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Our projects
With heavy-ion beams
• Lifetime of light hypernuclei including hypertriton
• Lnn states

With nuclear emulsions
• Binding energy of hypernuclei

 Single-strangeness hypernuclei
Stopped two-body decays
Multi-body decays

Double-strangeness hypernuclei

Machine learning
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3
LH  -> p- + 3He

4
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nnL  -> p- + d       + n

Dp/p=10-4

Dp/p ~ a few %
Larger acceptance for p-

With 6Li+12C at 2 A GeV



Photos by Jan Hosan and GSI/FAIR

The WASA-FRS setup

Talk by Christophe Rappold
just before this presentation



The WASA-FRS 
collaboration

Author list of the EMIS2022 proceedings



Part of the WASA-FRS collaboration

Photo by Gabi Ott (GSI/FAIR)

Team of 
high- and low-energy nuclear physicists



Data taking (January – March 2022)

Beam Fragment at S4 Amount Time Accepted trigger rate

6Li beam

3He 3.3 × 108 40.9 hours 2600 Hz
4He 0.9 × 108

43.9 hours 1800 Hz
deuteron 1.8 × 108

proton (mid-
rapidity) 5.3 × 106 3.2 hours 680 Hz

12C beam
3He 1.0 × 108

13.5 hours 2400 Hz
9C 2.4 × 105

Acquired data for S447 (hypernuclei) 

Run Period Data size
Commissioning run 28th Jan. - 7th Feb. 7 TB

Physics run for η’ nuclei 22nd Feb. - 28th Feb. 40 TB
Physics run for HypHI 10th Mar. - 19th Mar. 48 TB

3
LH
4
LH

nnL

L

3
LH
9
LB

92 % of the prop.



Graph Neural Network (GNN) for WASA

Jie Zhou et al., AI Open 1 (2020) 57–81 

Graph
- Node : Data point
- Edge : Connection

Track Finding

Track Finding with
Graph Neural Network
(GNN)

- Multi particles in HI reaction
- Combinatorial background

Published in EPJA (May 2023)
H. Ekawa et al., Eur. Phys. J. A (2023) 59, 103
DOI : 10.1140/epja/s10050-023-01016-5



GNN: Node clustering
Machine Learning
- PyTorch + PyTorch Geometric
- Monte Carlo (MC) simulation

• Training, Validation, Test
- Learning object

• Edge : ON / OFF
• Node : Shared / Not-Shared

H. Ekawa et al., Eur. Phys. J. A (2023) 59, 103

Training curve

Unbiased Ground truth

MFT

MDC

PSB
PSFE



GNN: Performance with MC

H. Ekawa et al., 
Eur. Phys. J. A (2023) 59, 103

Charge Δp/p dx/dz dy/dz

cf. Kalman filter
Δp/p : 9.9 %

Δ(dx/dz)
Δ(dy/dz)

: 3.0 mrad



How about 
the hypernuclear binding energy? 



Nuclear Emulsion: 
Charged particle tracker with 
the best spatial resolution 
(easy to be < 1 µm, 11 nm at best)

20
µm

grain

By microscopes



J-PARC accelerator facility
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Results from J-PARC E07 (Hybrid method)

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

M. Yoshimoto et al.,
Prog. Theor. Exp. Phys. 2021, 073D02 



Results from J-PARC E07 (Hybrid method)

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

M. Yoshimoto et al.,
Prog. Theor. Exp. Phys. 2021, 073D02 

Non-triggered events recorded in 1000 emulsions sheets
• 1000 double-strangeness (LL- and X-) hypernuclear events
• Millions of single-strangeness hypernuclear events

Overall scanning of all emulsion sheets
(35 X 35 cm2  X 1000)
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Data size: 
•107 images per emulsion (100 T Byte)
•1010 images per 1000 emulsions (100 P Byte)
Number of background tracks: 
•Beam tracks: 104/mm2

•Nuclear fragmentations: 103/mm2

Machine Learning

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

Current equipments/techniques 
with visual inspections

560 years

3 years

Overall scanning for E07 emulsions



Setup for analyzing emulsions 
at the High Energy Nuclear Physics 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 
+ background from the real data 

Imitated 
emulsion image

Real emulsion imageBinarized (like for simulations)

GAN: pix2pix

Ayumi Kasagi. Ph.D. thesis  (2023)
A. Kasagi et al., submitted to NIM A
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Production of training data
Monte Carlo simulations and GAN(Generative Adversarial Networks)



With Mask R-CNN model

Detection of each object At large object density

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



With Mask R-CNN model

Detection of each object At large object density

Detection of hypertriton events

A Pedestrian dataset
https://www.cis.upenn.edu/~jshi/ped_html/

Example of training dataset
Image Mask

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



Hypertriton search with Mask R-CNN
Training dataset (Simulated images)

50 μm

Two body decay of 3ΛH

50 μm

3He
3ΛH

π-

Simulated image

model

Training

Λ

この研究では何を行ったか

3He
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3ΛH

Image Mask

Ayumi Kasagi. Ph.D. thesis  (2023)
A. Kasagi et al., submitted to NIM A
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Ayumi Kasagi. Ph.D. thesis  (2023)
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Discovery of the first hypertriton event in E07 emulsions 

Guaranteeing the determination of 
the hypertriton binding energy SOON
Precision: 28 keV
            E. Liu et al., EPJ A57 (2021) 327  

TRS et al., Nature Reviews Physics, 803-813 (2021)
Cover of December 2021 issue

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



Identification of hypertriton and 4LH by p- track length

Ayumi Kasagi. Ph.D. thesis  (2023)
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Current status
No. events: 174 (0.4% of the entire E07 data)
• 3ΛH: 36
• 4ΛH: 138 (Identified: 87 + Penetrated: 51)

Calibrated events: 143
• 3ΛH: 36
• 4ΛH: 107 (Identified: 72 + Penetrated: 35)



Calibration of 
nuclear emulsions



Calibration of 
nuclear emulsions
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Analysis for 4LH binding energy
• With measured Helium momentum (Back-to-back) 
• Cut conditions: Inner product = -1 (±3σ)
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Analysis for 4LH binding energy
• With measured Helium momentum (Back-to-back) 
• Cut conditions: Inner product = -1 (±3σ)
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・Analyses for π- will be included
・Error analysis for each event
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ΛB
Binding energy on 4ΛH

Prelim
inary

• Deducing the 3LH binding energy is in progress
• Statistics can be 250 times larger
• Estimated systematic error: 28 keV or smaller



Q1. 現在までに分かっていることは何か
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Q1. 現在までに分かっていることは何か

50μm 2０μm
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Hybrid method)
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Double-Λ
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Discovery of double-L hypernucleus
as a biproduct of 3LH search
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Beam interaction
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with Auger e-
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4ΛH: 1419.8 μ
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Hypernuclear scattering
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Current machine learning developments
Improvements for the hypertriton binding energy
• Automated pion tracking
• Automated emulsion calibration

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



Three-body decay event

Shohei Sugimoto, Master thesis
Courtesy of Shohei Sugimoto and Manami Nakagawa



Three-body decay event

Shohei Sugimoto, Master thesis
Courtesy of Shohei Sugimoto and Manami Nakagawa



Current machine learning developments
Improvements for the hypertriton binding energy
• Automated pion tracking
• Automated emulsion calibration

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

Search for double-strangeness hypernuclei 
(from June 2022)



X- capture:
#1: penetrate
#2: stop
#3: stop
#4: decay

second vertex:
#5: stop
#6: decay

third vertex:
#7: stop
#8: stop
#9: stop
#9: stop

V3451

MOD100_PL02_AREA00

0.999

50µm

Yan He, Ph.D. thesisOnly ∼ 0.03 % of the entire data analyzed
Courtesy of Yan He and Manami Nakagawa
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Neutron imaging with nuclear emulsions

neutron 10B

7Li (0.84 MeV)

4He (1.47 MeV)11B*

Physics process

Neutrons

Track

Emulsion layerSi (Substrate)
10 μm0.4 mm

NiC = 46 nm C = 14 nm

7Li or 4He

7Li or 4He

10B4C = 230 nm

Neutron detector

Tetsuo Samoto et al 2019 
Jpn. J. Appl. Phys. 58 SDDF12 

9 µm ~ 5 µm

~12 µm

1024  pixels
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24
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Spatial resolution: 
0.945 ± 0.004 μm (1σ)

Diameter = 20mm

Siemens star pattern

A. Muneem et al., Journal of Applied Physics, 133, 054902 (2023)
Precise 2D imaging
Submicron resolution

Image reconstruction using beams 
with  large angular dispersion and ML Neutron CT



Summary
The WASA-FRS experiment at GSI (2022) with HI beams
• Hypertriton lifetime
• nnL state
• Proton-rich hypernuclei
• Development with Machine Learning (GNN)
• Data analyses in progress

Analyses of the J-PARC E07 nuclear emulsion with Machine Learning
• Binding energy of 3LH and 4LH
• Single-L hypernuclei with multi-body decay channels
• Double-strangeness hypernuclei


