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quasifree distribution.
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On hypertriton

Recent hot topics

for few-body hypernuclei
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Our challenges on

the hypertriton lifetime
and Ann



The HypHI Phase 0 at GSI (2006-2012)
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WASA moved from Juelich to GSI

March 2019




The WASA-FRS HypHI experiment at GSI
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Part of the WASA FRS coIIaboratlon

hlgh and low-energy nuclear physicists »
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WASA-FRS and its perspective in Nature Reviews Physics

nature reviews physics s

N
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Perspective \ Published: 14 September 2021 b
Mid-focal plane of FRS s, WASA central detector

New directions in hypernuclear physics

Takehiko R. Saito &, Wenbou Dou, Vasyl Drozd, Hiroyuki Ekawa, Samuel Escrig, Yan He, Nasser
Kalantar-Nayestanaki, Ayumi Kasagi, Myroslav Kavatsyuk, Engiang Liu, Yue Ma, Shizu Minami, Abdul
Muneem, Manami Nakagawa, Kazuma Nakazawa, Christophe Rappold, Nami Saito, Christoph
Scheidenberger, Masato Taki, Yoshiki K. Tanaka, Junya Yoshida, Masahiro Yoshimoto, He Wang &
Xiaohong Zhou

Nature Reviews Physics (2021) | Cite this article Fig. 1| The WASA-FRS hypernuclear experiment. a| Schematic drawing of the fragment separator
(FRS) at GSLI. The °Li primary beams at 2 A GeV are delivered to the diamond target located at the
mid-focal plane of the FRS, referred to as S2, to produce hypernuclei of interest. Residual nuclei of
A “ g - the m weak decays of hypernuclei are transported from S2 to S4 in the FRS, and measured precisely
Takehiko R. Saito et al ., Nature Reviews P hys ICS, 803-813 (202 1) with a momentum-resolving power of 10*. The 7~ mesons produced by the hypernuclear decays are
measured at S2 by the Wide Angle Shower Apparatus (WASA) central detector. b | The WASA central
detector. Panel b is adapted with permission from REF.”°.




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 3AH
“He 0.9 x 108 “AH
°Li beam deuteron 1.8 x 108 i S S nnA
proton(mids S5 g 5 o ige 3.2 hours 680 Hz A
rapidity)
3 3He 1.0 x 108 3,H
C beam 13.5 hours 2400 Hz
26, 2.4 x 10° 9,B

Talk by Christophe Rappold
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Data analyses in progress
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Momentum resolution:
Preliminary:
Ap/p ~5x 104

Ph.D. theses: Vasyl Drozd, Yiming Gao, Engiang Liu, Samuel Escrig

Master thesis: Ayari Yanai

Talk by Christophe Rappold
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Data analyses in progress
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How about
the hypertriton 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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() O Silver halide crystal

Diameter: 200 nm
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Development
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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




Overall scanning for EO7 emulsions




Overall scanning for EO7 emulsions




Overall scanning for EO7 emulsions




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)



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)



Production of training data

Monte Carlo simulations and GAN(Generative Adversarial Networks)




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
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Training dataset (Simulated images)
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<

Training

model ]

Ayumi Kasagi. Ph.D. thesis (2023)



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)



Status of the project for hypertriton and 4,H

0.4 %

0.02 %

2020 2021 2022 2023

NOW

Nov

Apr

Oct

Feb

Nov

Apr

Further hypertriton search
For more statistics

Development of
automated &- tracking
4 and emulsion calibrations

Emulsion calibration
for all discovered events

-~

Development for
emulsion calibration

Slow-down
by the WASA-FRS experiment

Hypertriton search

 The first hypertriton event

p

First trial to search hypertriton

Model development
CNN, GAN and Mask-R CNN



Discovery of the first hypertriton event in EO7 emulsions

nature reviews physics e He G

Explore content v  About the journal v  Publish with us v

nature > nature reviews physics > perspectives > article

Perspective | Published: 14 September 2021
New directions in hypernuclear physics

Takehiko R. Saito &, Wenbou Dou, Vasyl Drozd, Hiroyuki Ekawa, Samuel Escrig, Yan He, Nasser

Kalantar-Nayestanaki, Ayumi Kasagi, Myroslav Kavatsyuk, Engiang Liu, Yue Ma, Shizu Minami, Abdul 3H
A

768.9£3.5um

Muneem, Manami Nakagawa, Kazuma Nakazawa, Christophe Rappold, Nami Saito, Christoph

Scheidenberger, Masato Taki, Yoshiki K. Tanaka, Junya Yoshida, Masahiro Yoshimoto, He Wang &
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Nature Reviews Physics (2021) | Cite this article e i .
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TRS et al., Nature Reviews Physics, 803-813 (2021) g 4 B M
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Guaranteeing the determination of Ayumi Kasagi. Ph.D. thesis (2023)

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




Identification of hypertriton and 4\H by rt track length

Counts/500 um

[~ | Entries 36 Entries 82
18 ™ | Mean 2.808e+04 Mean 4.304e+04
— | std Dev 927 Std Dev 1161
16— | x2/ndf 2.022/77 +2 / ndf 1551 /77
— Prob 1 Prob 1
14 —| constant 7.492 = 1.529 Constant 14.08 = 1.90
- Mean 2.807e+04 + 1.598e+02 Mean 4.3e+04 + 1.3e+02
1211 sigma 958.5 = 112.9 Sigma 1161+ 90.7
10—
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Ayumi Kasagi. Ph.D. thesis (2023)



Binding energy for #,H

Mass with range of “He

Emulsion calibration (density and shrinkage)

for each event

Checking coplanarity and inner-product

Only 0.4 % of the entire data

50 A

") -

30 1

20 A

10

—— BA =2.048 +/- 0.096

—— H4L

Ayumi Kasagi. Ph.D. thesis (2023)



Binding energy for 4\H "aH: 2094 0030 i

[P |
Mass with range of “He ; = PLB 834, 10 (2022)

0 . ; . A v ] NPA 954, 149 (2016)
Emulsion calibration (density and shrinkage) PRC 40, R479 (1989)
for each event

H Nucl. Phys. B 52, 1 (1973)
Checking coplanarity and inner-product

Only 0.4 % of the entire data
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Byproduct 1: Discovery of double-A hypernucleus

as a biproduct of 3,H search
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Byproduct 2:
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Byproduct 2:
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Byproduct 2:
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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)
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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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Only ~ 0.03 % of the entire data analyzed Yan He, Ph.D. thesis
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Only ~ 0.03 % of the entire data analyzed Yan He, Ph.D. thesis
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Only ~ 0.03 % of the entire data analyzed Yan He, Ph.D. thesis
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Summary

The WASA-FRS experiment at GSI
e Lifetime of hypertriton and #,H

* A state associated with Ann state
* Proton rich hypernucleus °,B

* Further experiments at GSI/FAIR

Nuclear emulsion + Machine learning

* Binding energy of hypertriton and #,H

* Binding energy of single-strangeness hypernuclei with multi-body decays
* Binding energy of double-strangeness hypernuclei
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