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Current puzzles for light hypernuclei: 3A\H & 3\n

* In our first experiment, HypHI Phase O:
Two puzzling observations were made: (¢ rappoid et al, prc 88 (2013) 0a1001)

3 - 3 -
— Possible signal of nnA bound state M e e A g o trget
N, = 143 N, = 118
« All theoretical calculations show  3° s 3% o e evic |
negative results 2 L 5 2
- E. Hiyama et al., Phys. Rev. C89 (2014) 061302(R) < 3
- A Galetal, Phys. Lett. B736 (2014) 93 a0 €,
- H. Garcilazo et al., Phys. Rev. C89 (2014) 057001 S 2 S o s
— and much more publication of o’ e T N R . S
2.04 nfagg (Ge2\-f?8 2.1 2.98 Mgss (Ge:%,.?Z 3.04
- Short lifetime of 3\H : T 181154 =+ 25ps ™ = 190735 = 36ps

e Our published value : 183 **.3, pS  [c. Rappold et al., Nucl. Phys. A 913 (2013) 170]

e Plus other recent measurements : Combined

lifetime analysis excludes all current models of
3A\H
74\

[ C. Rappold et al., Phys. Lett. B 728, 543 (2014) ]
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Current puzzles for light hypernuclei: 3A\H & 3\n

* Yet the puzzles deepen:
— Over the years more data from ALICE and STAR experiments :

More tension on the combined lifetime measurements
[PLB 128 (2019) 134905]
o ALICE: 181439 ps = 237%34 35 ps = 253 + 11 ps [PRL 131 (2023) 102302]
e STAR: 155"y ps = 142 "4y, ps = 221 + 15 ps [PRL 128 (2022) 202301]

« HypHI: 1833 ps

We will provide one very precise data point with our new WASA-FRS experiment

— Hot topics in nuclear experiments:
« STAR, ALICE, J-PARC, ELPH, HADES, HYDRA and WASA-FRS

— Still no clear theoretical explanation for the short lifetime, is it ?
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Current puzzles for light hypernuclei: 3A\H & 3\n

 Hypertriton: bound state of p, n, AO
- New data from HI collisions conflicting with theory

BC data’
——e————Keyes (1968)
Keyes (1970)—! 1- 1A
Keyes (1973)—+—=— —_ a YN
: EN 1.4 NNLOgim (400, 290) ,
RHI data! @) A
: i" STAR (2010) : 1.3 - Ay n = 600MeV ..o“ *+
(i —HypHI (2013) P all NNLOgim ot
=1 —ALICE (2016) S o8 ﬁ'
—=——STAR (2018) + 1.2 - ﬂ— all Ay n
——=—L | —ALICE (2019) &J ‘ NNLOg;, (500, 290)
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theory : 03—5 1 0 | u u NNL(_):.,HH(()DO.. 120)
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[D. Gazda et al., Phys. Rev. C 109, 024001 (2024)]
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Current puzzles for light hypernuclei: 3A\H & 3\n

* Yet the puzzles deepen:

- Binding energy of hypertriton :
nature, LETTERS

hvtt pesd oloor g/ 100 038/5 41 567 02 0-0799-T

'.':l Chack for updsies

Measurement of the mass difference and
the binding energy of the hypertriton and
antihypertriton The A binding energy, B,, for ; H and } H is calculated using the

The STAR Collaboration® mass measurement shown in equation (1). We obtain

By = 0.41+£0.12(stat.) £0.11(syst.) MeV (3)

- Previously accepted value: Bx= 0.13 + 0.05 MeV

- And still : ALICE measured a A binding energy of :
* BA=0.102 £ 0.063 £ 0.067 MeV  (phys. Rev. Lett. 131 (2023) 102302]
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Deep learning in study of those puzzles

* Our contributions to solve : 2 experiments to measure

— Lifetime & radius: — Binding energy:
WASA-FRS experiment at GSI-FAIR EO7 experiment at JPARC
TA quadrupole magnet e WL Emulsion-Counter hybrid method
soarion I/ Fi F3, S ')M L K+ identification
SIS-18 Ny, Fe _ s\ sca1”) | by SKS spectrometer
dipole magnet - - ‘ SC42 SC43 1.8 GeV/c 5SD *
// R K beam -"-—"—4Ejfr’,T
WASA central detector, 7 ag
0 10m fiber trackers, start counter, target Target
iH— n=+°’He AH— 7n7+'He  nnA — 7 +d+n Tag
Superconducting
solenoid magnet
50cm MFT1’2_ — I —
UFT1,2,3 o o o St 6 g
ibeam | | | g I 1= ||, toFRS v d £ Sl
‘ ] “ ‘ — He, ] \ F4 * e “
Start counter J // ‘ il \\ .I , ; ‘ : .‘, A Ve, ¥ ¥
Diamond QLN -\Iron yoke : !
target Vb7 g e -
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WASA-FRS Experimental campaign: Jan. - March 2022

GSI facility

ESR

Fragment Separator (FRS)

beam

TA
Hadron spectrometer v
Ap/p ~ few % o
WASA central detector
MDC Solenoid Magnet

PSB

Yoke

Csl

Results of WASA-FRS & EO7 ML

10m F4
F3 ,.“H 1=
MWDCs
Plastic Plastic Sci.

Sci.
Gmmmmmmmmaaaaaa)

Target High resolution spectrometer
Ap/p =10+

Two experiments took place:
* n’-mesonic nuclei spectroscopy
» Hypernuclei spectroscopy

2 of 10 key topic of
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 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

10° —
C N
100 ¢ 2 Y 25000 \ 3505 |
E 20000: \ 3005_ ......... ............. .............
|§| \ ’ - I \ 250;_ ......... ......... ( q ............. .............
E N / \ Q\\ 100 |
£ 5000f Q( E f
100l 1 7 O 087060402 0 0204 0608 1 Ofgdgdth b
s3 Residual of 6 (recon - set) [%] 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

450

C 140
14— = F . :
u w0 | 14 MCsimulation
4o u —1120
L 350 12—
- . —100
N 300 1=
~ u 80
0.8_— 250 0.8?
O.GT r : '. R
- 150 | o4 TOF res.: 110 ps T 40
0.4— C o :
L 100 02— 20
02— - e
| - I | ‘ | | | I | | I | ‘ I | 1 ‘ ‘ ‘
B S0 Y Q(% 2 .3 4D 0
O_I I 11 ‘ (| ‘ [ | | L1 11 | [ 9 | | | | | | | L 111 | [ | 0 argex Omentum[ ° C]
5 4 -3 -2 - 1 2 3 4 5

Momentum / Charge [GeV/c]

—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)]

22/09/2025 Results of WASA-FRS & EO7 ML 10/22




Data analysis: Hypernuclei identification

* |Invariant mass at 15 cm behind the target:

22/09/2025

Invariant mass VixFitting (no vtz cut) Invariant mass VixFitting (no vtz cut)
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Data analysis: ML for S/B improvement

Use of Boosted Decision Tree, XGBoost:

Output assigned to testing dataset

s gl T ETETRETY 9\ H - Thr: 0.85
1578 = 160} ga;-oizsoe_i'o.ow S=702 + 66
I = 140 hoZ 702 ieg
10° [ L 1205_ gg_gsjm: 2.98795 +0.000479 GeV
| | § sig_s = 0.00692 + 0.0005ZGeV
102 w 100
gt ST, oH
10! [ i) 2 —
I“ﬂlﬂ!HMMMHWWIHM!J o
Probablllty of event being cIaSS|f|ed as Slgnal " 20 "'-._‘\. Seg] | TR T T
08— \ A $304 306 308 i e e
Training data: ?(e mass (Ge'V) E 1= 39152 +ooozné3§/
» Uncorrelated to invariant mass & lifetime 2 sf ]
. “\H = Thr: 0.95¢ ™ ;
— no bias S=222+32 : N
e Physical observables: geometry of decay i :
vertex & hit patterns & mt- hit multiplicity 1oF
detectors ok

1 P P By AT B M
39 3 . 3.96 3.98
? mass (GeV)
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Data analysis: ML for S/B improvement

Use of Boosted Decision Tree, XGBoost:

Output assigned to testing dataset
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107 secigrand | 3> 180} a1=-0.2231 0,099 3\H = Thr: 0.85
= s a2= 0. +0.
-y o 160F a3 = -0.2306 = 0.067 S=702+ 66
| | - of n_b= 782 +67
— 140 ns= 702 +66
10° | | e sig_m = 2.98795 +0.00044 GeV
| | g 1200 sig_s = 0.00692 +0.0005ZGeV
102 I I Ii 100; 3 H
| | 80F A
10! s -
60F
100 oy S,
0.0 0.2 0.4 0.6 0.8 10 10 IR
Probability of event being classified as Signal 20% \ "
Output assigned to Data ok o
. \ 304 306 308
10° (0 mass (GeV) 1= 3.9152 +0.0031 GeV
? Z 2 GeV
1054 2 [ ]
4 . o 30 ]
104 /\H - Thr 0.95 Lﬁ - .
N S=222+32 20f @s;
10%; 10 ]
10! ;
0.0 0.2 0.4 0.6 0.8 1.0 ok

Probability of event being classified as Signal

22/09/2025

P P By AT B M
3. . 3.96 3.98
Q mass (GeV)

Results of WASA-FRS & EO7 ML 13/22




Data analysis: ML for S/B improvement

e Use of Boosted Decision Tree XGBoost

Output assigned to testing dataset g 130_ 3 Mean 7067 + 4.416_2 3/\H RN Thr O 85
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EOQ7 experiment with machine learning

« EO7 experiment at JPARC:

Emulsion-Counter hybrid method ., E07 nuclear emulsion

K+ identification

by SKS spectrometer
SSD

1.8 GeV/c +
Kbeam g | ._--- T »
~— a | 4 R - & » ” '; ";‘ by
Target ?eee o J e W a0 b 4 ¥
Tag \ 7 B e SN

Double -strangeness candidates: 33

With trigger — o mbe ’g}{; . =N o]
Without trigger: s
¢ S=-1:10%events (3 <= A <=15) \ .
« S=-2:10% events _ o T L -
 Data: 150 PB = 560 years Rl L B —

'AN.L, Nyaw et al., BSPIJ, (2020) M. Yoshimoto et al., PTEP, (2021)
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Hypernuclear Event Search with Machine Learning

Production training data:

- surrogate images from MC simulation + GAN
Geant4 Geant4 +Real emulsion background

B)

Simulated image:

Converted by GAN Mask for tr'uing ¥-'*"' '

(D) Mo 8 |
WAl 5 e .
’ "’ _ ~ : *?' i 3 -
o) 4
12 Mask
o (Target event)
2 S

100 um [A. Kasagi et al., NIM A 1056, 168663 (2023)]




Hypernuclear Event Search with Machine Learning

e Object detection model for 3\H event t(gp%l_ogvd_ |
rainin ata (SIimulated image
- Mask R-CNN model: 3 -

Simulation NS, p
: i o Mask
(Detection target)

o e ‘r\ Simulated image
' O PG —positional info.
50 um available

Mask R-CNN Model on Real Data

Detected!




Hypernuclear Event Search with Machine Learning

22/09/2025

* First 3AH found with Deep learning model:
"t 6
#5 \ - #2
D 72%02um W, W 270E30um gF Current status:

LE E
v

A #1

127.5 4+ 0.3 pm

w. #4
.- >21.12 mm

#3 "\
180.0 £+ 0.6 um ‘\ A2

3
. AH

7689+3.5um b
K-
>4.93 mm

2880+0.01mm ~

Bic I_ Bv'c

3
50 um He 10 pm 3H
8.5+ 0.2 um

o

[T. Saito et al., Nat. Rev. Phys. 3, 803 (2021)]
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Found in 0.6% of the data:
e 49 3,H
e 163 4\H

Statistical error on binding
energy: ~ 100 keV

— improve with more
statistics

Systematic error on binding
energy: ~ 14 keV




Event analysis from the ML topology search

[A Kasagi et al., Prog. Theor. Exp. Phys. 8, 083D01 (2025)]
o Statistical Results: ) ) O
. (AH) By =0.23 £ 0.11(Stat.) & 0.05(Syst.) MeV,
p_‘_?\H ‘ ‘ (‘j\H) By = 2.25 £ 0.10(Stat.) 4= 0.06(Syst.) MeV.
TEH | — oaaoil 5\H “H
x T S 2 ] 1
e S TR .0 —— 0.172 * 0.040 MeV —— 2.176 + 0.028 MeV
'_’_|_'__’|'—_—|| 55.42/45
30 —— ————— %
% :'_EE_' HE=— Present result | :EI | Present result !
;fj 2 *;:r,—' — [25] PRL 131 (2023) [69] PLB 834 (2022)
i
— [27] Nat. Phys. 16 (2020) CER
5 , ]- [14] NPA 954 (2016)
10 T\ = [16] NPB 52 (1973) i
j*_' ! — {  [64] PRD 1(1970) K t = [68] PRC 40 (1989)
0—5 - 4 -2 ITJ 2 4 6 8§ 10 e [63] PIAS 68 (1968) | = [16] NPB 52 (1973)
BN [62] 1T Nuo. Cim A 43 (1966) == [67] NE'B 4 (1968)
A _ £ [61] Nuo. Cim 26 (1962) H=H [66] NPB 1 (1967)
" = —_—t— [60] Nuo. Cim 21 (1961) H= [65] RMP 34 (1962)
: I :
025 000 025 050 075 100 125 200 225 250 275 300 325
o Weighted Ave. Ba [MeV] Bp [MeV]
= 225+ 0.10
8 a0l — LN * New calibration method based on p+ & ATIMA

e Systematic uncertainties: 50 - 60 keV
« & More data coming = new statistical analysis possible now !
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Event analysis from the ML topology search

* Discovery of 13AAB and uniquely identified:
- Second AA-hypernucleus after NAGARA event after 24 years !

(@) - " VAE + "N B3B+p+n
' v.B: AAB — {He +t + *He + 2n
v.C: {He — e 77 p

* Binding energy of 2A:
Baa = 25.57 + 1.18(stat.) £+ 0.07(syst.)MeV

» AA interaction energy:

#4

ABpp = 2.83 £ 1.18(stat.) 4 0.14(syst.)MeV

[Y. He et al., Under review Nat. Comm. arXiv:2505.05802]
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Summary

« Steps for tackling 3AH and nnA puzzles:
- HypHI WASA-FRS at GSI:

 The experiment took place 2022, it was very successfully !
« Analysis is advancing: 3\H & “AH hypernuclei identified
e Lifetime measurement obtained — study systematics uncertainties

e Search of nnA & 7AC
- EO7 emulsion at JPARC with deep learning:

* Analysis with DL pipeline is fixed and statistics on hypernuclear
topologies are accumulating.

e 3,H & “\H found — their binding energy extracted
» Extending the search for more decay topologies:
- New double strangeness hypernuclei uniquely identified
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