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The possible existence of deeply bound K-nucleus bound states (kaonic nuclei) has been widely
discussed as a consequence of the strongly attractive KN interaction in I = 0 channels. For the
simplest kaonic nucleus, KNN, we observed a significant peak structure that can be interpreted
as the “K~ pp” bound state using the *He(K~, N) reactions at J-PARC. To further understand the
kaonic nuclei, we have proposed and prepared an experiment to precisely measure the KNNN
system using the “He(K ~, N) reactions as a first step towards a comprehensive study of the light
kaonic nuclei from “KN” (=A(1405)) to “KNNNN”. Through the experiments and detailed
theoretical calculations, we will unravel the nature of the kaonic nuclei from the changes in their

properties with increasing mass number A.
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1. Introduction

The study of the KN interaction is one of the most important subjects for understanding the
meson-baryon interactions in low-energy quantum chromodynamics (QCD). Extensive measure-
ments of the anti-kaonic hydrogen atom [1-3] and low-energy KN scattering [4] have revealed the
strongly attractive nature of the KN interaction in the isospin I = 0 channel. Consequently, the
possible existence of deeply bound kaonic nuclear states (kaonic nuclei) has been widely discussed
in references [5—7] and others. Theoretical calculations indicate that the kaonic nuclei can form
compact systems, suggesting that high-density nuclear matter is realized in the kaonic nuclei where
chiral symmetry is expected to be restored.

Among the kaonic nuclei, the KNN system with 7 = 1/2 and J¥ = 0~ (symbolically denoted
as K~ pp for the I, = +1/2 state) is of particular interest because it is the lightest S = —1 K nucleus
and its existence is supported by many theoretical works. Despite considerable experimental efforts
over the last 20 years, it has been challenging to prove the existence of K~ pp. Several groups have
reported observations of a K~ pp candidate with a binding energy around 100 MeV in experiments
measuring non-mesonic decay branches of Ap and/or Xp in different reactions [8—10]. However,
there are also contradicting reports concluding that the reactions can be understood without a bound
state [11-14].

2. J-PARC E15 Experiment

In such a controversial situation, we finally confirmed the existence of the K~ pp bound state
using the simplest reaction of in-flight *He(K~, N) at the J-PARC E15 experiment [15-18]. A
distinct peak structure well below the mass threshold of K~ + p + p was observed in the Ap
invariant-mass spectrum obtained from the *He(K~, Ap)n measurement as shown in Fig. 1. The
simplest and most natural interpretation of this peak is K~ pp. The result obtained in the E15
experiment is experimentally robust compared to the other experiments; we measured a wide range
of momentum transfer with high statistics, which allows us to clearly specify the K~ He — Apn
reaction using the 2-dimensional analysis on the Ap invariant mass versus the momentum transfer to
the Ap system. We also performed the *He(K ~, 7Y N) N measurements and successfully reproduced
the 7Y N invariant mass and momentum transfer distributions for 7Y N [19], whose results indicate
that mesonic decay is the dominant decay branch of KNN as predicted. The E15 experiment thus
opened a new era of experimental research on the kaonic nuclei with the in-flight (K~, N) reactions
realized with the world’s highest intensity kaon beam available at J-PARC.

3. J-PARC E80 Experiment

To obtain further experimental understandings of the kaonic nuclei, we have planned a series
of experimental programs using the (K~, N/d) reactions on light nuclear targets. A detailed and
systematic study of a range of nuclei from KN (A(1405)) to KNNNN will be carried out:
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Figure 1: (left) Efficiency and acceptance corrected data over M (Ap invariant mass) and ¢ (momentum
transfer) obtained from the J-PARC E15 experiment [17, 18]. (right) Ap invariant mass in the region
0.3 < g <0.6 MeV/c.

» [KN(A(1405)] Precise measurement of the A(1405) state in the large momentum transfer
region via the d(K ™, n) reaction to clarify experimentally whether it is a baryonic or a KN
molecular state,

 [KNN] Investigation of the spin and parity of the KNN state via the *He(K~, N) reactions,

« [KNNN] Precise measurement of the KNN N states via the *“He(K ™, N) reactions as a bridge
to heavier systems, and,

« [KNNNN] Advanced search for the KNNNN states via the °Li(K ~, d) reaction.
In the series of experimental programs, we aim to determine the mass-number dependence

of the binding energy, the decay width, and the decay branching ratio. Furthermore, we aim to
elucidate the internal structure of the kaonic nuclei, including their spatial size, by systematically
and multi-dimensionally comparing structure and reaction calculations based on detailed theoretical
models with results obtained from the experiments [20]. The mass-number dependence has been
calculated with several theoretical models, as summarized in Fig. 2. The calculated values of the
binding energy and the decay width vary widely due to the differences in the KN interaction models,
but almost all calculations show that the larger nuclei have stronger binding energies.

The J-PARC E80 experiment measures the KNNN system [25], as a first step towards a
comprehensive study of the kaonic nuclei. This experiment provides for the first time the mass-
number dependence of the kaonic nuclei by combining the obtained properties of the KNNN state
with those of the previously reported K~ p (A(1405)) and K~ pp states. The dependence can reveal
the KN interaction below the mass threshold and the internal structure of the kaonic nuclei with the
help of detailed theoretical calculations.

In the E80 experiment, we perform exclusive measurements of the production and decay of the
K~ ppn state using the in-flight reaction

K +*He — K ppn+n

followed by the expected non-mesonic decays
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Figure 2: Summary of theoretical calculations of the kaonic nuclei from A = 2 to 4 in different models
AY [6,7], WG [21], BGL [22], OHHMH [23], and Kanada [24]. The result obtained from the E15 experiment
is also plotted [18].

K ppn — A+d,
K ppn — A+p+n.

To maximize the (K, N) reaction rate around zero degrees, we utilize 1.0 GeV/c incident kaons.
We determine the binding energy and decay width from the invariant mass reconstruction of the

decays. The invariant mass must be obtained in the wide momentum transfer region in order to
distinguish the bound state production from the quasi-free processes by the event kinematics, as
demonstrated in the E15 analysis.

The experiment is performed in the K1.8BR area of the Hadron Experimental Facility at J-
PARC. The incoming K~ beam momentum is analyzed by the beam line spectrometer. The beam
kaon then collides with a liquid “He target located at the final focus point, and the particles produced
from the reactions are measured with a Cylindrical Detector System (CDS) surrounding the target
system. A forward or backward particle from the CDS acceptances is identified using the missing
mass technique, allowing all particles from the reactions to be identified.

To achieve these systematic measurements, we are now constructing the new CDS to drastically
increase the acceptance compared to the current detector system [26]. A design of the CDS is
shown in Fig. 3. It consists mainly of a large superconducting solenoid magnet, a Cylindrical
wire Drift Chamber (CDC), and a Cylindrical Neutron Counter (CNC). The magnet provides a
uniform magnetic field of up to 1.0 T over the tracking volume by covering a large acceptance
for outgoing particles from the target region. The design of the magnet is almost identical to the
“detector solenoid magnet” for the COMET-I experiment [27], taking into account the experimental
requirements and the feasibility of the construction. The magnet is now being manufactured at
TOSHIBA with the help of the J-PARC Cryogenics Section, and will be completed in early 2025.
The CDC is a cylindrical wire drift chamber containing 15 layers of anode wires. The design of
the new CDC follows that of the existing CDC used for the current CDS at K1.8BR [28], except
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Figure 4: New layout of the K1.8BR experimen-
tal area for the E80 experiment with the future test
beam line.

Figure 3: Design of the CDS.

that the wire length is about three times longer. The CDC has been completed, and is undergoing
commissioning at J-PARC. The CNC is an array of segmented plastic scintillation counters used for
neutron detection. Charged particle identification and decay particle triggering are also performed
on the first layer of the CNC. The CNC will be constructed in 2025, after completion of the R&D
study currently underway.

We have also proposed a new configuration of the K1.8BR beam line, as shown in Fig. 4, to
achieve efficient utilization of the K~ beam at E80. With this new setup, the number of kaons
available at 1 GeV/c is expected to increase by a factor of ~ 1.4 compared to the current beam line
configuration with the current detector system, without deteriorating the momentum resolution of
the kaon beam.

4. Summary

The possible existence of the kaonic nuclei has been extensively discussed for several decades,
and finally the simplest kaonic nucleus, K NN, was observed using the in-flight *He(K ~, n) reactions
at 1 GeV/c (J-PARC E15). For further understanding the properties of kaonic nuclei, we have
proposed a new experiment, J-PARC E80, which will perform the precise measurement of kaonic
nuclei focusing on the KNNN system as a first step towards a comprehensive study of the light
kaonic nuclei from “KN” (=A(1405)) to “KNNNN”. To achieve these systematic measurements,
we are constructing a new 4 Cylindrical Detector System (CDS) that significantly improves detector
acceptance. We plan to start the experiment in early 2027.
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