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3AH Binding energy

BA(GAH) : 0.13 + 0.05 MeV
G. Bohm et al., NPB 4 (1968) 511
M. Juric et al., NPB 52 (1973) 1
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Our projects

—

With heavy-ion beams
* Lifetime of light hypernuclei including hypertriton

e Ann states

With nuclear emulsions

* Binding energy of hypernuclei
= Single-strangeness hypernuclei
v'Stopped two-body decays
v’ Multi-body decays
= Double-strangeness hypernuclei

~ Machine learning
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Data taking (January — March 2022)

Run

Period

Data size

Commissioning run

28th Jan. - 7th Feb.

7TB

Physics run for n’ nuclei

22nd Feb. - 28th Feb.

40 TB 92 % of the prop.

Physics run for HypHI

10th Mar. - 19th Mar.

48 TB

Acquired data for S447 (hypernuclei)

Beam Fragment at S4 Amount Time Accepted trigger rate
3He 3.3 x 108 40.9 hours 2600 Hz 3A\H
e DR, 439 h 1800 H o
- .9 hours z
jEibeam deuteron 1.8 x 10° nnA
PrOWINMICER wPs g 3.2 hours 680 Hz A
rapidity)
SHe 1.0 x 108 3,H
12C beam 13.5 hours 2400 Hz
°%C 2.4 x 10° I\




Graph

Track Finding

Target —/:FPSFE

N :

MFT

MDC
Track Finding with
Graph Neural Network
(GNN)

- Multi particles in Hl reaction
- Combinatorial background

Graph
- Node : Data point
- Edge : Connection

() Social Network

(b) Molecule

Jie Zhou et al., Al Open 1 (2020) 57-81
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Abstract The WASA-FRS experiment aims to reveal the
nature of light A hypernuclei with heavy-ion beams. The life-
times of hypernuclei are measured precisely from their decay
lengths and kinematics. To reconstruct a 7~ track emitted
from hypernuclear decay, track finding is an important issue.
In this study, a machine learning analysis method with a graph
neural network (GNN), which is a powerful tool for deducing
the connection between data nodes, was developed to obtain
track iations from inations of hit infor-
mation provided in detectors based on a Monte Carlo simu-
lation. An efficiency of 98% was achieved for tracking 77~
mesons using the developed GNN model. The GNN model
can also estimate the charge and momentum of the particles
of interest. More than 99.9% of the negative charged parti-
cles were correctly identified with a momentum accuracy of
6.3%.

stand it for the middle- and long-range interactions based
on a variety of nuclear experiments. To reveal the unknown
features of the nuclear force, such as short-range interac-
tion, considering a more detailed structure inside the baryons
is essential. All baryons consist of three quarks, and nucle-
ons such as neutrons and protons consist of up and down
quarks. By introducing other types of quarks into ordinary
nuclear systems, one can study the nuclear force in a more
general picture. In particular, because the mass of the strange
quark is close to that of the up and down quarks, interactions
among these three quarks are described under flavoured-
SU(3) symmetry. Therefore, a hyperon, which is a type of
baryon that contains strange quark(s), plays an important role
in investigating baryon-baryon interactions. As the lifetime
of hyperon is short (~10~'%), using them as projectiles or
targets is difficult. Therefore, hyperon-nucleon interactions
have heen studied via hvnerniclei. which contain at least

Published in EPJA (May 2023)

H. Ekawa et al., Eur.

Phys. J. A (2023) 59,

DOI : 10.1140/epja/s10050-023-01016-5
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GNN: Node clustering

Machine Learning
PyTorch + PyTorch Geometric
Monte Carlo (MC) simulation
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GNN: Performance with MC

cf. Kalman filter
Ap/p :9.9 %
A(dx/dz)_ 3.0 mrad
A(dy/dz)

H. Ekawa et al.,

Data size Clustering efficiency for &~ Clustering efficiency for others Training time [h/epoch]
100k 96.3% 95.1% 0.6
300k 97.4% 96.2% 2.0
IM 98.1% 97.1% 7.5
(a) Charge (c) Ap/p (d) dx/dz (e) dy/dz
1400 1200 1200
10° — Positive charge 1200
— Negative chage 1000 1000 1000
@2 10° 2 @ 800 £ 800
5 g 80 S 5
8 10° 8 600 8 600 8 600
1o 400 400 400
200 200 200
10°
0.00 0.25 0.50 0.75 1.00 q1.0 -0.5 0.0 0i5 1.0 —8050 -0.025 0.000 0.025 0.050 -%050 -0.025 0.000 0.025 0.050
Score Ap/p A(dx/dz) A(dy/dz)
Data size Eff. False-positive épE A g—’z‘ [mrad] A ’;—Z [mrad] Training time[wepoch]
500k 99.70% 0.07% 9.9% 6.1 6.0 0.2
M 99.82% 0.04% 8.5% 53 5.3 04
2M 99.92% 0.03% 6.8% 4.1 4.1 0.8
4M 99.95% 0.04% 6.3% 3.7 3.7 1.5

Eur. Phys. J. A (2023) 59, 103



How about
the hypernuclear binding energy?



Nuclear Emulsion:

Charged particle tracker with

the best spatial resolution

(easy to be <1 um, 11 nm at best)
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J-PARC accelerator facility
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Results from J-PARC EO7 (Hybrid method)

AA candldates 14 Twm A events 13 Others: 6
4 f . P ] ‘ e 3 g - 1 T ol

S. H. Hayakawa et al.,
Physical Review Letters, 126, 062501 (2021)

M. Yoshimoto et al.,
Prog. Theor. Exp. Phys. 2021, 073D02
nBe e
H. Ekawa et al., Prog. Theor. Exp. Phys. 2019, 021D02



Results from J-PARC EO7 (Hybrid method)

AAcandldates 14 TwmAever\ts 13 . Others 6

! Non-trlggered events recorded in 1000 emulsions sheets
* 1000 double-strangeness (AA- and Z-) hypernuclear events
\| * Millions of single-strangeness hypernuclear events

&

Overall scanning of all emulsion sheets
(35 X 35 cm? X 1000)

M. Yoshimoto

Prog. Theor. Exp. Phys. 2021, 073D02 \15

(1]
(@]

H. Ekawa et al., Prog. Theor. Exp. Phys. 2019, 021D02



Overall scanning for EO7 emulsions
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Overall scanning for EO7 emulsions

~ Data size:

*107 images per emulsion (100 T Byte)

*10%0 images per 1000 emulsions (100 P Byte)

Number of background tracks:

*Beam tracks: 10*/mm?

"= *Nuclear fragmentations: 103/mm?

‘Qj Current equipments/techniques
o with visual inspections Pk
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Overall scanning for EO7 emulsions

~ Data size:
~*107 images per emulsion (100 T Byte)
~ +10% jmages per 1000 emulsions (100 P Byte)
~ | Number of background tracks:
- *Beam tracks: 10*/mm?2
°Nuc|earfragmentat|ons 103/mm?2

o ET T ————
¥ Current equipments/techniques H ‘

i t"
e é with visual inspections PR
560 year !*4
; - Ty 4

Millions of single-strangeness hypernuclei
1000 double strangeness hypernuclei (formerly only 5)




Setup for analyzing emulsions
at the High Energy Nuclear Phy5|cs Laboratory in RIKEN

* Hypernuclear physics
* Neutron imaging




Challenges for Machine Learning Development

MOST IMPORTANT:
* Quantity and quality of training data

However,
No existing data for hypertriton with emulsions for training

Our approaches:

Producing training data with
* Monte Carlo simulations

* Image transfer techniques



Production of training data

Monte Carlo simulations and GAN(Generative Adversarial Networks)

Binarized tracks from MC simulations GAN: pix2pix
+ background from the real data ; Edges to Photo '

Imitated
emulsion image

output

|

Binarized (like for simulations) Real emulsion image Ayumi Kasagi. Ph.D. thesis (2023)

A. Kasagi et al., submitted to NIM A



Production of training data

Monte Carlo simulations and GAN(Generative Adversarial Networks)

Binarized tracks from MC simulations GAN: pix2pix

+ background from the real data Ppdacer. Gdining dals ' Edges to Photo

output

Binarized (like for simulations) Real emulsion image Ayumi Kasagi. Ph.D. thesis (2023)

A. Kasagi et al., submitted to NIM A



Production of training data

Monte Carlo simulations and GAN(Generative Adversarial Networks)

Real 7 § Simulated




Detection of hypertriton events
With Mask R-CNN model P

K. He, et al., arXiv https://arxiv.org/ abs/1703.06870 (2017).

o

ﬁolAlign

car 0,860
car 0.931

Detection of each object At large object density



Detection of hypertriton events
With Mask R-CNN model =

K. He, et al., arXiv https://arxiv.org/ abs/1703.06870 (2017).

7

___RolAlign|

Example of training dataset
Image Mask

; —
car 0.931 car 0.92(

car 0. 860

& A Pedestrian dataset )

: R Detection of each object At large object density
https://www.cis.upenn.edu/~jshi/ped_html/




Hypertriton search with Mask R-CNN

Two body decay of 3 \H

“ 3He

o

A

8
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O

Simulated image

A

3 H
. A
3He :
"
-
50 um

Image

Training dataset (Simulated images)
Mask

<

Training

model ]

Ayumi Kasagi. Ph.D. thesis (2023)
A. Kasagi et al., submitted to NIM A



Hypertriton search with Mask R-CNN

Two body decay of 3 \H
Simulated image

.‘ SHe / il
SHe

e L

3/\H : W ’- 3 »

]
O 50 um

Real image

v

50 um

[
Trained Detected!

model

3AH | \ 3

Training dataset (Simulated images)
Mask

<

Training

model ]

Ayumi Kasagi. Ph.D. thesis (2023)
A. Kasagi et al., submitted to NIM A



Discovery of the first hypertriton event in EO7 emulsions

nature reviews physics e
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Identification of hypertriton and 4\H by rt track length
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Current status

No. events: 174 (0.4% of the entire EO7 data)
‘ 3/\H: 36
« 4,H: 138 (Identified: 87 + Penetrated: 51)

Calibrated events: 143
. 3/\H: 36
« 4 H: 107 (ldentified: 72 + Penetrated: 35)



Calibration of
nuclear emulsions
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Analysis for 4,H binding energy
* With measured Helium momentum (Back-to-back)

 Cut conditions: Inner product = -1 (+30) S e e e
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- Analyses for m- will be included
T T T - Error analysis for each event

—Weighted avarage: To be obtained



Analysis for 4,H binding energy

* With measured Helium momentum (Back-to-back)

 Cut conditions: Inner product =-1 (+30)

Binding energy on 4,H

Fitting results (can be checked one by one) - 24— o _ B,
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1* Statistics can be 250 times larger
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- Analyses for m- will be included

- Error analysis for each event

—Weighted avarage: To be obtained




Byproduct 1:
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Byproduct 1: Discovery of double-A hypernucleus

as a biproduct of 3,H search
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Byproduct 2:

4, H
\// ‘He
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Byproduct 2:

Scattering angles
6 =795+04°

=Step,
with Auger e-



Byproduct 2:

Hypernuclear scattering
Scattering angles
6 =795 x04°
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Current machine learning developments

Improvements for the hypertriton binding energy
e Automated pion tracking
e Automated emulsion calibration

Detection of three- and multi-body single-A hypernuclear decay
(from May 2022)



Three-body decay event
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Courtesy of Shohei Sugimoto and Manami Nakagawa
Shohei Sugimoto, Master thesis



Three-body decay event
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Courtesy of Shohei Sugimoto and Manami Nakagawa
Shohei Sugimoto, Master thesis



Current machine learning developments

Improvements for the hypertriton binding energy
e Automated pion tracking
* Automated emulsion calibration

Detection of three- and multi-body single-A hypernuclear decay
(from May 2022)

Search for double-strangeness hypernuclei
(from June 2022)
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=— capture:
#1: penetrate
#2: stop

#3: stop

#4: decay

second vertex:
#5: stop
#6: decay

third vertex:
: stop
: stop
: stop
: stop

Courtesy of Yan He and Manami Nakagawa

Only ~ 0.03 % of the entire data analyzed Yan He, Ph.D. thesis
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Neutron imaging with nuclear emulsions
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Precise 2D imaging

Image reconstruction using beams
: : 8 s » Neutron CT
Submicron resolution

with large angular dispersion and ML




Summary

The WASA-FRS experiment at GSI (2022) with HI beams
e Hypertriton lifetime
nnA state

Proton-rich hypernuclei

Development with Machine Learning (GNN)
Data analyses in progress

Analyses of the J-PARC EO7 nuclear emulsion with Machine Learning
* Binding energy of 3,H and #,H

* Single-A hypernuclei with multi-body decay channels

* Double-strangeness hypernuclei



