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Current puzzles for light hypernuclei:

Hypertriton:
- New data from HI collisions conflicting with theory
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[D. Gazda et al., Phys. Rev. C 109, 024001 (2024)]
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Current puzzles for light hypernuclei:

* Yet the puzzles deepen:

- Binding energy of hypertriton :
nacure, LETTEBEi

it pssdfd edor g/ MON038/5 41567 02 0-0799

Meas_ure: ment of the mass dlffere_nce and The A binding energy, B,, for } H and 3 H is calculated using the
the blndlng energy of the hype rtriton and mass measurement shown in equation (1). We obtain

antihypertriton
Bjy = 0.41+0.12(stat.) £0.11(syst.) MeV (3)
The STAR Collaboration*®

- Previously accepted value: BA= 0.13 = 0.05 MeV
- And still : ALICE measured a A binding energy of :

e BA=0.102 +0.063 + 0.067 MeV [Phys. Rev. Lett. 131 (2023) 102302]
- And in 2025 the EO7 emulsion + ML measured :
e BA=0.23+£0.11 + 0.05 MeV [A Kasagi et al., Prog. Theor. Exp. Phys. 8, 083D01 (2025)]
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WASA-FRS Experimental campaign: Jan. - March 2022

e Our contributions to solve : measure Lifetime & Radius

GSl facility TA quadrupole magnet MMPER A
""/w-ﬂ\\ Bear;bfr;n. N / F1 F3 . e ‘)H]U I
/ SIS-18 Ny, e Pea\ sc41”)
SI1S18 dipole magnet B o \ SC42 SC43
/ 4 /f Had 0 10m -~ SedT
NS adron spectrometer R R N
= ;. DAp/p~few % ¢ i ]
{ High resolution spectrometer
FRS 'f Superc_onducﬂng Ap/p = 104
;L — MFT1.2 solenoid magnet )
\ UFT1,2,3 Two experiments took place:
L * n-mesonic nuclei spectroscopy
ESR i 1
I ‘ atl- s n ol ~ I« Hypernuclei spectroscopy
Diamond NNy -
T SuperFRS EC

Super-FRS EC
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Experimental apparatus: WASA-FRS HypHI
« At the middle focal plane of FRS:

an — d+7+(n) AH — SHet7 ‘H — *Hetn™
WASA Yoke Fixed target, Reaction : ¢Li+ 2C @ 1.96 AGeV or Vsyn = 2.7 GeV
Solenoid Magnet
PEC Diamond target: 9.87 g/cm”
. 6] ; - 7
Target _— ' pSB Beam : ¢Li at 1.96 AGeV ~ 2 x 107/s
| PSFE

‘He | |

i

DFT1,2
UFT/MFET/DFT: Fiber Trackers

PSBE-PSBE-PSFE: Plastic scintillators
MDC: Drift chambers base on straw tubes
T0: finger scintillators

SEC: Csl crystal calorimeter

>
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Data taking

Run Period Data size
Commissioning run 28th Jan. - 7th Feb. /7TB
Physics run for HypHI 10th Mar. - 19th Mar. 48 TB

Acquired data:
DAQ & Trigger system: Hybrid event triggered based on timestamp system

— Bp acceptance S2-54 at 2% Ap/p & TOF S3-54 & AE selection at S4

Beam Fragment at S4 Amount Time Accepted trigger rate
He 3.3 x 108 40.9 hours 2.6 kHz °AH
“He 0.9 x 108 “AH
6Li beam 43.9 hours 1.8 kHz
d 1.8 x 108 nnA
p (mid-rap.) 5.3 x 10¢ 3.2 hours 0.68 kHz A\
3He 1.0 x 108 3,.H
12C beam 13.5 hours 2.4k Hz
°C 24 x10° ?2,B
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Particle identification: already from last report

* Analysis of high resolution spectrometer for fragments:
- PID at S4 final focal plane of FRS:

L ‘ oo “F o aso

3 = preliminary . = & preliminary S

LE T sHe setting ; ™ mg . “He/d setting :::
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Data analysis: Tracking & PID

* Analysis of high resolution spectrometer for fragments:

- Momentum analysis : High acceptance & high resolution
— Needs ion-optics calibration: Several datasets with fixed parameters

i 10°
B - N
100 ¢ 7 25000k \ 350§
'E‘ - \ 3005_ ......... . ............. .............
£ \ ( 20000: I \ oYY E— — ( i ........ R S
> \\_/' 5000L o=9e-4 2005“0-1 0=9-8;mrad
b e ] @ ]
£ N - / \ &% o
£ 5000f ¢ - i
1001 2 W 08060402 0 02 04 06 08 1 R I Sy S
S3 Residual of & (recon - sef) [%] Residual A2 (recon - exp) [mrad]

E. Liu’s PhD thesis
After correction and ion-optics up to second order :

A momentum resolution for fragments : 5 10+
e Position & angular resolutions : [x,y] ~ 0.2 mm & [a, b] ~ 0.8 and 0.7 mrad
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Data analysis: Tracking & PID

* Analysis of WASA central system for hadron measurements :
- PID at S2 middle focal plane of FRS:

WASA PID PSB GNN
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—Improved the track finding with Graph Neural Network:
Estimator resolutions: momentum 8.8%, angular 2.3 mrad
[H. Ekawa et al., Eur. Phys. J. A59, 103 (2023)]
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Data analysis: Hypernuclei identification

* |Invariant mass at 15 cm behind the target:

Invariant mass VixFitting (no vtz cut)
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Data analysis: Hypernuclei identification

* Invariant mass at 15 cm behind the target:
Red — real event | Blue = mixed event: it- Event #n + p | *He Event #n+1

Secondary vertex Z pos > 150 mm
h1_c[5]
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25f

20:_... Jed]s
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....................................................

Integral 380
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Invarinat mass [GeV/c?]
SA\H = 11- + °He
~S-B=51+ 26 events
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Data analysis: ML for S/B improvement

* Use of Boosted Decision Tree, XGBoost:

binary classifier = identify Signal (3AH) and exclude Background (anything else)
Training data:

. Output assigned to testing dataset
103 4 | Background
. Signal
s01 | Bg: Sidebands (Exp. Data) -
60000 103 | | |
[
40000 : 10%; I I
Signal (MC Data) L
104 - | |
20000 A
100‘
0.0 0.2 0.4 0.6 0.8 1.0
° 3.0 31 32 33 3.4 35 36 [GeV] Probability of event being classified as Signal

e Uncorrelated to invariant mass & lifetime — no bias

* Physical observables: geometry of decay vertex & hit patterns & mt- hit multiplicity
detectors
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Data analysis: ML for S/B improvement

* Use of Boosted Decision Tree, XGBoost:
binary classifier = identify Signal (3AH) and exclude Background (anything else)
Training data:

100000

Output assigned to Data

106 -

woo{ | Bg: Sidebands (Exp. Data)

105 4

60000 A 10% 4

103 4

= Signal (MC Data)

102 4

20000 A

101. 4

0.0 0.2 0.4 0.6 0.8 10
Probability of event being classified as Signal

0 T T T T T T T
3.0 31 3.2 33 3.4 3.5 3.6 [GeV]

e Uncorrelated to invariant mass & lifetime — no bias

* Physical observables: geometry of decay vertex & hit patterns & mt- hit multiplicity

detectors
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Data analysis: ML for S/B improvement

Trained Model for 3A\H discrimination:

T 5009259 TR0

— I _—
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Data analysis: ML for S/B improvement

e Trained Model for 3\H discrimination:

x10°
E) Fo A A <30000F T T T T T T T T
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Data analysis: ML for S/B improvement

e Trained Model for “AH discrimination:

- =-0330 +0.30 ' - ’5‘450005_"" e T
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Data analysis: ML for S/B improvement

e Cross Check: trained a model on mixed event of 3\H

- No real signal in the dataset : mixed ni+ + *He fake signal
— check if ML can fake a real mass peak & lifetime

x10° | | |
-y L B _ FT 7 T T T T T T L B
2 350 E 3 - Mean 30.74 + 1.797 -
= 'E 500 Integral 6.84e+05 —
L 300 4 w C ¥2 I ndf 2212/6 J
50000 P: 1 = 400 PO 1.01e+07 +1.20e+06 —
» T 2 3 5 p1 70.61 +4.14 -
S 1 + + # + 1 2000 =
10 . C ]
—> + ! ]l ﬁ I " 1 100 k =
cod o vl e L
%562;18 :'?’ 362364366368 -3.1 296 298 3 3.02 3.04 3.06 3.&8 v3.1 0 50 100 150 200 250 300
Mixed Event Inv. Mass [GeV] mass (GeV) ct (mm)
Threshold > 0.97 No mass peak of 3A\H Very short lifetime = 70 ps
— Background peak — Background decay distribution

- & additional training / checks were done'!
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Data analysis: ML for S/B improvement

* Analysis of Radius of products with WASA-FRS:

- Foundational model based on Transformer arch. (~ GPT3)

1.2

e For estimator of event topology in NN collisions | @
EE ) N
A e
T [ 0 Tt
BN Histogram of targets E o8~ T T
0.012 Histogram of outputs s
PPDFGCO (2) 0. ¢ PPD&]](z) " Psurv(Z)
0.010 4 i 061~ N
— | n |
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[Y. Gao et al., Ch. Phys. C 50, (2026) in-press]
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Summary

« HypHI WASA-FRS experiment at GSI:

- Steps for tackling *AH and nnA puzzles:
- The experiment took place 2022, it was very successfully !
- Analysis is advancing: 3A\H & 4AH hypernuclei identified

o Lifetime measurement obtained — study systematics
uncertainties

 With trained ML models = study of radius possible
— Search of nnA in d + 1t- reconstruction

- In the 2C+'2C dataset: Search for 2AB = °C + mt-
* In Future with new solenoid @ SuperFRS at FAIR:

- Proton- and neutron-rich hypernuclei accessible with Rl beam
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The WASA-FRS collaboration (only core members)
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 HRS-HYS group, GSI, German
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 FRS/SFRS Research Group, GSI, German

- K.-H. Behr, B. v. Chamier Gliszezynski, T. Dickel, S. Dubey, J. Eusemann,
D. Kostyleva, B. Franczak, H. Geissel, E. Haettner, C. Hornung, P. Roy, C.
Scheidenberger, P. Schwarz, B. Szczepanczyk, M. Will, J. Zhao

* Meson Science Laboratory, RIKEN, Japan
- K. Itahashi, R. Sekiya

¢ Instituto de Estructura de la Materia - CSIC, Spain
- S. Escrig, C. Rappold

e Cryogenic Department, GSI, Germany
- A. Beusch, H. Kollmus, C. Schroeder, B. Streicher

« Experiment Electronics Department, GSI, Germany
- H. Heggen, N. Kurz, S. Minami

» Detector Laboratory, GSI, Germany:
- C. Nociforo, E. Rocco

* Nuclear Spectroscopy Group, GSI, Germany:
- M. Armstrong, N. Hubbard, K. Wimmer

e Super-FRS Project, GSI, Germany:
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- B. Kindler, B. Lommel

01/10/2025

Results of WASA-FRS HypHI

Institut fir Kernphysik, Technische Universitdt Darmstadt, Germany:
- G. Schaumann

University of Applied Sciences, Giessen, Germany:

- S. Kraft

Department of Engineering, Gifu University, Japan:

- A. Kasagi, K. Nakazawa

ESRIG - Energy and Sustainability Research Institute Groningen,
University of Groningen, The Netherlands:

- V. Drozd, M. Harakeh, N. Kalantar-Nayestanaki, M. Kavatsyuk
Institute of Modern Physics, China

- L. Duan,Y. Gao, E. Liu, J. Ong, X. Tang

Institute of Physics, Jagiellonian University, Poland

- A. Khreptak, M. Skurzok

Department of Low and Medium Energy Physics, JoZef Stefan Institute,
Slovenia

- Z. Brencic

Department of Physics, Kyoto University, Japan:

- R. Sekiya

School of Nuclear Science and Technology, Lanzhou University, China:
- Y. He, J. Ong, T.R. Saito, X. Tang

Institut fir Kernphysik, Johannes Gutenberg-Universitit Mainz,
Germany:

- P. Achenbach, J. Pochdzalla

Michigan State University, USA:

- D. Morrissey

Universidad de Santiago de Compostela, Spain:

- J. Benlliure, M. Fontan, A. Gonzalez, G. Jimenez, J. Rodriguez-Sanchez

20/20



