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In this review, we try to summarize the results of experimental search and theoretical studies within variational
methods, the method of Faddeev and Faddeev-Yakubovsky equations, and the method of hyperspherical
harmonics for the lightest neutron and kaonic clusters. In particular, we discuss few-body neutron clusters:
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1 Introduction

The cataclysmic events that occur near the end of
the life of a star lead to one of only three possible
final states: a white dwarf, a neutron star, or a black
hole. The mass of the star, particularly that of the
core, appears to be the primary factor in determining
the final state. A more massive star would need to be
hotter to balance its stronger gravitational attraction.
While a star is burning, the heat in the star pushes out
and balances the force of gravity. When the star’s
fuel is spent, and it stops burning, there is no heat left
to counteract the force of gravity. How much mass
the star had when it died determines what it becomes.
Detailed calculations have shown that for star with
mass less than about 1.4 times the mass of our sun
electron degeneracy pressure permanently halts
collapse. White dwarfs are stable cold stars that are
supported by electron degeneracy pressure.
Calculations show that stars that have between 1.4
and 3 times the mass of the sun implode into neutron
stars that are the end product of stellar evolution, and
their outer core is composed of neutrons at truly
enormous densities. The central region of the neutron
star is supported by the degeneracy pressure of
neutrons. A star with mass greater than 3 times than
of the sun gets crushed into a single point - a black
hole.

At high density, when the sum of masses of a
proton and electron and Fermi energy exceeds the
neutron mass, it is energetically favorable to combine
a proton and an electron into a neutron: p + e < n +
v.. Both neutron and neutrino rich matter are

produced at the core. Therefore, at higher densities,
matter becomes more and more neutron-rich. A
progressive neutronization of matter at higher and
higher densities makes a lower energy state. An
attractive pairing interaction between neutrons, can
couple them to form a state with integer spin and,
therefore, paired neutrons act like bosons. These
"bosons" can form a condensate-like state in which
all of the bosons occupy the same quantum state and
form a superfluid. Just as the pairing of protons that
are charged fermions forms a superconductor. In that
same general sense, we also can have
superconductivity and superfluidity in neutron stars.
Thus, we can have superconductivity and
superfluidity in the outer core of neutron stars.
Superconductivity and superfluidity, if observed in
neutron stars, could tell us a lot about the pairing and
hence inform us about aspects of nuclear physics that
are mighty difficult to get from laboratories.
Information on multineutron forces obtained in
studies of multineutron systems is a critical input into
theories of neutron stars [1, 2]. Therefore, the study
of dineutrons, trineutrons, tetraneutrons as well as
multineutrons and neutron drops is important for
understanding the structure and processes in neutron
stars. From another side, early suggestions for kaon
condensate in dense matter [3 — 6] motivated the
search for bound states of kaons in nuclei, since the
kaon—nucleus interaction could answer the question
of whether kaon condensation takes place in the inner
core of neutron stars. This is one of the reasons why
the study of few-body kaonic systems have attracted
much attention in the last decade. Today, our
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understanding of the details of the process of neutron
star formation is not very well defined. This is
presently an active area of research.

Below, I am reviewing and presenting the status
of studies of three- and four-body neutron and kaonic
systems.

2 Few-body neutron clusters

A simple fact has now been established: all
nuclei that are heavier than the hydrogen nucleus are
made up of both protons and neutrons. The question
then arises as to whether a nuclei made up of only
neutrons or protons can exist. On the basis of current
knowledge the theoretical answer is probably ...
Well, let’s discuss this!

During the last 60 years, experimental search and
theoretical investigation has continued to focus on
atomic nuclei consisting only of neutrons. A recently
reported observation of the tetraneutrons [25] and
some theoretical results, however, revives old
questions: do  dineutrons, trineutrons  and
multineutrons nuclei exist? Can a nucleus be made
up of neutrons only? Does neutron matter exist? The
existence of a bound dineutron, multineutrons nuclei,
neutron drops and neutron matter is of great
importance, as it would challenge our understanding
of nuclear few-body systems and the evolution of the
universe. The answers to these questions would most
certainly require a revision of modern realistic
models of the nucleon-nucleon force and
three-nucleon interaction and more over introduce a
four-nucleon interaction.

A free neutron decays into a proton, an electron,
and an antineutrino, which is associated with an
electron. The time of this decay is about 1000
seconds. In other words, a free neutron may exist for
only about 16 minutes. What about the existence of
the system of two bound neutrons known as a
dineutron? Searching resonances and bound states in
a system of two neutrons is a well defined problem
and numerically well under control. The two neutron
resonances are associated with the poles of the S
-matrix, which are embedded in the fourth-quadrant
of the complex k plane. They are solutions of the
time-dependent Schrddinger equation without the
incoming wave and the outgoing wave increasing
exponentially at infinity. In Ref. [7] it was mentioned
that nonrealistic Volkov potentials [8] do have bound
dineutrons. However, these potentials are not
realistic; they produce bound ’n, with the same
binding energies as their deuterons; they have no
tensor or LS terms; and they cannot reproduce
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modern phase shift analyses in any partial wave [7].
Theoretical calculations show no existence of the
resonance or bound states in the system of two
neutrons for all the existing realistic and
phenomenological models of the nucleon-nucleon
interaction. Experimental searches of the dineutron
have been also performed using different nuclear
reactions but no evidence for the existence of the *n
has been found. Thus, today we are confident that
dineutrons do not exist but could very nearly exist: a
slight increase in the attraction between the two
particles would result in a bound structure, the
dineutron being formed. However, in neutron-rich
matter like a neutron star where the density 3-times
as much as the normal nuclear density would
nucleon-nucleon interaction modified so that brings
two neutrons to be bound. This question needs to be
addressed. Research into the possibility that nuclei
have more than two neutrons shows that, very often,
adding a further neutron increases the stability of the
structure. The question then arises as to whether a
neutron system made up of more than two neutrons
could exist.

A three-neutron resonance has not yet been
firmly established. The weight of early experimental
evidence reviewed in Ref. [9] is strongly against the
existence of a bound state of the three-neutron
system, and only controversial evidence of a
three-neutron resonance was cited. The situation up
to 1987 has been reviewed in the compilation [10].
Reference [11] reported the possible existence of the
trineutron through the reaction *H(n, p)’n. Later, the
same reaction was studied in Ref. [12] and no
evidence for the existence of the trineutron was
found. Searches for a bound state of the three neutron
were conducted in reactions: *H(z, y)’n, *H(z, 7)’n
and ion collision reactions such as 'Li("'B, “0)’ n
and “H("*C, °N)’ n. As of yet, none of these reactions
have provided evidence for a bound trineutron. The
most intensive search for the prediction of a bound
trineutron has been performed using a pionic double
charge exchange reaction °*He(z, z')’n. An
investigation [13] of the process “He(x, x')’n
found no evidence of the existence of the n or
resonance state of three neutrons. Earlier study [14]
pointed to resonance in the three neutrons. However,
the resonance behavior can be explained by the final
state interaction of three neutrons in continuum
spectrum as was demonstrated in Refs. [15, 16]. The
double charge exchange process on *He was also
investigated in Ref. [17], which while criticizing
previous work [14] pointed again to a three-neutron
resonance around 12 MeV excitation. For a
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trineutron the bound state has been studied
extensively in the last four decades resulting in a
numerically precise solution of the Faddeev
equations in momentum and coordinate space, and
using the hyperspherical functions method.
Independent of the theoretical framework, such as
the Faddeev formalism [18, 19], the method of the
hyperspherical functions or variational calculations,
most theoretical works do not predict a bound *n state
in the three-neutron system. However, it has been
stressed in Ref. [20] that subtle changes in the
nucleon-nucleon potential, which would not affect
results from phase shift analyses, may lead to bound
neutronic nuclei. To summarize, although the double
charge exchange reaction of negative pions on *He
nucleus has been examined at various incident
energies of pion, from the analysis of the invariant
mass spectra for three neutrons, no evidence for the
bound trineutron has been found. However, a
calculation [21] predicts a resonance state with the
width of 13 MeV in the three-neutron system.
Although such a resonance would easily fit early
interpretation of data on pionic double charge
exchange on “He [14] (this observation was
supported by measurements reported in Ref. [17] in
1986), more recent investigations [13, 22, 23] of this
process do not give any experimental evidence for it.

Several more recent experiments have
strengthened the evidence against the bound
trineutron and have failed to discover a resonance
structure that cannot be otherwise explained. The
study [24] shows that realistic nucleon-nucleon
interaction models exclude any  possible
experimental signature of three-neutron resonances.
Thus, today there is no unambiguous answer for the
existence of the three-neutron nucleus. Apart from
these aspects the question of whether multineutron
systems exist is of principal interest by itself.

This year, a candidate resonant tetraneutron state
with the energy of 0.83 £ 0.65(stat) £ 1.25(syst)
MeV above the threshold of four-neutron decay has
been found in the missing-mass spectrum obtained in
the double-charge-exchange reaction “He(*He, *Be)
at 186 MeV/u [25]. The experiment was performed at
the RI Beam Factory at RIKEN. Previously, in
experiments, the system of four bound neutrons ‘n
was searched through using heavy-ion transfer
reactions such as "Li(''B, "*0)* n [26], "Li('Li, '°C)*n
[27], and the pion double charge exchange reaction
*He(z, n")'n. Early measurements of the *‘He(r,
7")*n reaction carried out in search of evidence for “n
are summarized in the compilation [28]. No bound *n
was detected in these early works. Later the

momentum spectrum from the pion double charge
exchange reaction was measured in Ref. [29] in a
search for *n. Note, however, that the theoretical
study of Ref. [30] reported that the final-state
interaction in the four-neutron system in continuum
spectrum is so strong that the tetraneutron could not
be observed in the kinematic region explored in Ref.
[29]. Pion spectra and total cross sections for pion
double charge exchange were also measured in Refs.
[31 — 33] for different incident pion energies. No
evidence for “n was obtained. Several attempts have
been made to find a bound tetraneutron system by
using a uranium fission reaction [34, 35, 36] and the
experimental observation of ‘n was claimed in the
interaction of 100 MeV o—particle with uranium
nucleus in Ref. [36].

Several theoretical studies of pion double charge
exchange on “He have been reported. In Ref. [37] cross
sections were calculated in a model in which two single
charge exchange scatterings occur. The reaction was
studied in the framework of a four-body hyperspherical
basis method in Ref. [38] but existing experimental
data were interpreted without bound or resonance state
of four neutrons. No bound tetraneutron was found in
Ref. [39] within the angular potential functions method,
in Ref. [40] using the stochastic variational method and
in Refs. [41] and [42] within the hyperspherical
functions method. In contrast, calculations within the
hyperspherical functions method led the authors in Ref.
[43] to the conclusion that the tetraneutron may exist as
a resonance only for the NN potential that binds the
dineutron.

In the new millennium, an experimental search
and theoretical study of tetraneutron transitioned to a
new phase. In 2002 an international team led by
physicists from the Particle Physics Laboratory of
Caen, have presented in Ref. [44] experimental
results suggesting the existence of a bound
tetraneutron. These results have been obtained by
using the exotic beams of the French national large
heavy-ion accelerator in Caen and by studying the
breakup reaction of '“Be into '’Be and bound
tetraneutron. The heavy-ion transfer reactions, and
the pion double charge exchange reaction require
considerable reconfiguration of the target nuclei and
should be strongly suppressed. In contrast, the
nucleus "“Be consists of a strongly bound core '“Be
and four weakly bound neutrons that could form a
tetraneutron-like configuration, which might be
shaken off in the '*Be breakup. In experiment [44]
events were observed that exhibit the tetraneutron
cluster liberated in the breakup of '‘Be. The lifetime
suggested by this measurement would indicate that
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the tetraneutron is a stable particle. In 2016, the
resonant tetraneutron state was found in the reaction
*He(*He, *Be) [25]. If confirmed, these discoveries,
which would call into question current theoretical
models, will have major repercussions in the field of
nuclear physics.

The existence of the bound tetraneutron system
was also discussed in theoretical studies [45 —49]. In
Ref. [46] it was proposed that, if tetraneutron existed,
it could be formed by a bound state of two dineutron
molecules. The possibility for a tetraneutron to exist
as a low-energy resonance state was studied in Ref.
[49]. In [45] the hyperspherical functions method and
realistic nucleon-nucleon interactions have been used
to argue against the existence of a tetraneutron. It was
pointed out that due to the small probability for a pair
of neutrons to be in the singlet even state, the
two-body nuclear force cannot by itself bind four
neutrons, even if it could bind a dineutron. An
unrealistic modification of the nucleon-nucleon force
or introduction of unrealistic four-nucleon forces
would be needed to bind a tetraneutron. As for
experimental searches of the other light bound
multineutron systems, the calculations presented in
Ref. [45] suggest that they might be unsuccessful. It
is also important to mention that Ref. [7] shows that
it does not seem possible to change any modern two-
and three-nucleon interaction to bind a tetraneutron
without destroying many other successful predictions
of these interactions. This means that, should recent
experimental claims [44, 25] of a bound tetraneutron
be confirmed, our understanding of nuclear forces
will have to be significantly changed.

Theoretical investigations of multineutrons have
been carried out for a system of six, eight and ten
bound neutrons using the hyperspherical functions
method with different nucleon-nucleon interactions
[45]. Results of calculations show no bound states for
these neutron systems. Theorists are also studying
neutron drops [50, 51]. Neutron drops are collections
of neutrons held together by both an external nuclear
well and the interaction between neutrons. The
properties of these drops can be used as "data" for
fitting simpler effective interaction models that are
employed in the study of large neutron-rich nuclei,
the crusts of neutron stars, and neutron matter.

3 Few-body kaonic clusters

Kaonic nuclei carry important information

concerning the K — nucleon interaction in the
nuclear medium. This information is very important
in understanding kaon properties at finite density and
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in determining constraints on kaon condensation in
high-density matter. The latter will allow one to
adjust the methods developed in condensed matter
physics for exciton and excitonic polariton
condensates (see, for example, [52, 53]) to study the
kaon condensation. The best way to understand the
many body kaonic nuclear system is to study the
simplest three- and four-body clusters: KNN, and

KNNN. The light kaonic clusters KNN, and

KNNN represent three- and four-body systems and
theoretically can be treated within the framework of
few-body physics approaches. In the recent past
much efforts have been focused on the calculations
of quasibound state energies and widths for three-
and four-body kaonic clusters. A variety of methods
have been used in configuration and momentum
spaces, to obtain eigenvalues for energy and width of
quasibound states using diverse sets of KN, and NN
interactions. These include but are not limited by
variational method approaches [54 — 65], the method
of Faddeev equations in momentum and
configuration spaces [67 - 79],
Faddeev-Yakubovsky equations [77] and the method
of hyperspherical harmonics in configuration and
momentum spaces [80, 81, 79].

On the experimental side, several experiments
have been performed to search for the kaonic clusters
using various nuclear reactions starting from the first
measurement reported by the FINUDA collaboration
for the K pp cluster [82] and including the most
recent reports of J-PARC E15 and J-PARC E27
collaborations [83, 84] and HADES collaboration
[85]. Recent HADES collaboration partial wave
analysis of the reaction pp — pK'A at 3.5 GeV to
search for the K pp bound state shows that at a
confidence level 95% such a cluster cannot
contribute more than 2—12% to the total cross section
with a pK'A final state [85]. However, there are
important reports of K pp experimental searches
done by the DISTO and J-PARC E27 collaborations.
They reported some signal at 100 MeV below the K
and two protons threshold, which may be related to
the kaonic cluster K pp. J-PARC E27 collaboration
has observed a K pp -like structure in the d(z', K')
reaction at 1.69 GeV/c, while Ref. [86] reports an
indication of a deeply bound K pp state in the pp —
pAK" reaction at 2.85 GeV. The authors of Refs.
[87], [88] (experiment E471) announced the
experimental discovery of the bound state Kppn,
named S° (3115), with quantum numbers 7(J")= 137)-

The results have been checked in a new experiment
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with larger statistics, and have been withdrawn. The
ambiguous situation with the search of kaonic
clusters has led the KEK-PS collaboration,
experiment E549 [89], [90] to carry out a new
experimental search with improved resolution and
higher statistics compared with the E471
experimental setup. In the search for the neutral
tribaryon with strangeness S = —1 and isospin 1 by
missing-mass analysis of the inclusive 4He(]( stoppeds

p) reaction with the quite high statistics for protons,
no statistically significant signal of the narrow
structure was observed. Therefore, the situation is
still controversial and the existence, for example,
of the K pp quasibound state has not been
established yet. Thus, the theoretical and
experimental study of composite systems of K —
mesons and nucleons is still a challenging issue in
nuclear physics.

Table 1 — Summary of the theoretical studies for the K pp cluster.

Method B(K pp ) MeV Width, I MeV KN References
Variational 48 AY [54], [55], [59]
Methods 2043 40-70 Chiral model [62], [63]
40-80 40-85 Sep. [64]
20-35 20-65 Chiral model [65]
124 AY [66]
Methods of 47-70 90-100 Sep. En. Indep. [67], [68], [78]
Faddeev ~32 ~50-65 Sep. En. Dep. [78]
equations 45-95 45-80 Sep. En. Indep. [69], [70], [72]
9-16 34-40 Sep. En. Dep. [72]
30-40 50-80 [73]-[76]
~52 Sep. En. Indep. [77]
46.3-47.3 AY [79]
20.6-21.6 HW [79]
Methods of HH ~16 ~4] Chiral model [80]
15-17 36-43 Chiral model [81]
40-48 75-96 AY [81]
46.3-46.5 74.5-84.3 AY [79]
20.5-206 48.1-49.5 HW [79]

Let us focus on results of the calculations of the
binding energy and width for the three-body KNN
and four-body KNNN kaonic clusters. To describe
these system were used an energy-independent and
energy-dependent local as well as a separable KN,
effective interactions. The local energy-independent
effective KN, interaction was constructed in Ref.
[54, 59] based on a phenomenological approach so as
to reproduce the existing experimental data for the
KN scattering length, the mass and width of the A
(1405) hyperon and the 1s level shift caused by the
strong KN, interaction in the kaonic hydrogen

atom. We refer to this potential as the
Akaishi—Yamazaki (AY) potential. The

energy-dependent local effective KN, interaction
given in Ref. [91] was derived based on the chiral
unitary approach for the s— wave scattering
amplitude with strangeness S = —1, and reproduces
the total cross sections for the elastic and inelastic
K p scattering, threshold branching ratios, and the
7% mass spectrum associated with the A (1405).
Hereafter we refer to this potential as the HW
potential. For the calculations of the binding energy
and the width with the variational method, the
method of hyperspherical harmonics (HH) and the
Faddeev equations in configuration space as input for
the KN, interaction  were  used  the
energy-dependent  effective = HW  and  the
phenomenological AY potentials, and different NN
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interaction. When the kaonic clusters treated within
the Faddeev or Faddeev-Yakubovsky equations
separable potentials are used as the input for the NN
and KN, interactions.

Calculations for a binding energy and width of
the kaonic three-body system are presented in Table
1 are performed using different potentials for the
NN interaction, as well as the energy-independent
and the energy-dependent effective potentials for the
description of the kaon—nucleon interaction. Such an
approach allowed us to examine how the K pp
cluster’s structure depends on different choices of the
KN, interactions for the same NN potential, as
well as to investigate its dependence on different
choices of the NN interaction for the same KN,
interaction, and to understand the sensitivity of the
system to the input interactions. Therefore, the use of
different NN potentials and KN, interactions allows
one to perform a validity test for the lightest kaonic
clusters against various NN and KN, interactions.

One can address the theoretical discrepancies in
the binding energy and the width for the K pp system
presented in Table 1 related to the different NN and
KN, interactions or a method of calculations.
However, analysis of theoretical studies indicates
that mostly the discrepancies of the results of
calculations for the binding energy and the width are
related to the treatment of effective KN,
interaction. The binding energy found in Ref. [79]
using the differential Faddeev equations and HH
methods are in good agreement with the one obtained
with the variational method. This is a good sign that
the binding energy does not depend significantly on
the method of calculation. Different variational
approaches are of comparable quality in their high
degree of consistency and all results are consistent.
Differences are mostly due to a different KN, input
and possibly slightly due to the NN
input.Variational calculations as well as calculations
using the differential Faddeev equations and HH
methods confirm that the effective KN, interaction
derived from chiral SU(3) dynamics yields a
shallowly bound Kpp cluster, while the
phenomenological energy independent AY potential
predicts much deeper binding energy for all
considered NN interactions. Most importantly, the
results support the conclusion that the key role in
binding the K pp system is played by the KN
interaction and the KN potential obtained based on
chiral SU(3) dynamics leads to binding energies of
relatively low values.
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The calculations with the Faddeev equations for
the three-body system with coupled KNN and
72N channels performed in Refs. [67], [68] with
separable two-body potentials yield larger bindings
than obtained in a similar approach in Ref. [69].
Later, two of the authors of [69] repeated their
calculation in [70, 72] using two models with the
energy-independent and energy-dependent potentials
for the s — wave KN, interaction, and their
calculations yield smaller values for the binding
energy 44-58 MeV and width 34-40 MeV [72]. The
Faddeev calculations [78] for the KNN quasibound
state with the two phenomenological and the
energy-dependent chirally motivated models of the
KN interaction lead to the following results for the
K pp cluster: 32 MeV with the chirally motivated
models and 47 - 54 MeV with the phenomenological
KN potentials. Therefore, one can conclude that the
Faddeev calculations for the energy-independent
models for the KN interaction predict a deeper
binding energy than that of the energy-dependent
description of the KN interaction.

Recently, Faddeev-Yakubovsky calculations [77]
were made for the four-particle K pp kaonic cluster,
where the quasibound states were treated as bound
states by employing real s — wave two-body separable
potential models for the K —nucleon interactions as
well as for the NN interaction. Fully four-body
nonrelativistic realistic calculations of KNNN,
quasibound states within the method of HH in
configuration space, using realistic NN potentials and
subthreshold ~ energy  dependent chiral KN
interactions, were presented in Ref. [80]. Given that
below we present the results of our calculations for the
KNNN quasibound states in the framework of the
method of HH in momentum representation using
AV18 [93] and M [96] NN potentials and AY and
HW KN, interactions as inputs. To find the binding
energies with the above-mentioned set of potentials,
we solve a system of coupled integral equations for
the hyperradial functions [79]. In the calculations we
limit our consideration with the value 10 for the
global momentum getting a reasonable convergence
for the binding energy. In Table 2 we present our
results for the KNNN, cluster that we compare with
those obtained via different methods. The results of
our calculations for the energy and the width show
dependence on the NN potentials and on the KN,
interactions.  However, this dependence is
dramatically different: for the same KN interaction
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and different NN potentials the ground state energy
and the width change by about 3 —15% , while for the

same NN potential and different KN interaction the
energy changes by a factor of more than 3 and the
width changes by more than twice. The comparison of
our results for the K ppn and K pnn clusters obtained
for theAV18 NN interaction and the HW KN
interaction with calculations [80] within the
variational HH method for the AV14 NN interaction
and shallow chiral KN interaction shows a
reasonable agreement. The predictions [58] for the
binding energy and the width for the kaonic clusters
studied based on a framework of antisymmetrized
molecular dynamics and employing adopted AY [54]
potential as a bare KN interaction are presented in
the last column of Table 2. As is seen from Table 2
there is a reasonable agreement for the widths for the
K ppn and K pnn clusters among the present study and
study [80] in case of HW potential. However, the
widths of the K ppn and K ppp systems are largely
different among our study and an earlier study [58] in

the case of the AY potential. Interestingly enough, our
calculations for the AY interaction indicate that for the
system KNNN, the cluster K ppp is more deeply
bound than the K ppn, which contradicts the results
[58]. In a shell-model picture, one of three protons in
the K ppp should be raised up to 0 p orbit due to the
Pauli principle, while all nucleons in K ppn occupy
the 0 s orbit. So, the nave expectation is that the K ppn
is energetically lower than the K ppp. From the other
side the larger number of the strongly attractive K p

+ -

pairs in the ( % ,1) state than in the (% ,0) state may

cause a lowering of the 7= 1 state, even below the 7=
0, although the third proton in the 7= 1 state should be

flipped up to the orbital (Op,, ). The final picture
depends on the strength of the KN interaction. The
attractive AY interaction is much stronger than the
effective HW interaction. The strength of the KN

interaction plays an important role that may lead to the
nuclear compression.

Table 2 — The binding energy B and width T' forthe KNNN system calculated in the framework of the method of HH
in the momentum representation for different interactions with results from Refs. [58], [77] and [80]. The parity 7
includes the eigen parity of antikaon

J* T AV18 [77] [80] [58]
AY HW AY HW
K ppn l 0 B, MeV 92.1 28.6 97.9 29.3 28.9 69 110.3
2
', MeV 83.4 30.3 84.1 329 30.8 21.2
K~ pnn 1 1 B,Mev | 646 17.2 66.7 18.5 18.7
2
', MeV 74.2 27.1 80.4 31.0 31.4
3 +
Kpp| =2 1 B.,MeV | 1019 25.8 107.6 28.1 96.7
2
I', MeV 87.9 28.1 89.8 31.2 12.5

4 Conclusions

Today there is no unambiguous answer for the
existence of the trineutron as a bound or resonance
state. There are three claims of the experimental
observation of *n: one in a fission reaction [36], and
the recent two in the breakup reaction of '*Be into
""Be and “n [44], and in the double-charge-exchange
reaction *He(*He, *Be) [25]. However, in theoretical
studies, no evidence for “n was obtained within the

existing modern two- and three-nucleon interaction.
If the experimental discoveries [44] and [25] would
be confirmed, this would call into question current
theoretical models of nuclear forces.

The results of calculations within the different
theoretical methods show that the binding energy and
the width of the K pp system depend entirely on the
ansatz for the KN interaction and substantially
change when the AY and HW potentials are used.
The predicted values for the binding energy and the
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width are in considerable disagreement.Model
calculations with the KN interaction derived based
on the chiral unitary approach predict a shallow
binding state with large width for the K pp cluster.
For example, for the K pp cluster, the predicted
values for the binding energy and the width are 9-95
MeV and 20-110 MeV, respectively. The sensitivity
of the binding energy and the width to the details of
the NN potentials as long as the K pp kaonic system
is strongly or weakly bound dependence on different
types ofinteraction is weak.

Finally, the situation is still controversial and the
existence of theandquasibound states have not been
established yet. Many calculations show that, for
theand four-particle kaonic clusters, the binding
energy is larger or comparable to the width. As a
consequence, perhaps, we are facing a situation in
which it is hard to identify the resonances that would
make the experimental observation challenging.
Thus, the theoretical and experimental study of
composite systems of mesons and nucleons is still a
challenging issue in nuclear physics.
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