> S
K OSSTSILL
0.05 ‘9900‘0’0.0’0’ 3

000
RIS

RO L G000 S OO v v v ——
00202050 % % %2676 %0 20212426 26 % 2 %7620 0
450 500 550 600 650
m,.,. [MeV/c?]

* Very significant signal

* Detailed analyses of strange
meson production possible

03.07.2023

u lwu’lluy ] ”Events IS Vv |

HADIES Preliminary
Ag+Ag |sy, = 2.55 GeV

10°— %075 <y_ <0.85 (x10%
10°~ @--065<y_ <-055(x10%)

Kg 0-10% Centrality

caoa o b b b b b
0 200 400 600 800 1000 1200
pl[MeV/c]

10—13

dN/dt/ N, ..

HADIES PhD Thesis
i Ag+Ag Vs, = 2.55 GeV
K2 - 0 - 10% Centrality
1074
107°|_
L e Experimental Yield
= I:l Systematic Err.
- —— PDG-1t=90ps
IIII|IIII|IIII|IIII|IIII|I
0 100 200 300 400 500
tdec:ay' [pS]

* Lifetime measurement as test-case

* Resultof(92+1+1)ps
compatible with PDG value
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A Lifetime Measurement

e Test case for measurements of
hypernuclei lifetimes

HADIES PhD Thesis
Ag+Ag Ysy, = 2.55 GeV

dN/dt/ N,y e

* Efficiency correction very sensitive to 10 A -0-10% Centrality

momentum distribution of simulated As

» Multi-differential efficiency correction —
Challenging for rare particles

107°
» Measured phase-space distribution as

simulation input — Distribution must be
known —&— Experimental Yield

|:| Systematic Err.
* Obtained lifetime of (262+ 2 * 3) ps 10" —— PDG-t-263ps

in good agreement with PDG lifetime cea Lo b b b b b b L
0 200 400 600 800 1000 1200 1400 1600

tdecay [DS]
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Hypernuclear Properties

The Hypertriton — 3H The Hyperhydrogen4 — 2H

e Mass of 3923 MeV/c?

» Binding energy B(tH) = 2.63 MeV/A
- = 3.3 B(3H)

Mass of = 2991 MeV/c?
» Binding energy B(3H) = 0.79 MeV/A

Primarily four mesonic decay channels:
» 3H->3He+m (BR=27%)
» 3H>t+m0 (BR=13%)
» 3H>d+p+7m1 (BR=40%)
» 3H—>d+n+mn°(BR=20%)

* Primarily three mesonic decay channels:
> 4H - *He +m~ (BR =50%)
> 4H>t+p+7 (BR=33%)
» dH->t+n+m° (BR=17%)

* Compared to the 3H higher binding energy
and BR of the two-body decay channel

Lightest known hypernucleus

Current World-Average Lifetime: (211 £9) ps

e Current World-Average Lifetime: (218 £ 5) ps
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Counts / Ng, ..o

*H Two-Body Decay: 3H = *He + 1

x107°
2 5__ HADES Preliminary
i Ag+Ag \s, = 2.55 GeV
B 0 - 25% most central
oL Signal (1 £ 26) = 1156 + 69
- Signal / Background = 0.36
i Significance = 17.5
1.5—
11—
0.5—
0_ (VAN

)
2960 2980 3000 3020 3040 3060 3080
My, [MeV/c?]

e Significantsignal

e Multi-differential analysis of
2H production possible

=
<
w
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l—l.
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[4,]
T

d®N/dp dy / N

-
<
D

1077

107°

10—10

10—11

<-010<y_ <0.30 (x10%) HADIES Preliminary
4 -050<y_ <-030(x10™) Ag+Ag sy, =2.55GeV

3H 0 - 25% Centrality

T

T?\'\A\N\*

o TTTTT]

500 1000 1500 2000 2500
P, [MeV/ic]

Events

dN/dy / N

SH 0-25% Centrality | | |:| Systematic Err.

o/

510_3
~ HADIES Preliminary —®— Integrated Yield
| Ag+Ag sy, = 2.55 GeV —&— Reflected Yield

-1 -0.5 0 05 1

First measurementat
mid-rapidity at this energy

Systematic studies ongoing
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*H Two-Body Decay: 4H — “He + 1

. 7><10'6 = " 510_3
gt HADES Preliminary S E ©-010<y, <030 (x10%)  HABES Preliminary g O HADES Preliminary —&— Integrated Yield
= L [}] C 4 _ = —
2 o Ag+Ag (S, = 2.55 GeV = el A0S0y <030 (107 AGrAg {5y =285GeV | = E g g s 255 Gev —&— Reflected Yield
5 - 0 - 25% most central § = “H 0 - 25% Centrality g A . . I:I ,
3 B . 4 r S ~ “H 0-25% Centrality 7+i Systematic Err.
C Signal (1 + 26) = 4245 + 110 51 s B
51— Signal / Background = 0.60 3. 07E P
C Significance = 39.8 g F Sr
- pd B B N
= % 107% N T
yn g Al
: 1077 = :
Ein = o
C 10°e B
2r = iy
C 107° = E
10710 ;_ B
0 | ) | § Q B | 1 | | 1 1 | | 1 | 1 | | 1 | 1 | | 1 1 | 1 1
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My, [MeV/c?] 107 Yem
 Significantsignal ol * First measurementat
| | | | | | mid-rapidity at this energy
° M It '_d 'ff t H I I H f ol N N | L 111 | 1111 | [
ulti-airrerential analysis O 0 500 1000 1500 2000 2500 3000
. . p [MeV/ic] ° H H H
4H production possible : Systematic studies ongoing
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Hypernuclear Energy Excitation Functions

o o
Il Il
3 | u 3H e mApEsS | = T A4 ® HADES
% 1 0_2 E_ H+ A Ba[MeVv]  *He+A STAR
_ T\H ZHe
- | Side remark: Why are the production Thermal
| ] rates of {H above the ones of 3H?
.: 1= 1.081 + 0.046 ;_43'59:20235036 %
10_3 =l o 1.088 £ 0.019 % SHe 1L,-
= | Unlike the 3H, the 4H (and the 4He) have
| bound excited states which are populated
- | in addition to the ground states 3
0" 2.169 £ 0.042
1 0—4 — 0" 2.347 £ 0.036
- y |
10 10° 10° 10 10° 10°
Vs [GeV] Vs [GeV]

Only few measurements available - Interesting prospects for upcoming FAIR experiments (e.g. CBM)
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Plots based on Phys.Rev.Lett. 128 (2022) 20, 202301



