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Hypernuclear production with heavy ion beams
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Pioneering experiment: HypHI Phase O (2009)

* To demonstrate the feasibility of precise hypernuclear spectroscopy
with °Li primary beams at 2 A GeV on a carbon target
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Two puzzles initiated by HypHI
Signals indicating nnA bound state
All theoretical calculations are negative

* E. Hiyama et al., Phys. Rev. C89 (2014) 061302(R)
* A.Galetal., Phys. Lett. B736 (2014) 93
* H. Garcilazo et al., Phys. Rev. C89 (2014) 057001

and much more publication

Short lifetime of 3AH C. Rappold et al., Nucl. Phys. A 913 (2013) 170

STAR Collaboration
2 +42 ’
* HypHI Phase 0: 183 3, PS ppys. Rev. € 97 (2018) 054909

* STAR at RHIC: 155%2 —n5 142+,
* ALICE at LHC: }83*34—ps 237433

No theories to reproduce
the short lifetime

ALICE Collaboration,
Phys. Lett. B 797 (2019) 134905

Hot topics in hypernuclear and few-body physics
Also non-HI experiments: J-PARC, JLab, ELPH, MAMI
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t(3,H) should be equal to T(A, 263 ps)




Very recent result from STAR
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HOWEVER,

Binding energy of hypertriton

NATURE PHYSICS | VOL 16 | APRIL 2020 | 409-412 | www.nature.com/naturephysics

‘ '.) Check for updates ‘

Measurement of the mass difference and
the binding energy of the hypertriton and
antihypertriton

The STAR Collaboration*

The A binding energy, B,, for }H and 3 H is calculated using the
mass measurement shown in equation (1). We obtain

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

Former value by emulsion (data from 60’s)
0.13 + 0.05 MeV

nature LETTERS

p YSICS https://doi.org/10.1038/541567-020-0799-7
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in the gas of the TPC) versus p/q (where p is the mamentum and g is the electnic charge in units of the elementary charge ¢) (a) and 1/ (where § is the
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average value of 0.13 +0.05(stat.) MeV. When applied to our value
of 0.41+0.12(stat.) MeV it yields a significantly smaller value of
7.90752} fm. The larger B, and shorter effective scattering length
suggest a stronger YN interaction between the A and the relatively
low-density nuclear core of the 3 H (ref. ). This, in certain models,
requires SU(3) symmetry breaking and a more repulsive YN inter-
action at high density, consistent with implications from the range

of masses observed for neutron stars”.




Recent theoretical calculation

Revisiting the hypertriton lifetime puzzle

A. Pérez-Obiol,! D. Gazda,? E. Friedman,® and A. Gal®*

! Laboratory of Physics, Kochi University of Technology, Kami, Kochi 782-8502, Japan
“Nuclear Physics Institute, 25068 Rei, Czech Republic
*Racah Institute of Physics, The Hebrew University, Jerusalem 91904, Israel
(Dated: July 9, 2020)

arXi1v:2006.16718v2 [nucl-th] 8 Jul 2020

Other recent theoretical works

For hypertriton:
Effective field theory

F. Hildenbrand et al., Phys. Rev. C 102, 064002 (2020)
* R=T3ue /(I'3pe + I'pg) is sensitive to the binding energy

For nnA:
Pionless effective field theory

S.-l. Ando et al., Phys. Rev. C 92, 024325 (2015)
F. Hildenbrand et al., Phys. Rev. C 100 034002 (2019)
Not yet excluding the bound state

Concluding remarks. Reported in this work is a new
microscopic three-body calculation of the } H pionic two-
body decay rate T(RH—*He+7~). Using the AT =
rule and a branching ratio taken from experiment to con-
nect to additional pionic decay rates, the lifetime 7(3 H)
was deduced. As emphasized here 7(% H) varies strongly
with the small, rather poorly known A separation en-

ergy Ba(iH); it proves possible then to correlate each

corresponds to its own underlying B\L\H, value. The
Bao(AH) intervals thereby correlated with these experi-
ments are roughly By < 0.1 MeV, 0.1 £ By < 0.2 MeV
and By 2 0.2 MeV for ALICE, HypHI and STAR, re-
spectively. New experiments proposed at MAMI on Li
target [39] and at JLab, J-PARC and ELPH on *He tar-
get [40] will hopefully pin down precisely By {i”) to bet-
ter than perhaps 50 keV, thereby leading to a unique

resolution of the ‘hypertriton lifetime puzzle’

STAR, HypHI, ALICE: from 121 to 270 ps



Nuclear physics v.s. Hypernuclear physics

Nuclear Physics

Hypernuclear Physics

For each nucleus:
Precise on both
* Mass (binding energy)
e Lifetime

For each hypernucleus:
Poor on both

* Mass (binding energy)
e Lifetime
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The WASA-FRS experiment at FAIR Phase O
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The WASA-FRS experiment at FAIR Phase O

WASA already at GSI since March 2019
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The WASA-FRS experiment at FAIR Phase O

TOF Barrel
(UEN

Superconducting solenoid
+
TOF endcaps Mini Drift chamber
(RIKEN & Lanzhou U.)

Mini fiber detectors \

(RIKEN)

Large fiber detectors
(RCNP)

Large fiber detectors Silicon vertex detectors
(RIKEN) (CSIC-Madrid)




The WASA-FRS experiment at FAIR Phase O

* Commissioning of
e Mini drift chamber: DONE
* Superconducting magnet: already at 4K
* Upgrading of
e Time-of-Flight Barrel: in progress, DONE
* TOF endcaps, soon completed

* Development and construction of
* Large Scintillating fiber detectors: DONE
* Mini fiber detector inside the iron yoke: DONE ,
* Electronics for fiber detectors: in production, Almost DONE
* New holding structures: DONE and already installed




The WASA FRS experlment at FAIR Phase O

PRODUCTION TARGET

SIS

-\.-M

INJECTION
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Scheduled in February — March, 2022
e Lifetime of 3,H and #\H
e Confirmation of nnA



The WASA-FRS experiment at FAIR Phase O

Development of the machine learning model for data analyses
Graph Neural Network (GNN)

N s yil)
| Node

e S Clustering of Electromagnetic Showers and Particle Interactions with
| T Graph Neural Networks in Liquid Argon Time Projection Chambers Data

10 ' “\‘ \?
I _ e Rl o “\\

Graph

node : data point arXiv:2007.01335v2 [physics.ins-det] 22 Sep 2020
edge : relation between nodes

node and edge can have features and a label



The WASA-FRS experiment at FAIR Phase O

Development of the machine learning model for data analyses
Graph Neural Network (GNN)
ON : 380/380 (100.00%) 1:0/0 0.8
gFF : 0/656 (0.00%) 0:0/45 (0.00%) \ /07
) . s 0.6
‘ ‘\\/I 08

Dataset n- (perfect) - (valid) Other (perfect) Other (valid) Node AP(test) Edge AP(test)

100k 96.31 % 99.77 % 95.12 % 9866 % 094924  0,99932
300k 97.35 % 99.79 % 96.21 % 9875% 095876 @ 0,99964
™ 98.09 % 99.92 % 97.05 % 99.07% @ 097219 @ 0,99980

H. Ekawa et al., To be submitted to Journal of Computational Physics



The WASA-FRS experiment at FAIR Phase O

Expected results by updtated MC simulations

Counts
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4 days measurement
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target position: z=25 cm
vertex z cut: 35-50cm
#layer(MDC): > 6

cldst cut: < 0.3 cm

Mass resolution:

e 3.2 MeV/c? (1T field)

e 1.5 times better than HypHI
Statistics

* About 5800 in the peak for 4 days
e 38 times more than HypHI

* 120 o significance

Expected Lifetime accuracy

* 8ps

* 5 times better than HypHlI

The existence or not of nnL will be

confirmed with large confidence
level

Scheduled in February — March, 2022



WASA-FRS in Nature Reviews Phy5|c

nature reviews physics

Explore content v  About the journal v  Publish withus v

nature > nature reviews physics > perspectives > article

Perspective | Published: 14 September 2021

New directions in hypernuclear physics

Takehiko R. Saito &3, 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

DOI: https://doi.org/10.1038/s42254-021-00371-w
Cover of December 2021 issue

b

Fig. 1| The WASA-FRS hypernuclear experiment. a | Schematic drawing of the fragment separator
(FRS) at GSI. 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
the = weak decays of hypernuclei are transported from S2 to 5S4 in the FRS, and measured precisely
with a momentum-resolving power of 10~*. The m 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 ™,




GSI press release on October 21st
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ln newspapers

Austrian national newspaper, Der Standard pro-physic in Germany
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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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J-PARC accelerator facility




tracking detector

Emulsion module
Hi1111V




Results from J-PARC EO7 (Hybrid method)

AA candidates 14 Twun A events 13 _ Others 6

e 1000 double-strangeness hypernuclear events
* Millions of single-strangeness hypernuclear events

&

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

l\ABe ISEC
H. Ekawa et a'., PI’Og. Theor. Exp. ths- 2019, 021002 S. H. Hayakawa et al-'
Physical Review Letters, 126, 062501 (2021)



Overall scanning for EO7 emulsions




Overall scanning for EO7 emulsions




Overall scanning for EO7 emulsions
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Overall scanning for EO7 emulsions

Sliced imagez
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Overall scanning for EO7 emulsions

- 107 images per emulsion (100 T Byte)
*10%% images per 1000 emulsions (100 P Byte)
Number of background tracks:
*Beam tracks: 10*/mm?2

*Nuclear fragmentations: 103/mm?

S B IS A TE—

4 Current equipments/techniques
-8

with visual inspections .
. 560 years LT
Ao TN 3625 PAEWT TR F

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




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 '

LN\
/ /&\\\

emulsion image L\/ ' t\
7\
|

input output

e
;.-,”«",.v o) SRS .‘L'
Mg 0 TR

Binarized (like for simulations) Real emulsion image



Production of training data

Monte Carlo simulations and GAN(Generative Adversarial Networks)

Binarized tracks from MC simulations 5 GAN: pix2pix
Produced training data : .
+ background from the real data Edges to Photo
‘ : ; Y LN
//\\\
|
/ J ﬂi} @5 \
|
|
\
% input output

Binarized (like for simulations) Real emulsion image



Production of training data

Monte Carlo simulations and GAN(Generative Adversarial Networks)




Detection of hypertriton events
With Mask R-CNN model

car 0.92(

Detection of each object At large object density



Detection of hypertriton events

Hypertriton decay
at rest

Oy

o®

3\H ->3He + 1t

Simulations

$ 3 H
. A
e A

\/

50 um

Mask R-CNN

|
(TR (25 b
AW
™ — | |- I
i .
-~ a
G
b A
—

—— “‘*'2
Annotation (creating masks) by

Y humans
https://www.cis.upenn.edu/~jshi/ped_html/

Applymg to reaI emulsion data

Detected !!

Tramlng and mask data

50 Lm Masks are created automatically
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ertriton event in EO7 emulsions
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Guaranteeing the determination of
the hypertriton binding energy
VERY PRECISELY (27 keV) SOON




Press release at RIKEN on September 14th

with Gifu University, Rikkyo University and Tohoku University
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NOW WE KNOW

How to measure very precisely
* Binding energy
* Lifetime

NEXT steps:
* Precise measurements for various key hypernuclei
* Hypernuclei at extreme isospins (very neutron-rich)



Beyond WASA-FRS
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Hypernuclear experiments with Super-FRS
One of Day-1 experiments of NUSTAR MATS/

Single-strangeness hypernuclei

Up to A~20

Also with multibody-decay channels §

* Hypernuclear lifetime
very precisely

* Hypernuclear binding energy High precision with
reasonably precise Emulsion + M.L.

* Hypernuclear resonance

\\V HISPEC/
DESPEC

* Proton rich hypernuclei
with proton-rich RI-beams
C. Rappold et al., Phys. Rev. C 94, 044616 (2016)

* Extremely neutron-rich hypernuclei

with charge exchange reactions
MISSING MASS method
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Abstract We propose a novel method for producing very-
neutron-rich hypernuclei and corresponding resonance states
by employing charge-exchange reactions via pp('*C, "*N
K*)JmA with single-charge-exchange and ppp(*Be, *C
K7 )anA with double-charge-exchange, both of which pro-
duce AKX in a target nucleus. The feasibility of pro-
ducing very-neutron-rich hypemuclei using the proposed
method was analysed by applying an ultra-relativistic quan-
tum molecular dynamics model to a °Li + '2C reactionat 2 A
GeV. The yields of very-neutron-rich hypernuclei, signal-to-
background ratios, and background contributions were inves-
tigated. The proposed method is a powerful tool for studying
very-neutron-rich hypernuclei and resonance states with a
hyperon for experiments employing the Super-FRS facility
at FAIR and HFRS facility at HIAFE.

the nature of fragmentation reactions of heavy ion beams, the
isospin values of the produced hypemnuclei were widely dis-
tributed. Therefore, neutron-rich and proton-rich hypernuclei
could be studied.

One of the problems revealed by the results of the HypHI
Phase 0 experiment is the possible existence of an unprece-
dented bound state of a A-hyperon with two neutrons,
denoted as Ann (’yn) [3]. Neutral nuclear states with neutrons
and A-hyperons are of particular interest because the natures
of these states shoukd have an impact on our understanding of
the deep cores of neutron stars, However, theoretical calcu-
lations have shown negative results for the existence of Ann
bound states [4-7). Although there is disagreement between
the results of the HypHI Phase 0 experiment and theoreti-
cal cakeulations, whether or not the Ann state can exist has
recently become a hot topic in experimental and theoretical



Novel method to produce exotic hypernuclei

Production of neutral and very-neutron-rich hypernuclei with charge
exchange reactions

n->p

>

>

p->n
p->AK*

European Physical Journal A 57 (2021) 159.



Novel method to produce exotic hypernuclei

Production of neutral and very-neutron-rich hypernuclei with charge
exchange reactions

2n - 2p

9Be

>

>

2p 2 2n
p->AK*

European Physical Journal A 57 (2021) 159.



Novel method to produce exotic hypernuclei
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Novel method to produce exotic hypernucle

Production of neutral and very-neutron-rich hypernuclei with charge

10ie .‘lumn;\r\‘ ()4 1y pernuc l’i,“!(‘M)nilll(’l'H Aand HWOpOsSed charge-exchange reactons for
Table 1 § y of hy lei, i ! charge-exchange reactions f

exchange reactions

Single charge exchange

pp (*C, 12N) np

with K*A production from proton
pp (22C, 12N K+) nA

Double charge exchange

ppp (°Be, °C) nnp

with K*A production from proton
ppp (°Be, °C K+) nnA

European Physical Journal A 57 (2021) 159.
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High energy heavy ion beams:
* 10 A GeV at FAIR
* 4.25 A GeV at HIAF in China

Double-strangeness hypernuclei

Single strangeness hypernuclei

* Lifetime and binding energy precisely
* Hypernuclear scattering



Summary

FAIR Phase 0 with FRS:

The WASA-FRS experiment in February — March in 2022
* Lifetime of 3,H and #,H at the best precision

* Confirmation of existence of nnA bound state or not

FAIR with Super-FRS:

New superconducting magnet and detectors at Super-FRS

e Further measurements for hypernuclear lifetime and binding energy

* Proton-rich hypernuclei with proton-rich projectiles

* Extremely neutron rich hypernuclei with charge-exchange reactions with p -> AK*

Together with very precise binding energy measurements with emulsion + M.L.



