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1. Abstract

Unlike many-body systems, few-body systems can be described with microscopic theories that can be solved without approxima-
tions. To this end the laboratory uses numerical techniques to exactly solve the equations describing few-body quantum systems. In
particular, an accurate calculation method called the ‘Gaussian Expansion Method using infinitesimally shifted Gaussian lobe basis
function’ has been developed. This method makes calculations tractable up to five bodies even with complicated interactions. It has
been applied to various three-, four- and five-body calculations in hypernuclei, light nuclear systems, as well as cold-atom systems.
These calculations have provided new insights into these various fields of physics.

2. Major Research Subjects
(1) Structure of hypernuclei
(2) Neutron-rich nuclei
(3) Few-body universality in nuclear and atomic systems
(4) Structure of exotic hadron system
(5) Equation of state for neutron stars

3. Summary of Research Activity
(1) Hypernuclei

We have investigated the role of hyperons in the structure of atomic nuclei. Using the antisymmetrized quasi-cluster model
(AQCM), we investigated the role of up to two A hyperons in isotopes of Be and C. The presence of the A hyperons attract the «
clusters to distances where the spin-orbit interaction can break the cluster structure. We found that while the reduction of the cluster
structure is significant in C, it remains limited for Be. We have also proposed a new way to study the spin-isospin dependence of the
EN interaction by adding « particles in order to make a EN pair bound without altering its spin-isospin structure. The energy levels
were calculated by the Gaussian Expansion Method (GEM) using ab-initio ZN potentials obtained from lattice QCD calculations. It
was found that the pair becomes bound in the presence of two « particles, leading to spin-doublet bound states in both the isospin
triplet and singlet channels. The calculation predicts that the spin-doublet energies are inverted when the isospin configuration is
changed, revealing the isospin dependence of the ZN interaction. We proposed to check these predictions in experiments involving K
mesons on '°B targets to produce ENaa bound states.

(2) Neutron-rich nuclei

We have investigated the possible exis tence of a "H resonant state, by modelling this system as an effective *H-n-n 5-body system
solved with the GEM. We found no narrow resonance but a broad structure at Ez ~ 9 MeV above this threshold corresponding to the "H
ground state. In a separate work, we have devised a reaction model to describe the fast removal of the a-particle in ¥He nucleus leading
to the emission of 4 neutrons. Our model explains the energy peak observed in experiment as consequence of dineutron-dineutron
correlation rather than the existence of a hypothetical tetraneutron.

(3) Few-body universality

We have investigated the universal geometry of three-body halos made of loosely bound core and two particles, such as two-
neutron halo nuclei. This geometry could be calculated analytically. It was found that in absence of resonance between the two
particles, the size of the halo increases logarithmically with the inverse of the binding energy, but close to the resonance between the
two particles, it becomes proportional to the inverse of the binding energy. These analytical universal properties were also shown
to apply to Efimov states that are observable in cold-atom experiments. In a different work, we looked at the specific case of the
two-neutron halo of '°B, computing its properties numerically using the GEM and the Faddeev method. These calculations confirmed
that its geometrical properties are model-independent.

(4) Exotic hadron systems

We have used chiral effective theories of diquarks and quark-diquark to investigate doubly heavy tetraquarks Qg; and singly
heavy baryons Q,,. We also used extended quark models to investigate the fully charmed tetraquark resonant states cccc as well as
p-wave By states. From these calculations, we could reproduce some experimental data and make predictions for unobserved states.
In addition, we investigated the hadron mass spectrum of two-color QCD at finite density using the linear sigma model, as well as
lattice calculations. Other research activities include the study of SU(N) Yang-Mills theory and the Dirac Kondo effect under magnetic
catalysis.

(5) Equation of state for neutron stars

To obtain the equation of state of neutron stars at the hadron-quark crossover we interpolated the relativistic mean-field (RMF)
model and Nambu-Jona-Lasinio (NJL) model with an interpolation method that reduces randomness. In a different work, we also
resolved the technical problem of spurious states appearing the numerical solutions of the Dirac equation solved with the finite-
difference method.
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[International Conferences/Workshops]
E. Hiyama (invited), “Structure of light = hypernuclei and EN interaction,” 66th OMEG-SSANP Workshop, Seoul, Korea, February 22,
2023.

E. Hiyama (invited), “Structure of heavy hydrogen nucleus, "H with ¢ + 4n cluster model,” Fudan Frontiers of Nuclear Physics Open
Forum, Online, January 11, 2023.

E. Hiyama (invited), “Structure of = hypernuclei and ZN interaction,” EMMI Workshop “Meson and Hyperon Interactions with Nuclei”
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E. Hiyama (invited), “The resonance of "H with ¢ + 4n model,” Nuclear Physics at the Edge of Stability, Trento Italy, July 4-8, 2022.

E. Hiyama (invited), “Structure of light E hypernuclei,” 14th International Conference on Hypernuclear and Strange Particle Physics
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P. Naidon (invited), “Universal geometry of Borromean halo states,” The 3rd Japan-France Workshop “Few-body problems in Physics—
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L. Happ (invited), “Universality in one-dimensional quantum three-body systems,” Mini-workshop on ultracold-atom theory, Wako-shi,
Japan, November 22, 2022.

[Seminars]

T. Doi, “Hybrid quantum annealing via molecular dynamics,” Seminar at RIKEN R-CCS, Online, Wako, Japan, June 14, 2022.
T. Doi, “Nuclear physics from lattice QCD,” Seminar at KMI Colloquium, Online, Nagoya University, Nagoya, Japan, June 8, 2022.

P. Naidon (invited), “Universal few-body clusters of heavy and light particles,” seminar at Institut Pluridisciplinaire Hubert Curien,
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T. Fukui, “Theoretical study of three-nucleon force,” GPPU Seminar, Graduate Program on Physics for the Universe, Tohoku University,
Sendai, Japan, July 15, 2022.
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H 11 H.
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T. Fukui, Presentation Award of FY2022 SPDR Presentation of Research Results, RIKEN, January 18, 2023.

Others

P. Naidon: Chairman at the International Symposium on Clustering as a Window on the Hierarchical Structure of Quantum Systems
(CLUSHIQ2022), Sendai International Center, Sendai, October 31-November 3, 2022.

T. Fukui: RIKEN Wako Open Campus 2022, RIKEN, Saitama, Japan, April 23, 2022.
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