Weak Decays at HADES

Enhancing the reconstruction of weakly decaying particles using an

artificial Neural Network at HADES

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 11l

Target

* Magnet spectrometer

MDC I

* Low mass Mini-Drift-
Chambers (MDCs)

* Time of flight walls

RPC and TOF
e RICH and ECAL for e*/e- T ECAL
and photon identification % \
* Forward hodoscope (FW) / % F-\IR
RICH Magnet TOF I-IAI)I:.‘

for spectator detection

e Almost full azimuthal angle and polar angles between 18° and 85° covered
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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!

0.6 4

10

2000 3000 4000
Momentum / Charge [MeV/c]
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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

* Evaluated by an artificial intelligence tool
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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Armenteros-Podolanski Method

Armenteros-Podolanski Ellipses

. . —ap)\? 2 =250
* Ellipse equation: (M) +( PL ) =1 Sl
Ta Pcms % B
- [ Kg
Q.
my+m3—m2 2 ) 2001
> Dems = 2my —my i
2 _m?2 150 o O
> qp=2_=undr, = 2FBams i
miy my [ SH AH
*  Only works for ultra relativistic systems with B_, - 1 100
* For Ag+Ag @ 1.58A GeV: B, =0.676 5ol
» Additional artificial boost with f =0.99 in -
longitudinal direction required L N A
%7 208 06 04 06 08 1
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Armenteros-Podolanski Method Extended

. 0 Ty 250 ! o' ' I T i III III I I ' | m
* Straight forward approach: Cut on ideal curve S G Y : ﬁu 905
CD [~ I II 1 -
: : : = L O
» Corresponds to a simple invariant mass cut - L 800
2001~
» Estimation of residual background impossible i 200
* Interpret ellipse in polar coordinates: 150 —600
» Radius corresponds to invariant mass i —[°00
» Angle ¢ completely independent from inv. mass 1001 400
. - 300
* Use polar angle ¢ as aNN input parameter: i
50— 200
p1 Ta i 1
¢ = arctan( * - 00
pcms (ao _ aAP) O_I L1 J Ll I Ll I Ll I I?I L1 1 I L1 1 I L1 1 I L1 1 I 11 1 0
1 0.8 -06-04-02 0 02 04 06 08 1

Upp
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e

Different MVVA approaches

* All MVA methods rated “+” for non-linear correlations
performance and at least “0” for response speed in the

o
©
31

o .
o

Background Rejection
o
QO

TMVA manual taken into consideration 0.85
» All variants of these methods predefined in the -
TMVA examples tested with default settings 0.75f
L — MLPBFGS
0.7F — MLPBNN
* Fully supervised training using simulated particle decays [ — EEI\NAICE#JJN G TR
as signal- and mixed-event pairs as background-sample 0.65F TMIpANN -
I— RuleFit ST
0.6~ SUM_
. i- - i [ e oam SRR
Multi-Layer-Perceptron aNN among the best performing S PDEFoamBoost
methods 0.55F — TF MLP i
E e TF Default b
_IIIIIIIII|IIII|IIIIIII"“-;'

+A— | ifi i 0.5
» Has already been used at HADES for e*e™ identification 3.5 0.6 07 08 0.9 1

Signal Efficiency
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lal Neutral Network Response
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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
r Signal / Background = 3.26 I ignal / Background = 3. I_‘(n I_““
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
0.15;— c\-‘g 10 c\-‘g 10 52
I 0.1 O 102 ko)
0.2
I 0.05 107° 107
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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
> EXtrapOIatlontO4T[ e o Lo b b b b b b g 10713||||||||||||||||||||||||||
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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 than in Au+Au /syy = 2.42 GeV data
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Hypernuclei from Ag+Ag +/Syn = 2.55 GeV

. . . x10°° x10°°
* Hints for 5|gnals in the Ej I HADES Preliminary Ej 0.7 HADES Preliminary
= = L e ——
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
0.8~ Signal / Background = 0.13 = Signal / Background = 0.17
S b . i ignificance = 5.4 0.5 Significance = 5.5
e Strong combinatoric i -
background suppression % 04
using strong selection on [ 0ab-
aNN response 0.4 B
- 0.2
0sl tH>t+p+m B tHe > 3He+p+m”
* Contamination by A - - 0.1
p + 1" decays removed I | | 3 |
2 03880 3900 3920 3940 3960 3980 4000 03880 3900 3920 3940 3960 3880 4000
by mp_l_n_ < 1110 MeV/C n_l1+p+r [MeV/’Cz] mEHe+p+r [MeV/CE]

* For the moment not sufficient statistics to analyze the signals differentially
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Reconstruction of double-strange =~ Hyperons

o :._ Hyp(?rons measured % - HADES Preliminary ‘;;) o0l HADES Preliminary
via their double-weak 3 Ag+Ag {5y = 2.5 GeV St AG+A {5y = 2.5 GeV
decay Chain: 0 - 25% most central 15_ 0 - 25% most central

Signal (W +26) =42+ 9
Signal / Background = 1.00
Significance = 4.6

Signal (L +26) =42+ 9
Signal / Background = 1.00

oA+ S p+nt+nT ®

. . Significance = 4.6
» Excellent combinatorial i 101 b = (13215 + 0.9) MeV/c?
background suppression [ ¢ =(3.0£1.0) MeVic
enabled by two aNN i St
10 ! -

ot -

* Significance slightly below
50 yet clear signal above 5
combinatorial background

Observable B X : _l L1 1 | 11 1 | 11 1 | 111 | 11 1 | 11 1 | 11 1 | 11 1 | L1 1 |
9260 1280 1300 1320 1340 1360 1380 1400 1420 1440 1260 1280 1300 1320 1340 1360 1380 1400 1420 1440
[MeV/c?] [MeV/c?]

5_

A+:r: A+:1:

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

* Outlook: Improved reconstruction efficiencies using KFParticle package
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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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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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Nuclear Collisions at SIS18/HADES Energies

[@X = .
o | ® HADES Preliminary (47) * A Hyperon production close to free NN threshold
107" u FOPI (47) © energy, = Hyperons far below free NN threshold:
= <
- ¢ PLASTICBALL (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
AAA S § g %}“10 _ HADBES Preliminary . K(S) o
» © Q = B
4l A s T O < _ t;# "y A + | 5
. “EC o peSaF
- | HADES S = . HADES | &
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 ~
: . . i 10'F @» v NAST @
* 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 | &
10_ u NN thr ‘.'U.
- 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 < [ & ° A - ¢ FADESAgrhs
~ [ ¥ = ¥ STARAu+Au |~ [
O T X STAR Au+Au
= L i + ALCEPb+Pb | = L |
. . N ©
« Production of Hypernuclei §10_5_ .- e HRGAWAL |3 | HRG Au+Au
o - © = -
limited by the amount of ! g i
| n L ..' .
produced A\ Hyperons - L g
I Y
* “Sweet Spot” for the 107°F 10°F
production of Hypernuclei - e " -
expected in the energy regime e I I el
, . 10 10 10 10 10 10
of the upcoming CBM experiment USrge [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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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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Hypernuclei from Ag+Ag \/Syn = 2.55 GeV

using strong selection on

XX

. . . x10°° x10°®
[ ] 2 1] -
Hints for slgna Is in the ZE’ N HADES Preliminary ZE’ L HADES Preliminary
- - 0.2 e i et
three-body-decay s T Ag+Ag |8y = 2.55 GeV % 0.5 Ag+Ag |5y, = 2.55 GeV
Channels for jl\H and jl\He % - 0 - 25% most central % . 0 - 25% most central
© 015 Signal (u + 20) = 247 + 49 © - Signal (1 + 20) = 208 + 40
- { Signal / Background = 0.13 i Signal / Background = 0.17
. ] B Significance = 5.4 0'1__ Significance = 5.5
e Strong combinatoric 0.1 i = (3921.2 + 0.9) MeV/c? - I = (3922.6 £ 1.2) MeV/c?
. L 5 0=(2.8%1.0) MeV/c? B o= (4.7 £1.3) MeV/c?
background suppression ] -
0.05( i

bk

1
M S A |

aNN response ! il
0 f 0 I
. ‘ vl il | -
: -T_ T ﬁ | i %- ﬁ
e Contamination by A = ~0.05— ‘ i mh
y | AH> t+p+1U ~0.0s-| fHe > 3He + p + 1~
p + T[_ decays removed : | | | | | | | : | | | | | | |
2 3880I | .:3900I | 1'3920I | I3940I | i’:]QE‘)('JI | .:3980I | I400‘.’)I 3880I | ;3900I | I392(.; | I3940I | I396C; | .13986 | I400(;
by m,,.- <1110 MeV/c Mg MeV/C?] My o MEV/CT]

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