Hypernuclei and =~ at HADES

Recent results from measurements of Hypernuclei and =~ Hyperons in

the high ug / high net-baryon density region of the QCD phase diagram

Simon Spies for the HADES Collaboration
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The HADES Experiment (Heavy-lon Setup)

* Fixed target experiment at  START VETO\ MDC IV

SIS18 (GSI, Germany) MDC Il

Target

* Magnet spectrometer

* Low mass Mini-Drift- MDC I

Chambers (MDCs)

* Time of flight walls
RPC and TOF

 RICH and ECAL for e*/e-
and photon identification

* Forward hodoscope (FW) RPC %@\N F‘\IR

_ RICH Magnet TOF HADES
for spectator detection E—

e Almost full azimuthal angle and polar angles between 18° and 85° covered
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The HADES Experiment (Heavy-lon Setup)

e Setup optimized for low material budget
around target region to reduce
y conversion probability

ECAL

» Advantageous for Hypernuclei
measurements as they have large

in-medium absorption cross-sections
(Phys. Rev. Lett. 131 (2023) 102302)

Forward Wall

22

* Produced particles leave beampipe and
enter RICH radiator gas after = 2.5cm

» Due to minimum decay length
criterion all analyzed Hypernuclei
decay within the RICH radiator gas
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The HADES Experiment

» PID primarily via.
momentum and velocity

—
N

Velocity 3

» Separation of multiple
charged particles via.
specific energy loss 0.8

10°

» Heavy-ion beamtimes: 102

> 2012: 7 billion Au+Au evts.
1.23A GeV: \/syny = 2.42 GeV

» 2019: 14 billion Ag+Ag evts.
1.58A GeV: \/syny = 2.55 GeV

> 2024: 1.8 billion Au+Au evts.

-2000 —1000 - .
0.8A GeV: /syy = 2.24 GeV
o Baryon dominated!
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10
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Nuclear Collisions at SIS18/HADES Energies

[@X = .
o F ® HADES Preliminary (47) A Hyperon production close to free NN threshold
107" u FOPI (47) © energy, = Hyperons far below free NN threshold:
= <
- ¢ PLASTIC BALL (4n) 5 %" N+N->Y+K+N: \/s =2.55 GeV
107 ‘ WAV s 2 g N+N->Z+K+K+N:+/s=3.25GeV
- + ALICE dN/dy) | 2 & &
10—3__ § 8 "(3 <@ 2 o
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» © Q = B
4l A s T O < _ t;# "y A + | 5
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10_52_.l.A.g.+.A:9.I vl Ll .I': 1 é " i 10? [ | u . : E895 §
255GeV 10 102 10° 1_ H 1 m x  E891 é”:
M[GGV] o ® A NA49 ~
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* Nucleons essentially stopped in collision zone 10'F® ; ‘gf:; fo
C 10 2 .* )
. . B - - B W + PHENIX >
» Baryon dominated fireball N(B) = 10 N(m) e 000 e - alGevi 4 ALICE | &
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- Ll vl vl +
* About 50% of protons clustered in light nuclei 10 10 10° a
Vs [GeV]
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Hypernuclei at SIS18/HADES Energies

* Production of Hypernuclei Hypertriton 3H Hyperhydrogen4 tH

favored by baryon 5 OF 5 F
dominance of the fireball < [ & ° ¢ PAESAsh T F ® HADES Ag+Ag
o e ¥  STARAu+Au | ™
O T X STAR Au+Au
= L i + ALCEPb+Pb | = L |
: : ' ©
* Production of Hypernuclei 2. | o HRGAUA | S | HRG Au+Au
o - © = -
limited by the amount of - S
_—— B .I. ll
produced A\ Hyperons - L g
| Y
* “Sweet Spot” for the 10°F 10°F
production of Hypernuclei ; S e + -
EXpeCted in the energy regime _' rval Ll """|2 L """IS L1 _' Ll . L llllll|2 L |||||||3 Lo
: : 10 10 10 10 10 10
of the upcoming CBM experiment /s [GeV] s [GeV]
(Lect.Notes Phys. 814 (2011) pp.1-980) Original Plots from: Phys.Rev.Lett. 128 (2022) 20, 202301

* Hypernuclei might allow deductions on their underlying
Y-N interactions relevant for the nuclear EOS at high densities
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Weak Decays

Reconstruction and Analysis of weakly decaying Hadrons
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Weak decay reconstruction

DauiVvD

%7 Signal
8% Background

Dau2vD

 Combinatorial background about
factor 10,000 above signals

[+:]
o

80

Counts /0.5 mm
@D
=]

Counts /0.5 mm
Counts / 0.25 mm

* Long lifetimes - Off-vertex-topology

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

Counts /0.5 mm
Counts /2 °

S o MTD

DaulVD S e - ® o I P
Event S o -
MotVD {c ertex A/
I
TMV
Dau2VD _-
P -~
.7 Toolkit for MultiVariate Data Analysis with ROOT
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Weak decay reconstruction
Parameter }Af
 Combinatorial background about _ b

factor 10,000 above signals T

X
* Long lifetimes - Off-vertex-topology S —
e Evaluated by an artificial neural network = =
TMVA: arXiv:physics/0703039v5 [physics.data-an] ° ° °
SSoNSTINSIANSTH
RN MTD \§§\§s\}gg LR
= AR
DaulVvD S e - ==
Event o -
Vertex 0
MotvD -C¢® N/ KS
\ I
VDX _ -
Dau2VD -
_
- v

NN Response
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Weak decay reconstruct
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Coun(s / NEMP\E

Weak Decay Reconstruction Performance

x10° N 10°
1 HABES Preliminary i f HADBES Preliminary A — v: —
I A Ag+Ag [y, = 255 CeV A KO AGrAg [ = 255 GeV S 107 H045<y,,<055(x10°)  HABIeg Preliminary S 10°— %-075<y,,<085(x10°)  LABIzg Preliminary
| 0 - 25% most central < F 0 - 25% most central -
0.8~ Signal (1 + 20) = (2.45 + 0.01) x 10° 8 0'35:_ S Signal(}lizzr):(: 55+0.01) x 10° é 102 ¥ -0.75< ycm <-0.85 (X1077) Ag+Ag H= 2.55 GeV é 105 - @ -065< ycm <-0.55 (x10 6) Ag+Ag H= 2.55 GeV
Signal / Background = 3.26 I ignal / Background = 3. Ta T
i Significance = 1370.4 03 gignililcﬁcekfm?g? i ‘5 10 A 0 -10% Centrality g C Kg 0 - 10% Centrality
0.6/— 0.5 z“J % Z“J 10° %
B E -~ 1 -~ -
i ot %:- \&MK%-% %:_ e
0.4 | Q -1 oY
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My, [MeV/c?] m,... [MeVic?] 107
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107 -5 | N =
* Large phase space coverage 10 =
1077 ey
. . . D - —=
with low statistical errors o o ~ -
. . 107 7 — e s
* Data points well described by - 102 S
_ R
Boltzmann functions 10 *‘\\\ -
107
o K
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Hypernuclei

Reconstruction and analysis of Hypernuclei
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Hypernuclei from Au+Au +/sSyy = 2.42 GeV

e Prior only estimation of ¢ o2 -
Y 2 2: HADES Preliminary 2 18 HABIEES Preliminary
. 4 HADIES 4T
upper production rate o 8 Au+Au |5, = 2.42 GeV 5 16 Au+Au {5y, = 2.42 GeV
Ilm |t pOSSi b|e § 1.6?— 0.— 40% most central § E 0.— 40% most central
C Signal (1 + 26) = 227 £ 35 14— Signal (u + 26) = 1903 £ 124
‘_ Signal / Background = 0.26 - Signal / Background = 0.16
* Same method as for s Significance = 6.8 o Significance = 16.0
0 i C N
A and Ks applied 12 3H > 3He + 1T o 2H > *He + 1
. g . . 1 -
e Significant signals in the : af
0.8— B
two-body-decay - i
channels 06 :
_ 0.4F 4
* Lowest energy at which o ,
Hypernuclei were ever T |
reconstructed in Heavy_ 0 2960 2980 SOOC; 3020 3040 SOBC; | 3080 03880 3900 3920 I3940 3960 3980 I4000
My, [MeV/c?] M., [MeV/c?]

ion collisions

* In case of the tH sufficient statistics to analyze the production differentially
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Hypernuclei from Ag+Ag \/Syn = 2.55 GeV

e Significant signals in the 2 22°% — o I —
Ig I g E’ E HADES Preliminary E’ w HADES Preliminary
= [ = B
two-body-decay - 2 Ag+Ag |8y = 2.55 GeV o F Ag+Ag |5y, = 2.55 GeV
Cha n nels % 1.8:— 0 - 25% most central § o 0 - 25% most central
© C Signal (u + 20) = 1128 + 65 © E Signal (u + 20) = 4189 + 111
1'6:_ Signal / Background = 0.42 51— Signal / Background = 0.58
° Th ree_body_d ecay 14 Significance = 18.2 B Significance = 39.1
channels more yof AH = *He + 1 4 AH = *He + 10"
challenging due to i I
increased combinatoric o4 B
background 06 of
0.4 -
* Multi-differential oo !
analysis of Hypernuclei of , & . , S
. . 2960 2980 3000 3020 3040 3060 3080 3880 3900 3920 3940 3960 3980 4000
production possible M. [MeV/c?] M., [MeV/c?

* More significant signals - Focus on this dataset to reduce uncertainties
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Hypernuclei from Ag+Ag +/Syn = 2.55 GeV

. . . x10°° x10°°
* H|ntS fOr S|gna|5 In the E : HADES Preliminary E 0.7— HADES Preliminary
= = -
three-body-decay s Ag+Ag |8y = 2.55 GeV o Ag+Ag |5y, = 2.55 GeV
Cha n nels for jl\H a nd jl\He % | 0 - 25% most central % 0.6:— 0 - 25% most central
© - Signal (1 + 26) = 247 + 49 © - Signal (i  26) = 208 * 40
° Strong com binatoric 0.8~ Signal / Background = 0.13 0.5 Signal / Background = 0.17
i ignificance = 5.4 ~L Significance = 5.5
background suppression - -
) ) 0.6 0.4
using strong selection on : C
aNN response I 0.3F-
0.4 -
e Contamination by A > [ 02l
- 4 - - 4 3 -
p + 1" decays removed 0.2 AH>t+p+m - ‘He >3He +p +m
by m,,.- <1110 MeV/c - :
L . X C 1 . X
e  Further attempts to O3880 3900 3920 3940 3960 3980 4000 O3880 3900 8920 3940 3960 3980 4000
rn‘[+p+1r [MeV/Cz] maHe+p+:rr [MEV/CE]

improve the signals ongoing

* For the moment not sufficient statistics to analyze the signals differentially
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Hypernuclei from Ag+Ag \/Syn = 2.55 GeV

* Hints for signalsinthe ¢ <10 I -
& HADLES Preliminary s
th ree-body—decav E 02 Ag+Ag |sy = 2.55 GeV E 0.15
channels for #H and tHe 3 0 - 25% most central 5
O 0.15 Signal (i + 20) = 247 + 49 ©
 Strong combinatoric | Sonicanas 254 0.1

= (3921.2 £ 0.9) MeV/c?

H 01
background suppression L 6 (28+ 1.0) MeV/?

1T T 1 | 1T T 1 | T T 1 | I T TIX

HADES Preliminary

Ag+Ag |s, = 2.55 GeV
0 - 25% most central

Signal (1 + 20) = 208 + 40
Signal / Background = 0.17
Significance = 5.5

= (3922.6 + 1.2) MeV/c?
o = (4.7 £ 1.3) MeV/c?

XX
|

tHe > 3He + p+ 1"

using strong selection on )05 0.05
aNN response ' i g% %\4; HE i
L. Il | |54
« Contamination by A > °F 5L I" "Tl i ﬁ o
_ B T i R

p + " decays removed oo I

by m,,. <1110 MeV/c? [ | AH>t+p+TU _ ~0.05/-
° Further attempts to C;8|80I | .:39|00I | i’39|20I | I39|4(JI | i’:]‘é)lﬁf.]I | .:39|80I | I40|O‘.’JI 3880 3900

H H m1+p+1r [MeV/Cz]
improve the signals ongoing

* For the moment not sufficient statistics to analyze the signals differentially

3940 3960 3980 4000

m [MeV/c?]

*He+p+r
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>H Two-Body Decay: 3H — 3He + 1t

. pppl0° =107 , K00
2 L HADBES Preliminary g E $-0.10<y_ <030 (x107) HADIEES Preliminary 2 - HWADIES Preliminary —®— Integrated Yield
=z r ) C 4 = (O_
P °F Ag+Ag Sy = 2.55 GeV = gl K050y, <030(x10%)  AgrAg sy =255 Gev 3 [ AgrAg {5,,=255Gev —& Reflected Yield
3 1_3:— 0 - 25% most central E - SH 0 - 25% Centrality % C 3 0- 25% Centrality D Systematic Err
© - Signal (1 + 20) = 1128 65 zZ T 44— o .
18 Signal / Background = 0.42 107 - #%AL
- Significance = 18.2 g C B
1.4 2 - i
- AT o |
1.2 E i
1;— 10775_ Qo:)_— |
0.8 - -
C 8l a— T
0.6 107 N /
0.4 N -
: 100 “\0\\ S (4.12 £0.42 +£0.50) x 10
0.2 B N
0: ' LA 1070 Q_J_H/|||||||||||||||\KA__L
2060 2980 3000 3020 3040 3060 3080 c - —05 0 05 1
Moy, [MeV/C?] C Yom
- . . 10"g .
» Multi-differential analysis of - N\ > First measurement at
?\H prOdUCt|On as a funCtlon Of 10’12:—| NN AN SRR EY AN R B | I mld-rapldlty at thls energy
.y 0 500 1000 1500 2000 2500
transverse momentum and rapidity b, [MeVrc] > Bell-shape like observed for A
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>H Two-Body Decay: 3H — 3He + 1t

107°

dN/dt/ N, e

107
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Ag+Ag \sy, = 2.55 GeV
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—®— Experimental Yield
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— Free A-1=263ps
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» 3H Lifetime measurement to contribute to resolving
the 3H lifetime puzzle

» Lifetime of (249 + 21 + 30) ps compatible with free A
lifetime measured

» Extensive uncertainty evaluation performed
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*H Two-Body Decay: tH - “He + 1t

. x10® 105 , x10”
2 U HADBES Preliminary g E <-0.10<y_ <0.30 (x10%) HADES Preliminary g g HADES Preliminary —®— Integrated Yield
4 : Q C 4 _ =2 —
o F Ag+Ag Sy = 2.55 GeV 2 o[ A 050y <030 (10T AgHAg sy, =255 Gev S [ Ag+Ag sy =255 GeV —o— Reflected Yield
s o 0 - 25% most central g E “H 0 -25% Centrality > SF 4 . ] -
8 - Signal (u £ 20) = 4189 £ 111 B F © - iH 0-25% Centrality Systematic Err.
5:— Signal / Background = 0.58 %‘J 0° 3 & - 7+T
- Significance = 39.1 Ng . C . :_ —e*a— —+—
4__ o 10 g_ N 747
; 1077;_ Qv :_
3 o C
- 0oL SE
2 = C
C - v
B 10° S C
1‘ - L (4.61+0.16 +0.39) x 10
e K 4 N
0 1 [} | E Q_ 1 1 | | 1 | | | 1 1 | | | 1 1 | 1 1 1 1 1
3880 3900 3920 3940 3960 3980 4000 - 1 05 0 0.5 1
M., [MeV/c?] 107" 3 Yem
» Multi-differential analysis of 10_ _k_k > First measurement at
4H production as a function of N T mid-rapidity at this energy
.y 0 500 1000 1500 2000 2500 3000
transverse momentum and rapidity p. IMeVrc] > Bell-shape like observed for A
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*H Two-Body Decay: tH - “He + 1t

E . HADBES Preliminary » %H Lifetime measurement to contribute to world data
o8] e e
S Ag+Ag {5y = 2.65 GeV on Hypernuclei lifetimes
Z B . e . . . :
ST AH 0 -25% Centrality » Lifetime of (216 + 7 £ 10) ps compatible with earlier
- measurements measured
» Extensive uncertainty evaluation performed
107
- %400:— c{ égaf e‘i L& /\3—&@ o8
- 2 & 4 & & & L OSE
B % =R oS A R
L 300— S
—&— Experimental Yield =
10° [ | systematic Er. 200" I s SN ===
E — Free A-1=263 ps E ‘L . f &
N 100~ & &F b
RN AN T S A N N S A N U A N SO 1 N B : éﬁé‘\ #ly\\ _\é”*g’o
0 200 400 600 800 1000 1200 - TS
{gecay [PS] 0 —— 3 7 : 6 7 8 s R
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-~ Hyperons

Reconstruction and analysis of =~ Hyperons
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Reconstruction of double-strange =~ Hyperons

o :. Hyp(?rons measured % o5l HADES Preliminary ‘;;) o0l HADES Preliminary
via their double-weak 8 T Ag+Ag (B = 2.5 GeV s | Ag+Ag {5 = 2.55 GeV
decay chain: - 0 - 25% most central - 0 - 25% most central
i 15—
== - - - 20 Signal (1 £ 20) =429 - Signal (1 +26) =42+ 9
e AN 1 A p+m +T - Signal / Background = 1.00 - Signal / Background = 1.00
) . L Significance = 4.6 B Significance = 4.6
» Excellent combinatorial | i 10 h = (1321.5 £ 0.9) MeV/c®
background suppression | I 0= (30%1.0) Mevie
enabled by two aNN i i S
10— S i
o : b i
* Significance slightly below ¢ 0 |‘b Il iR
50 yet clear signal above 5
combinatorial background | ™
Observable i )"; _|III|III|III|III|III|III|III|III|III|
q260 1280 1300 1320 1340 1360 1380 1400 1420 1440 1260 1280 1300 1320 1340 1360 1380 1400 1420 1440

[MeV/c?] [MeV/c?]

A+:r:

* First measurement of double-strange =~ Hyperons in few GeV Ag+Ag collisions

A+:1:

* Outlook: Improved reconstruction efficiencies using KFParticle package
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Analysis of double-strange =~ Hyperons

e Statistics not sufficient for multi-differential
analysis of production and extrapolation to 4n

» 4nyield determined by an educated guess of
the =~ emission pattern based on multi-
differential analysis of A hyperons

» Large systematic uncertainties!
e Canonically extended SHM model predicts strong
dependence of canonical radius R. and ¢/=" ratio

» Measurement is of high importance for the
SHM fit despite its large uncertainties

Poster by Marvin Kohls
“Systematics of Hidden and Open
Strangeness Production in Few GeV HICs”
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HADES Preliminary

B HADES Ag+Ag

¥ STAR Au+Au

¥ STAR Au+Au (FXT, 2022)
—— THERMUS GCE

------ THERMUS R, = 3.2 fm
------ THERMUS R, = 4.2 fm
------ THERMUS R = 6.2 fm
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Nuclear Collisions at SIS18/HADES Energies

0-10% most central

* Nucleons essentially stopped

E1ef —— Glauber MC L —
. . 218 e, S ol HABES Preliminary @ 0-10%
in collision zone SHE ot &9t - 10-20%
10F =z - Ag+Ag VQ=2.55 GeV - 20 305,
. 85_ ~ — - °
> Detected parthIES pre- F % — p 0-30% Centrality [ ] systematic Er.
. 2F S
dominantly rescattered bt 2 [
nucleons B 10-20% most central O u
S::: Preliminary Q__
Emz— oL
* Slow spectators— B, =2/3c % -
p i
» Secondary interactions in i S
. 0 50 100 150 200
Np oy B
spectator regions (pole caps) 20.30% most central i .
a16F =
5142— )9_
D 12F = . . o
* Centrality estimation more ’31223 n Target- and Projectile-Rapidity
challenging than at high o i | |
'.gg . g 45_ QlllIIII|IIII|IIII|IIII|IIII|IIII|II
collision energies i3 , | 45 1 05 0 05 1 15
0 50 100 150 200P ycm
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/\ d N/d y S p e Ct r u I I I zg @__ HADIES Preliminary —8— |ntegrated Yield
% S L Ag+Ag {sy, = 2.55 GeV Systematic Err.
* Longitudinal anisotropy of particle emission % &5?‘_— A -0 - 10% Centrality T 2105 MeV
due to only partial stopping of nucleons in B
the collision zone [
S L
* Longitudinal and transverse kinetic spectra &“‘:_
cannot be described by statistical model with -
single effective temperature QS
Q [
e Effective Temperature of 105 MeV describes Qfo_—
transverse spectra but results in too narrow o [
longitudinal spectrum (Orange Function) Qv:—
QL
* An extended model with additional parameter ol
n describing the longitudinal anisotropy allows Nals
precise description with T =117 MeV and oL |
n =0.21 (Blue Function) -1 —0.5 0 0.5 1
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A\ Lifetime t vs. Decay Length VDX
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A\ Lifetime t vs. Decay Length VDX
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Test case: A Lifetime

HADIEES Preliminary

Ag+Ag s,y = 2.55 GeV

dN/dt/ N, oo
|

A 0 -10% Centrality

» Using the Extended Model with
Ter =117 MeV and n = 0.21 for acceptance
and efficiency correction

_ 107°
» Exponential decay curve measured for A

hyperons yields (262 + 2) ps — In perfect
agreement with PDG lifetime of = 263 ps!

—®— Experimental Yield

Systematic Err.

> Needs to be taken into account for the 10°  — PDG- 1=263ps
lifetime measurements of 3H and 4H!

0 200 400 600 800 1000 1200 1400 1600
tdecay [DS]
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Outlook: HADES and CBM @ SIS100

>

85°

transverse to beam

in beam

« HADES and CBM will be
operated at the SIS100

* Angular coverage of both %@\\

detectors complementary HADES
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Outlook: HADES and CBM @ SIS100

o Investigation of the QCD phase-diagram https://github.com/tgalatyuk/interaction_rate_facilities

=N
o
™

. 2. _ i r . W g T T T ‘ T T T T T ‘ T g
inthe 2.7-4.9 GeV energy regime L TE CBM@FAIR SIS100 Heavy ion collisions -
. _ 010752 | Trkokekoke =
* Interaction rates of up to 10 MHz withCBM &~ ™" -
using free streaming data collection c10°=%  cemguur, E
2 =i 7T Ll NASD: @SPS .
> Rare probes can be studied in detail S10°=" ) novens AUCEIGLHC -
E E @RAON sPHENIX_@Fﬂ% E
« Di-electron and di-muon setup available c10te  emes e E
. 1 03 ;— STAR FXT NASYSANS STAR@RHI—é‘* x —;
* Micro-Vertex-Detector / Tracker = F( =
- d g 7
. . . 21 g
> Reconstruction of further particles possible 10" d =
e.g. zi' Di' etc. 10;7 | | 1 1 | ‘ | 1 | | I ‘ 1 g 7;

1 2 34567 10 20 30 100 200
* CBM physics program: Collision energy \'s,, [GeV]

Lect.Notes Phys. 814 (2011) pp.1-980
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