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Hypernuclear production with heavy ion beams
Stable Heavy Ion beams: 
• 2 A GeV at GSI and 10 GeV at FAIR
Rare Isotope beams: 
• Example: 3.2 A GeV for proton-rich 9C



Pioneering experiment: HypHI Phase 0  (2009)

• To demonstrate the feasibility of precise hypernuclear spectroscopy 

with 6Li primary beams at 2 A GeV on a carbon target
6Li + 12C, at 2 A GeV
3
LH -> p- + 3He

4
LH -> p- + 4He



Two puzzles initiated by HypHI
Signals indicating nnL bound state
All theoretical calculations are negative

• E. Hiyama et al., Phys. Rev. C89 (2014) 061302(R)

• A. Gal et al., Phys. Lett. B736 (2014) 93

• H. Garcilazo et al., Phys. Rev. C89 (2014) 057001 

Short lifetime of 3LH
• HypHI Phase 0: 183+42

-32 ps

• STAR at RHIC: 155+25
-22 ps

• ALICE at LHC: 181+54
-39 ps

No theories to reproduce 
the short lifetime
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Benchmark
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C. Rappold et al., Nucl. Phys. A 913 (2013) 170 
STAR Collaboration, 
Phys. Rev. C 97 (2018) 054909 

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  

and much more publication



Measurements of
3
⇤H and

4
⇤H Lifetimes and Yields in Au+Au Collisions in the High

Baryon Density Region
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Very recent result from STAR



HOWEVER, 
Binding energy of hypertriton

LETTERS
https://doi.org/10.1038/s41567-020-0799-7

According to the CPT theorem, which states that the com-
bined operation of charge conjugation, parity transformation 
and time reversal must be conserved, particles and their anti-
particles should have the same mass and lifetime but opposite 
charge and magnetic moment. Here, we test CPT symmetry 
in a nucleus containing a strange quark, more specifically in 
the hypertriton. This hypernucleus is the lightest one yet dis-
covered and consists of a proton, a neutron and a Λ hyperon. 
With data recorded by the STAR detector1–3 at the Relativistic 
Heavy Ion Collider, we measure the Λ hyperon binding energy 
BΛ for the hypertriton, and find that it differs from the widely 
used value4 and from predictions5–8, where the hypertriton is 
treated as a weakly bound system. Our results place stringent 
constraints on the hyperon–nucleon interaction9,10 and have 
implications for understanding neutron star interiors, where 
strange matter may be present11. A precise comparison of the 
masses of the hypertriton and the antihypertriton allows us 
to test CPT symmetry in a nucleus with strangeness, and we 
observe no deviation from the expected exact symmetry.

The CPT theorem holds that all processes must exactly conserve 
the combined operation of C (charge conjugation, which inter-
changes a particle with its antiparticle), P (parity, which reverses the 
direction of all spatial axes) and T (time reversal). No CPT viola-
tion has ever been observed12,13. Qualitatively different tests of CPT 
symmetry are a continuing priority for fundamental physics, as are 
revisitations of past tests with improved accuracy. Although CPT 
invariance has been verified to a precision of 10−19 in the strange 
quark sector for kaons12, we present here a test of CPT symmetry 
in a nucleus (multi-baryon cluster) having strangeness content. 
Similar to recent CPT tests14–16 on parameters of the Standard-
Model Extension17,18, the mass difference between hypertriton and 
antihypertriton is directly constructed from the Lorentz invariant 
product of the four momenta of their weak-decay daughters.

Hypernuclei are natural hyperon–baryon correlation systems 
and provide direct access to the hyperon–nucleon (YN) interac-
tion through measurements of the binding energy BΛ in a hyper-
nucleus19. However, in a half-century of research, the creation of 
the hypertriton and precise measurement of its properties have 
proven difficult, in contrast to heavier hypernuclei produced via a 
kaon beam incident on a nuclear target. Early measurements of the 
hypertriton BΛ are consistent with zero and span a wide range char-
acterized by a full-width at half-maximum (FWHM) of 2.1 MeV 
(ref. 20). Modern facilities now permit an improved understanding 
of the YN interaction via improved measurements of hyperon bind-
ing in hypernuclei and through new hypertriton lifetime measure-
ments21,22. Progress in understanding the YN interaction and the 

equation of state (EOS) of hypernuclear matter has implications for 
understanding neutron star properties. Inclusion of hyperons in the 
cores of neutron stars softens the equation of state and thus reduces 
the stellar masses11,23. In model calculations, the maximum mass of 
the neutron star depends on the assumed ΛNN interaction, which is 
directly related to the Λ binding energy in hypernuclei23,24. A precise 
binding energy measurement of this simplest hypernucleus together 
with other light hypernuclei will also help us understand the few-
body system and the strong interaction involving hyperons25.

Nuclear collisions at ultrarelativistic energies, such as those stud-
ied at the Relativistic Heavy Ion Collider (RHIC), create a hot and 
dense phase of matter containing approximately equal numbers 
of quarks and antiquarks. In this phase, called the quark-gluon 
plasma (QGP), quarks are free to move throughout the volume of 
the nuclear collision region. The QGP persists for only a few times 
10−23 s, then cools and transitions into a lower-temperature phase 
composed of mesons, baryons and antibaryons, including the occa-
sional antinucleus or antihypernucleus10,26. Thus, these collisions 
offer an ideal laboratory to explore fundamental physics involving 
nuclei, hypernuclei and their antimatter partners.

In this Letter, we present two measurements from gold–
gold collisions at a centre-of-mass energy per nucleon pair of ffiffiffiffiffiffiffi
sNN

p ¼ 200
I

 GeV: the relative mass difference between 3
ΛH
I

 (the 
hypertriton) and 3!ΛH

I
 (the antihypertriton) and the Λ hyperon bind-

ing energy for 3ΛH
I

 and 3!ΛH
I

. The Λ binding energy of 3ΛH
I

 is defined as 
BΛ ¼ ðmd þmΛ $m3

ΛH
Þc2

I
, where md, mΛ and m3

ΛH

I
 are, respectively, 

the deuteron mass taken from the Committee on Data for Science 
and Technology (CODATA)27, the Λ hyperon mass published by 
the Particle Data Group (PDG)12 and the 3ΛH

I
 mass reported in this 

Letter, and c is the speed of light. The main detectors used in this 
analysis are the Solenoidal Tracker at RHIC (STAR) Time Projection 
Chamber (TPC)1 and the Heavy Flavor Tracker (HFT)2 for high-
precision tracking, and the TPC and Time of Flight detector (TOF)3 
for charged particle identification. The TPC and HFT are immersed 
in a solenoidal magnetic field of 0.5 T parallel to the beam direc-
tion, and are used for charged particle tracking in three dimensions. 
The HFT includes three subsystems: Pixel (PXL), which consists 
of two cylindrical layers at radii 2.8 and 8 cm from the beam, the 
Intermediate Silicon Tracker (IST) at a radius of 14 cm and the 
Silicon Strip Detector (SSD) at a radius of 22 cm. The spatial resolu-
tion of the HFT2 is better than 30 μm for tracks with a momentum 
of 1 GeV/c. The mean energy loss per unit track length (〈dE/dx〉) in 
the TPC gas and the speed (β) determined from TOF measurements 
are used to identify particles. The 〈dE/dx〉 resolution1 is 7.5% and 
the TOF timing resolution3 is 95 ps.

Measurement of the mass difference and 
the binding energy of the hypertriton and 
antihypertriton
The STAR Collaboration*

*A list of authors and their affiliations appears online.
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in the range of 0.4 to 0.8 MeV between emulsion data and other 
modern measurements. Whether the effect would be similar in 
s-shell hypernuclei such as the hypertriton is unclear, but such 
a discrepancy is much larger than the systematic uncertainty of 
0.04 MeV assigned to emulsion measurements31. Until this discrep-
ancy is well understood, an average of the current measurement 
with early results cannot be reliably carried out.

Theoretical calculations of BΛ for 3ΛH
I

 are also available (right,  
Fig. 4). For example, Dalitz reported the calculation of BΛ = 0.10 MeV 
in 197232. In recent calculations, BΛ = 0.262 MeV was obtained 
through SU(6) quark model baryon–baryon interactions33, and 
BΛ was calculated to be 0.23 MeV using an auxiliary field diffusion 
Monte Carlo (AFDMC) method34. A span of values ranging from 
0.046 MeV to 0.135 MeV was obtained by SU(3) chiral effective 
field theory5. The divergence of results among different calcula-
tions emphasizes the need for a precise determination of BΛ from 
experiment. In ref. 35 a model based on effective field theory is 
used to extract a scattering length of 13:80þ3:75

"2:03
I

 fm from the earlier 
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 
7:90þ1:71

"0:93
I

 fm. The larger BΛ and shorter effective scattering length 
suggest a stronger YN interaction between the Λ and the relatively 
low-density nuclear core of the 3ΛH

I
 (ref. 36). 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 stars5.
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Former value by emulsion (data from 60’s)
0.13 ± 0.05 MeV



Recent theoretical calculation

STAR, HypHI, ALICE: from 121 to 270 ps

Other recent theoretical works

For hypertriton: 
Effective field theory
F. Hildenbrand et al., Phys. Rev. C 102, 064002 (2020) 
• R = G3He /(G3He + Gpd)  is sensitive to the binding energy

For nnL: 
Pionless effective field theory
S.-I. 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 



Nuclear physics v.s. Hypernuclear physics
Hypernuclear Physics

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

Phys. Rep. 369 (2002) 1

Nuclear Physics

For each hypernucleus: 
Poor on both
• Mass (binding energy)
• Lifetime 

also 3LH and 4LH

Starting with 
the benchmarking 3LH



3
LH  -> p- + 3He

4
LH  -> p- + 4He

nnL -> p- + d + n

Dp/p ~ a few %

Dp/p=10-4

Larger acceptance for p-

The WASA-FRS experiment at FAIR Phase 0



WASA already at GSI since March 2019

The WASA-FRS experiment at FAIR Phase 0



Large fiber detectors 

(RIKEN)

Large fiber detectors

(RCNP)

Mini fiber detectors

(RIKEN)

TOF Barrel 

(RIKEN)

TOF endcaps

(RIKEN & Lanzhou U.)

Silicon vertex detectors

(CSIC-Madrid)

Superconducting solenoid

+

Mini Drift chamber

The WASA-FRS experiment at FAIR Phase 0



• Commissioning of 
• Mini drift chamber: DONE 
• Superconducting magnet: already at 4K

• Upgrading of
• 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 experiment at FAIR Phase 0



Scheduled in February – March, 2022
• Lifetime of 3LH and 4LH 

• Confirmation of nnL

The WASA-FRS experiment at FAIR Phase 0



Development of the machine learning model for data analyses

Graph Neural Network (GNN)

Graph
node : data point
edge : relation between nodes

node and edge can have features and a label

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

François Drielsma,1, ⇤ Qing Lin,1 Pierre Côte de Soux,2 Laura Dominé,3 Ran Itay,1

Dae Heun Koh,3 Bradley J. Nelson,2 Kazuhiro Terao,1 Ka Vang Tsang,1 and Tracy L. Usher1

(on behalf of the DeepLearnPhysics Collaboration)
1SLAC National Accelerator Laboratory, Menlo Park, CA, 94025, USA

2ICME, Stanford University, Stanford, CA, 94305, USA
3Stanford University, Stanford, CA, 94305, USA

Liquid Argon Time Projection Chambers (LArTPCs) are a class of detectors that produce high
resolution images of charged particles within their sensitive volume. In these images, the clustering
of distinct particles into superstructures is of central importance to the current and future neutrino
physics program. Electromagnetic (EM) activity typically exhibits spatially detached fragments of
varying morphology and orientation that are challenging to e�ciently assemble using traditional
algorithms. Similarly, particles that are spatially removed from each other in the detector may
originate from a common interaction. Graph Neural Networks (GNNs) were developed in recent
years to find correlations between objects embedded in an arbitrary space. The Graphical Particle
Aggregator (GrapPA) first leverages GNNs to predict the adjacency matrix of EM shower fragments
and to identify the origin of showers, i.e. primary fragments. On the PILArNet public LArTPC
simulation dataset, the algorithm achieves a shower clustering accuracy characterized by a mean
adjusted Rand index (ARI) of 97.8% and a primary identification accuracy of 99.8%. It yields a
relative shower energy resolution of (4.1 + 1.4/

p
E(GeV))% and a shower direction resolution of

(2.1/
p

E(GeV))�. The optimized algorithm is then applied to the related task of clustering particle
instances into interactions and yields a mean ARI of 99.2% for an interaction density of O(1)m�3.

I. INTRODUCTION

In recent years, accelerator-based neutrino oscillation
experiments in the United States have been designed
to use Liquid Argon Time Projection Chambers (LArT-
PCs) as their central neutrino detection technology [1].
Charged particles that traverse these detectors ionize the
noble liquid. The electrons so produced are drifted in a
uniform electric field towards a readout plane. The lo-
cation of the electrons collected on the anode, combined
with their arrival time, o↵ers mm-scale resolution images
of charged particle interactions [2]. This level of tracking
precision – coupled to the detailed calorimetric informa-
tion that a totally active detector provides – is believed to
be the key to resolving some of the ambiguities observed
in previous experiments and to extending their energy
reach to probe the MeV-scale physics sector [3, 4].

The Short Baseline Neutrino Program (SBN) [5] aims
to clarify an anomalous signal observed by the Mini-
BooNE experiment [6]. It will eventually make use of
three LArTPCs of varying sizes: the Short Baseline
Near Detector (SBND, 112 t), MicroBooNE (90 t) [7] and
ICARUS (600 t) [8]. The DUNE experiment [9] will use
the LArTPC technology to measure long-baseline neu-
trino oscillations with unprecedented precision. It will
consist of a near detector (105 t) and a far detector
(40 kt). The main signal for these physics endeavors is the
unambiguous appearance of electron neutrinos – which
manifest themselves as electron showers – in a beam of

⇤ drielsma@stanford.edu

muon neutrinos. Their success thus centrally depends
upon the accurate reconstruction of showers and specif-
ically of their initial positions, directions, and energies.
Both experiments also face the substantial challenge of
assembling particles into complete neutrino interaction
events, which are often accompanied by unrelated activ-
ity. Detectors located close to the surface, such as those
of the SBN program, su↵er from a high rate of cosmic
rays, while the future DUNE near detector will observe
a high rate of pileup events, with up to twenty neutrino
interactions per beam pulse.

Electromagnetic (EM) showers exhibit an incoherent
branching tree structure in LArTPCs. As an electron
propagates through the dense detector medium, it loses
energy through ionization and stochastically emits pho-
tons until it comes to a stop. The emitted photons prop-
agate through the noble liquid with a mean free path of
15–30 cm, for energies in the range 10–1000MeV, before
they either produce an electron-positron pair or emit a
Compton electron [10]. A single electron or photon cre-
ates a cascade of spatially distinct EM particles – referred
to as fragments in this study – that may be far removed
from one another in the image. Assembling these frag-
ments into coherent shower objects has been a persistent
challenge in LArTPCs that has not yet been fully re-
solved using traditional programming techniques.

Graph Neural Networks (GNNs) became popular in re-
cent years as a way to leverage the concept of receptive
field developed in the context of Convolutional Neural
Networks and generalize it to arbitrary objects [11]. The
receptive field is no longer exclusively determined by a
square neighborhood of pixels in an image but rather de-
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FIG. 31. Shower clustering predictions for the four events with the highest number of shower fragments in the test dataset (one
event per row). Left: ground-truth shower labels (color) and edges representing the true fragment parentage. Middle: primary
node scores represented as a node color ranging from 0 (blue) to 1 (red) and edges with an adjacency score > 0.5 (the closer
to 1, the darker the edge). Right: inferred shower labels (color) and selected edges.
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The WASA-FRS experiment at FAIR Phase 0



Development of the machine learning model for data analyses

Graph Neural Network (GNN)

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

The WASA-FRS experiment at FAIR Phase 0



Expected results by updtated MC simulations
Mass resolution: 

• 3.2 MeV/c2 (1 T field)

• 1.5 times better than HypHI

Statistics

• About 5800 in the peak for 4 days

• 38 times more than HypHI

• 120 s significance

Expected Lifetime accuracy

• 8 ps

• 5 times better than HypHI

The existence or not of nnL will be 
confirmed with large confidence 
level  

3
LH signal

Background

4 days measurement

Former HypHI (2012)

target position: z=25 cm
vertex z cut: 35 – 50 cm
#layer(MDC): > 6
cldst cut: < 0.3 cm

Scheduled in February – March, 2022

The WASA-FRS experiment at FAIR Phase 0



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

WASA-FRS in Nature Reviews Physics



GSI press release on October 21st

www.gsi.de



In newspapers
Austrian national newspaper, Der Standard

https://www.derstandard.at/story/2000130648525/teilchenphysiker-uf-der-jagd-
nachhyperkernen-nach

pro-physic in Germany

https://www.pro-physik.de/nachrichten/hyperkerne-im-visier



How about 
the hypertriton 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



Experimental apparatus 
2016-2017
J-PARC, Ibaraki, Japan

K- Beam 
(180cm above the floor)

Emulsion module

Target
Beam

Ξ-
K-

K+

tracking detector
Emulsion module

J-PARC E07 experiment



Non-triggered events recorded in 1000 emulsions sheets
• 1000 double-strangeness hypernuclear events

• Millions of single-strangeness hypernuclear events

Overall scanning of all emulsion sheets
(35 X 35 cm2 X 1000)

Results from J-PARC E07 (Hybrid method)

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



100µm

…

Sliced image

Overall scanning for E07 emulsions



100µm

…

Sliced image

Overall scanning for E07 emulsions



100µm

…

Sliced image

Overall scanning for E07 emulsions



100µm

…

Sliced image

Overall scanning for E07 emulsions



100µm

…

Sliced image

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



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



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
Produced training data



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



Detection of hypertriton events

Annotation (creating masks) by 
humans

Mask R-CNN

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

Hypertriton decay 

at rest

50 μm

3He
3
ΛH

π-

Simulations

3
ΛH -> 3He + π-

Λ

Training and mask data

50 μm Masks are created automatically

Applying to real emulsion data

Our 

model

Detected !!



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

Discovery of the first hypertriton event in E07 emulsions 

Guaranteeing the determination of 
the hypertriton binding energy 
VERY PRECISELY (±27 keV) SOON



Press release at RIKEN on September 14th

https://www.riken.jp/press/2021/20210914_3/

with Gifu University, Rikkyo University and Tohoku University 



Also in Japanese newspapers

Gifu Shinbun, September 15th 2021 Akahata Shinbun, September 18th 2021



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)



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

Beyond WASA-FRS



Hypernuclear experiments with Super-FRS
One of Day-1 experiments of NUSTAR

Single-strangeness hypernuclei
Up to A∼20

Also with multibody-decay channels

• Hypernuclear lifetime

very precisely 

• Hypernuclear binding energy

reasonably precise

• Hypernuclear resonance

• 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

High precision with
Emulsion + M.L.





Novel method to produce exotic hypernuclei
Production of neutral and very-neutron-rich hypernuclei with charge 

exchange reactions

12C

11B

p → n

n → p

p → L K+

12N

11
LLi

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

9Be

12C

2p → 2n

2n → 2p

p → L K+

9C

12
LLi

European Physical Journal A 57 (2021) 159. 



Novel method to produce exotic hypernuclei

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

Single charge exchange

pp (12C, 12N) np

with K+L production from proton

pp (12C, 12N K+) nL

Double charge exchange

ppp (9Be, 9C) nnp

with K+L production from proton

ppp (9Be, 9C K+) nnL

European Physical Journal A 57 (2021) 159. 

Both bound and resonance states

Possibility on g-ray spectroscopy

30 – 50 pb



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

Beyond WASA-FRS

Setup like HypHI + WASA

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 3LH and 4LH at the best precision
• Confirmation of existence of nnL bound state or not

FAIR with Super-FRS: 
New superconducting magnet and detectors at Super-FRS
• 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 -> LK+

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


