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Abstract. The purpose of this proposed experiment is systematic studies of single- and double- strange nuclei
as well as determination of hyperon-nucleon scattering properties at very low energies. The experiment will utilise
high-intensity neutral kaon beam in a parasitic mode and will be complimentary to a multiple J-PARC experiments
performed with charged kaons. It will be the first such use of a neutral kaon beam and it will provide access to
numerous observables never being measured before.

I. HYPERNUCLEAR PROGRAM

There are a lot of puzzles related to hyperons and their interactions, like neutron stars ”"hyperon puzzles”, charge
symmetry breaking in hypernuclei etc... To resolve them we need precise experimental information about hyperon-
nucleon and hyperon-hyperon interactions at threshold to feed in our state of the art theoretical technique, xyPT.
Majority of events which our theory fellows are interested in have very small momenta and require pum scale mea-
surements of a few mm long track which stops within target material. It is essentially impossible with conventional
spectrometers like GlueX to address such kind of physics. For example a recent CLAS paper on a novel A — N
scattering cross section measurement technique has a threshold of 800MeV/c - beyond xPT range of validity. To
overcome this problem one needs to make target an active detector with high spacial resolution. We propose the use
of nuclear emulsions as a way resolve this issues.

II. EXPERIMENTAL SETUP

A hypernuclear station will be installed in front of a beam dump, see Fig. reflocation. An additional few meters of
a flight path combined with ~ 30% absorption of kaons in a cryogenic target will reduce kaon flux at a hypernuclear
station position by about factor of 2-3 compare to a 104K, /s seen by a LHy/LD>. However a factor of ~ 100 higher
density of an emulsion or even higher for germanium will overcompensate it in a luminosity factors enabling high
statistics measurement to be performed. We expect more than an order of magnitude higher statistics compare to
famous KEK-E373 experiment which discovered ”Nagara” event in 100 days long KLF beamtime, which should lead
to several thousands double-strange hypernuclear events to be detected, or about several double-strange hypernuclei
events per day of measurement and a handful amount of single-strange hypernuclei.

A. Nuclear emulsions

In the proposed project, one of main experimental components for detecting production and decay of hypernuclei
is a nuclear emulsion. It is a photographic film that can record the three-dimensional trajectories of charged particles
with a submicrometer-scale spatial resolution. It is composed of silver halide (AgBr) crystals dispersed in gelatin.
Nuclear emulsions were initially developed for particle and nuclear physics experiments to observe the tracks of
charged particles. They were used to observe pions [4], hypernuclei [5l 6], charm particles [7] and double-strangeness
hypernuclei [§]. The analysis speed of nuclear emulsions has increased remarkably with improvements in image-
processing techniques [9, [10]. These improvements enabled the use of nuclear emulsions in modern experiments
and led to the first direct detection of tau-neutrinos [I1], the discovery of vu — v7 oscillations in an appearance
mode [12], the detection of hypernuclei [10, IT3H16] and several other applications, including muon radiography [17, [18].

Identification of charged particles can be made by visual/automated inspections of their tracks recorded in the
emulsions. Trajectories of high energy charged particles (for example, minimum ionising charged particles) are revealed
as sparse lines. Figure (1| shows tracks of protons (upper panel) and 7~ (lower panel) at different energies, recorded
in the nuclear emulsions used in the J-PARC EO07 experiment. As shown in the figures, for the both particles, they
show sparse tracks at high energies (> 200 MeV for protons and > 100 MeV for 7~ mesons). At lower energies,
the sparseness of the tracks is getting less and they become more bold. Even at lower energies, they show staggered
movement until they are stopped. When 7~ mesons are stopped, they are absorbed by atomic nuclei in the nuclear
emulsions, and particle trajectories produced from nuclear fragmentation reactions are appeared. Figure [2| shows
trajectories of a-particles emitted in the 232Th alpha-decay chain. The energies of these a-particles are ranged from
5.340 to 8.785 MeV. It is clearly shown that tracks are not sparse but thicker than protons and 7~ mesons doe to its
larger Z2 value. For heavier ions, the boldness of their trajectories are more according to larger Z? value.

Nuclear emulsions are especially powerful for searching double-strangeness hypernuclei, such as double-A and =
hypernuclei. Thoough those hypernuclei are produced very rarely (very small production cross section with kaon
irradiations), they can identified very precisely by visual inspections by human eyes, and precise measurements of
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FIG. 1. Trajectories of protons (upper panel) and 7~ (lower panel) at different energies, recorded in the nuclear emulsions used
in the J-PARC EO07 experiment
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FIG. 2. Trajectories of a-particles emitted in the >32Th alpha-decay chain. The energies of these a-particles are ranged from
5.340 to 8.785 MeV.

charged particle trajectories associated with production and decay of double-strangeness hypernuclei can offer a few
hundred keV resolution for determining binding energies even with a single event. A pioneering experiment, the KEK
PS-373 experiment, lead by Nakazawa (the member of this collaboration), discovered, the so-called Nagara event, to
manifest very clearly the existence of double-A hypernucleus, § ,He, and its biding energy [19]. It is an benchmarking
hypernuclei for theoretical calculations of double-strangeness hypernuclei. Later, Nakazawa and his collaborators
performed another experiment, the E07 at J-PARC, and they irradiated approximately 1300 nuclear emulsion sheets



with dimensions of 35x35 cm?. With the novel method, the so-called the hybrid measurement [14} [15], and 33 events
that should be associated with production of double-strangeness hypernuclei were observed. However, only a few could
reach to identifications [I4HI6]. There should be approximately 1000 more double-strangeness hypernuclei events
recorded in those emulsion sheets irradiated in the J-PARC EO07 experiment, that can not be detected by the hybrid
method. To mine those undiscovered hypernuclear events, the High Energy Nuclear Physics Laboratory (HENP-Lab)
of RIKEN in Japan leads an international collaboration to develop machine learning models [I0]. This group is
contributing the nuclear emulsion part of this proposed project. They have already developed a novel technique to
produce training data for machine learning development with Monte Carlo simulations and one of machine learning
techniques, Generative Adversarial Network, GAN [20, 2I]. For detecting hypernuclear events, they have developed
models with one machine learning model, MASK R-CNN [22]. Initially, the project aims to precisely determine the
hypertriton binding energy to resolve the hypertriton puzzle [I0], and they are reaching to the best precision soon.
The developed machine learning technology has been extended to mine double-strangeness hypernuclear events, and
they have already discovered six double-strangeness hypernuclear candidates with analyses of only 0.2 % of the entire
nuclear emulsion data of the E07 experiment [23]. The developed machine learning will be key technologies on the
proposed project, and it will be further developed by the RIKEN HENP-Lab.

With K beams With K® beams
like in the J-PARC EO07 exp. In the proposed project

FIG. 3. The left panel shows a simulated and binarized image of a nuclear emulsion with irradiation with K~ beams. The
right panel is corresponding image with neutral kaon beams foreseen in the proposed project.

In the analyses of the nuclear emulsions obtained in the J-PARC EQ7 experiments, one of difficulties are background
produced by charged-K~ beams going through the emulsion sheets. Recorded beam track density is 10*/mm?. In
the proposed project, nuclear emulsions are irradiated by neutral kaons, therefore, there is no charged beam-induced
background as demonstrated in Figure. The left panel shows an image of a simulated and binarized image of a
nuclear emulsion with irradiation with K~ beams, like in the J-PARC EO07 experiment. Dots shown in the figure are
tracks of K~ beams penetrating perpendicularly to the emulsion sheet. The density of these dots is very large with
beams irradiation, and emulsion images will be just black if beams tracks are accumulated largely. Therefore, in the
J-PARC EO07 experiment, a stack of 11 emulsion sheets, was moved automatically in order to decrease the density
of beam tracks, and the stack was replaced by a stack of fresh nuclear emulsion sheets every six hours. With those
efforts, the beam rack density was decreased, however, as described above, the beam track density is yet 10*/mm?,
and it makes the imaging analyses for mining hypernuclear events difficult even with the machine learning techniques.
In the proposed project, those beams tracks will not appear in the emulsion images since the beam particle are
neutral (Kp,n,7), and it is demonstrated in the right panel of Figure. In the proposed project, there is no need
to implement a sophisticated moving system of nuclear emulsion stacks. Expected background will be induced by
reactions of high energy -rays and neutrons, however, the reaction cross section of those with nuclei in the emulsion
will be reasonably small. The ratio between different reactions is expected to be similar to a main production
experiment (1000:500:4, Ky, : n : ) In order to minimize tracks induced by high energy ~-rays and neutrons, we
are considering to make a simple very slow descent system of a stack of 100 elongated emulsion sheets (20x80 cm?)



by gravity. Irradiated nuclear emulsion will be transported from the KLF to Gifu University in Japan, where there
is an infrastructure doe chemical development of nuclear emulsions. The RIKEN team will also be in charge of the
chemical development, and then they will be transported to the RIKEN HENP-Lab for scanning nuclear emulsion by
dedicated microscope systems. The data will be stored in the data server there, and analyses will be performed by
the machine learning models that have been developed by the RIKEN HENP-lab.

Presently, we consider to mount a stack of 100 emulsion sheets in the last section of the hypernuclear setup (in front
of the beam dump with radiation shielding materials). The emulsion sheets are a production target of hypernuclei as
well as detectors of particles associated with their production and decay. In the following, we discuss the number of
double-hypernuclear events recorded in nuclear emulsions, based on the already performed J-PARC E07 experiment
with K~ beams at 1.8 GeV/c.

The beam intensity of the E07 experiment was 280 k particles per spil (5.52 seconds), thus, roughly 50 k per
second. The experiment took place for 25 days (about 600 hours), and the amount of irradiated K~ beams is a total
of 120 billion particles. With this condition, it was expected to record 1000 double-hypernuclear events in the entire
emulsion sheets. In the proposed project, an estimated intensity of neutral K beams is about 10 k per seconds, and
the amount of K;, beams on emulsion target will be about 5k/s, with the rest either decay in flight or absorbed by
the cryogenic target. About 1/10 of the EQ7 experiment, however the beamtime length at KLF is expected to be
10 times longer, so we expect similar quantity of recorded double-hypernuclei events as in E07. Furthermore, the
data at KLF emulsion station are expected to be almost background-free leading to much higher detection efficiency
of double-strangeness hypernuclear events. Based on our previous experience, we’ll also optimise the composition
of nuclear emulsions, making smaller sliver grain size, hence expecting to have a better resolution in track lengths
reconstruction, leading to a better resolution of binding energies determination.

The team of the RIKEN HENP-Lab continues to analyze the emulsion data of the J-PARC EO07 experiment,
however, these data are the last ones, and there is no further plans to make experiments with nuclear emulsions at
J-PARC. Additionally, as already discussed, the analyses of those data are not easy because of the beam-induced
background. The proposed project will provide unique big data set for hypernuclei with hugely suppressed back-
ground, and it will provide the very unique large amount of information regarding double-hypernuclei.

As discussed earlier, majority of double-hypernuclei are formed in a multi-step process: a Z~ baryon produced
in a Krn — K1TZ~ reaction is decelerated and stopped in emulsion forming first atomic and than nuclear system.
However, double-hypenuclei can be produced in-flight as well. There was not much research done on such kind of
events before due to associated difficulty in reconstruction of such events. In case of KLF such events might provide
additional important information on charge symmetry breaking in strange systems, since one would populate mirror
hypernuclei compare to K~ -beam studies, e.g. K p -2~ + KT vs K n -2~ + KT,

B. Germanium station

High purity germanium are the best detectors to measure nuclear gamma transitions, however their use in high-
intensity experiments are challenging. There are few possibilities how one can implement HPG detectors in a hyper-
nuclei experiments. Usually it is some station with rather low acceptance which measure gamma lines in coincidence
with recoil particles precisely measured at magnetic spectrometer. Unlike in experiments with charged pion or kaon
beams, neutral kaon beams have an advantage - in addition to conventional technique, one can use germanium de-
tector as a target, producing germanium hypernuclei inside detector volume having 100% acceptance coverage. A
segmentation of germanium detector will help to identify all the other hypernuclei decay products and couple of layers
of simple plastic scintillator can help to trigger and tag recoils.

The UoY owns legacy GE6 germanium detector [2] and double sided silicon strip (DSSD) array which we plan to
use for this experiment. Additionally we were awarded 20k GBP to build a supporting structure and a readout for
this experiment.

The idea of experiment is the following a low energy neutral kaon produces K™=~ event on neutron in a germanium
array Kpp — KTZ7. An outgoing positive kaon carries out all momentum and analysed by layers of Germanium and
a plastic scintillator (the latter on is used for the trigger purposes). A slow =7 looses its energy by ionisation very
close to production vertex and form first a 2~ — Ge atom with subsequent formation of =~ Ge nuclei. The photons
from an atomic and nuclear transitions will be measured by the same Germanium detector and by surrounding Ge
detectors as well. A delayed signal from hypernucler decay creates a unique pattern which is very hard to miss.



FIG. 4. The York HPG existing setup

IIT. HYPERNUCLEAR STATION LOCATION

The Hypernuclear station will be located behind the GlueX forward detector, before the beamdump, see Fig. [5] It
is expected that hypernuclei station will be located on a dedicated platform to be able to move it in and out during
beam development studies. The station will be build from a standard profiles and expected to be very light. For
alignments reasons during data collection a hypernuclei station will be connected to a forward detector platform.

To avoid charged particle contaminations we plan to install a permanent sweeping magnet in front of the station.
The main contaminants are expected to be low energy proton events originated from np-elastic scattering in cryogenic
target. These protons can be easily bent away from the hypernuclear station.
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FIG. 5. The hypernucler station location in Hall D.

IV. EXISTING EQUIPMENT AND RELOCATION TIMELINE

It is expected that York HGe detecors will be shiped to Japan for tests in the beginning of 2025 and will be ready
for installation in Fall 2025 fitting the installation schedule. The emulsion station will be ready for the installation in
about the same time. A hypernucler station will be installed in a very different part of the hall-D compare to CPS,
Kaon Production Target or Flux Monitor, so it can be installed in parallel without a need to prioritise and queue the



work. A station will be installed using UoY and RIKEN manpower and would not require any additional help from
the lab.

V. DECOMMISSIONING

Since the both kaon and neutron fluxes are rather low at that position we do not expect building up of any
contaminants. The station can be removed immediately after the end of experiment. Denistallation time is expected
to be about 1 month.

VI. COSTS

All equipment related costs will be covered by involved institution. The University of York has in-kind contribution
of HPG’s, we also were awarded with a 20k GBP grant to build support station and readout system for this experiment.
It also has funding of one core PDRA at 40% FTE level for a full duration of KLF experiment to maintain UoY
equipment.

The High Energy Nuclear Physics Laboratory (HENP-Lab) of RIKEN in Japan will contribute to the construction of
the nuclear emulsion station, namely 100 emulsion sheets per year from 2025-2029, including developments, production,
transportation to/from JLab from/to Japan and chemical development development of irradiated nuclear emulsions.
It will corresponds to 60-70 million JPY (12-14 million JPY per year) which is about 300-350 k GBP if the funding
application in Japan is successful. Three research staffs, one postdocs and one Ph.D. student of the RIKEN HENP-Lab
will contribute to this project. RIKEN will also provide some administrative contributions.

VII. JLAB CONTRIBUTION

We expect Hall to provide mounting points and a platform place in front of the beam dump position. We would
need some regular power supply in the order of ~1-2kW. In case of running with HPG station one would need to have
a regular refill with liquid nitrogen.

VIII. SUMMARY

There is a lot of interest in hypernucler physics and low-energy hyperon-nucleon interactions form many directions -
chiral perturbation theory, nuclear structure studies, astrophysics... The only available way to access this domain is an
experiment with nuclear emulsions and kaon beams. Neutral kaon beams offered unique opportunity to perform the
cleanest possible experiment for a first time and access many observables never measured before. In case of KL-Facility
such experiment can be performed in a parasitic mode enhancing knowledge output of already approved experiment.
The experiment requires little to no contribution from a JLab and can be performed with external manpower and
external funding.
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