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Abstract Clustering phenomena in hadron and nuclear sys-
tems are overviewed. Because the energy scales for hadron
and nuclear systems are not very much different, we can apply
similar ideas and methods for the study of the seemingly dif-
ferent two systems, with the key ingredient, cluster. Once
clusters are formed, they develop low lying excitations near
the threshold if suitable interaction is available. This is a uni-
versal phenomenon which has been known as the threshold-
rule. For nuclear systems the most established is the alpha
(ae-)cluster which is the nucleus of “He. How the a-clusters
develop in nuclei of light-medium mass region, typically '>C
is discussed in a microscopic manner based on the antisym-
metrized molecular dynamics. The evidences of such clus-
tering in some static properties of nuclei and scattering phe-
nomena are discussed. Similar clustering phenomena occur
for hadrons, where quark clusters are developed in either col-
ored or colorless channels which are considered to play an
important role for exotic hadrons of multi-quarks. In partic-
ular colorless hadronic clusters can be good constituents to
form molecular-like structure near threshold regions.
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1 Introduction
1.1 Formation of clusters and hierarchies of matter

Cluster formation is considered as another phase of matter
as well as the three familiar bulk phases with uniformity
such as gas, liquid and solid. The latter are often regarded as
infinitely extended systems. Their properties are determined
in principle by constituents’ interactions and, if available,
external parameters such as temperature or densities.

The systems that we discuss here are nuclei as nuclear
many-body systems and hadrons as quark many-body sys-
tems. They are the ingredients of more than 99% in mass of
the visible matter, atomic nuclei which are finitely extended
systems. As we will see below, for many nuclei and hadrons,
cluster structure emerges and dominates the properties of the
systems. This is the issue that we discuss here.

Clusters are systems of finite number of fundamental con-
stituents (in the following we often refer to them simply as
constituents as long as there is no confusion). If clusters are
sufficiently stiff, they can form many-cluster systems where
the clusters become constituents (effective degrees of free-
dom) at different levels of hierarchies of matter formation.
This situation can be shown as;

e Hierarchy 1: fundamental constituents — clusters.
e Hierarchy 2: clusters as constituents — many-cluster sys-
tems (clustered matter).

Once clusters are developed, due to their heavier mass than

the masses of their constituents, excitations associated with
cluster motion occur at lower energies than the excitations of
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the constituents. The former could be regarded as collective
excitations while the latter as single-particle excitations.

In many-cluster systems, the properties of clusters may
vary from those when they are isolated. For example, if the
matter density increases, the clusters start to overlap, and their
identity becomes less clear. As the density becomes higher
the clusters are no longer good degrees of freedom and we
have to consider the dynamics of their constituents. We may
say that this is a transition of the structure from one type to
another, and plays an important role in understanding many
nuclei and hadrons.

Microscopic treatment of such transitions is not an easy
task in quantum many-body physics. However, a significant
progress has been achieved in nuclear physics by having well-
established interaction between nucleons owing to abundant
data as well as good theories. In contrast, situation is not
so easy for hadrons, because the interaction among the con-
stituent quarks has still uncertainties. Even the properties of
the constituent quarks are not well established to the extent
that they can be employed for various applications. Certainly
the quark model has been useful but when applied to vari-
ous states especially to exotic hadrons many parameters are
turned depending on the states and phenomena.

1.2 Charge neutrality

Having the above remarks, in this paper, we discuss clus-
ters in subatomic systems of femtometer scale. They are
atomic nuclei formed by nucleons (protons and neutrons)
and hadrons formed by quarks. In both systems, hierarchical
structure emerges. A nucleus as a many-nucleon system is not
necessarily a uniform system of nucleons, but may find alpha
clusters that are the lumps of two protons and neutrons [1,2].
Similarly, a hadron as many-quark system may find clusters
of two quarks (diquarks or mesons), three quarks (triquarks
or baryons) and so on [3-5].

These clusters are not necessarily well developed, or well
identified objects, as we have mentioned the case of high den-
sity matter. Such a situation with rather fragile clusters can
be (at least approximately well) described by the coexistence
of different types of structures.

In nuclear physics this has been discussed by the reduced
width amplitude and its integrated value (so-called spectro-
scopic factor) [6] and in hadron physics compositeness [7—
12]. This strategy is particularly useful in understanding
the structures of many-body systems. We will emphasize the
importance of the coexistence in the works discussed in this

paper.

' The most fundamental theory is Quantum Chromodynamics (QCD).
Quarks and gluons there are bare But for low energy hadron systems,
the constituent quarks and gluons play as quasi-particles of QCD. The
quarks we discuss here are the latter ones as we briefly discuss in Sect. 3.

@ Springer

In the formation of clusters, the concept of charge neu-
trality is important. A well known example is an atom,
which is a bound system of a positively charged nucleus
and negatively charged electrons. The nucleus and electrons
interact attractively via electromagnetic interaction, forming
charge-neutral atoms. They are regarded as the clusters of a
nucleus and electrons. The interaction between neutral atoms
is weaker than the original Coulomb force, and exists as the
van der Waals force. (As a matter of triviality, the interaction
between clusters must be weaker than the interaction between
their constituents; If the inter-cluster force is too strong, clus-
ters cannot keep their form in many-cluster systems.) This
may form another hierarchy of matter, a many-cluster system.

Similar structure emerges for nuclear and hadron systems.
Nucleons interact via the nuclear force. The main compo-
nent of the force is spin and isospin independent central
force. Yet spin and/or isospin dependent force plays impor-
tant roles. Main part of such a force is driven by the exchange
of Yukawa’s pion between nucleons. The pions are (vir-
tually) created and annihilated by spin and isospin depen-
dent sources (charges), just like photons are created and
annihilated by electric charge. The spin and isospin depen-
dence may lead to the concept of spin and isospin satura-
tion; (iso)spin up nucleon and (iso) spin down nucleon may
form a null-(iso)spin system by four nucleons, that is the
a-cluster (helium nucleus). The resulting «-clusters interact
relatively weakly and may form new structures as collections
of «-clusters. Another candidate, though not as clear as the
a-cluster, is the dineutron (nn). To clarify the nature of the
dineutron clusters (correlations) is important for neutron rich
matter such as neutron rich nuclei and dense nuclear matter,
for instance, in the core of neutron stars.

For hadrons, their constituents, quarks and gluons, inter-
act via exchange of gluons, which depends on their color
and spin. Due the strong color-dependent force, color neutral
systems are the most tightly bound forming hadrons which
may become constituents of multi-hadron systems. One of
the recent subjects is on exotic hadrons, some of which may
emerge as such multi-hadron systems, referred to as hadronic
molecule [13,14]. Relatively weak, but not negligible spin-
dependent force may lead to spin-neutral diquark systems.
They could be loosely bound but could become effective
constituents of hadrons. The relevance of the diquarks for
hadron structure has been discussed for both light and heavy
hadrons. Light diquarks are expected to be well developed
in heavy baryons such as charmed (cgq) and bottomed (bgq)
baryons.? Furthermore, heavy diquarks such as cc or bb can
be also developed due to the strong color-electric force in
doubly heavy baryons and tetraquarks [15,16].

2 Here in this paper, g denotes up (u#) and down (d) quarks, and Q
charm (c) quark and bottom (b) quark.
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1.3 Scope of this paper

The purpose of this paper is to report a part of research out-
puts from nuclear and hadron physics achieved in the project
“Clustering as a window on the hierarchical structure of quan-
tum matter” with some new materials.> As anticipated in the
previous subsections, these two systems have been developed
as different fields. Today, however, we have realized similar
aspects and the study in one system can be useful to the other
system in both conceptual and technical points of view.

Historically, the importance of the cluster dynamics was
recognized by the idea of the threshold-rule [2] for molecular
states of alpha clusters (nuclei). Since then phenomenolog-
ical cluster theories were developed in various manner, but
then recently ab-initio methods have become available due to
the developments of computational tools and methods [1,17].
Clustering phenomena has reached at the microscopic and
quantitative level for atomic nuclei. In these years, var-
ious experimental researches to confirm cluster structures
and discover new cluster states have been performed based
on nuclear reaction analyses such as inelastic scattering and
knock-out reactions (for example, references [18-20]).

Independent of these developments in nuclear physics,
hadronic molecule was conjectured immediately after the
discovery of the charm quark [21]. Almost 30 years after
that the first candidate of hadronic molecule was observed,
the X (3872). Since then many other candidates have been
observed at LHCb, Belle, BESIII, and so on. Yet, we have
not reached satisfactory understanding of these states. For
example, it is not yet very clear what are the fundamen-
tal (or effective) constituents. However, for X (3872) there
are good amount of evidences as a hadronic molecule of
DD* mesons. The idea has expanded to a great amount,
having resulted in many studies.* Perhaps it is fair to say that
the study of hadronic systems is still at a phenomenological
level, while efforts are made for various microscopic meth-
ods, using effective field theories, lattice simulations and so
on. In doing so, the idea and technique developed for atomic
nuclei should become useful in one way or another. In par-
ticular, the technique in nuclear reactions as mentioned above
can be used in hadron physics.

3 Supported by Grant-in-Aid for Scientific Research on Innovative
Area.

4 Some of recent review articles are [22-24] and references therein.

2 Clustering in nuclei
2.1 Coexistence of independent particles and «-clusters

A nucleus is a finite quantum many-body system of pro-
tons and neutrons, which form a self-bound system via
the attractive nuclear forces. An important aspect of the
nuclear system is coexistence of two different natures, the
independent-particle (mean field) feature and the cluster
(a subunit formed by spatially correlated nucleons) fea-
ture. Because of the coexistence, rich phenomena appear in
nuclear systems depending on the proton and neutron num-
bers, energy, and density. It is known that various nuclear
phenomena can be dominantly described by the independent-
particle picture in a mean field, nevertheless, the cluster fea-
ture often appears even in the ground state as the ground state
correlation. Once a cluster is formed by correlating nucleons
at the nuclear surface, the inter-cluster motion can be easily
excited with a small amount of energy, and developed cluster
structures appear in excited states. !2C is a typical example of
cluster and mean-field coexisting systems. The ground state
12C(Oi") is a mean-field (shell-model-like) state dominated
by the p3,2-subshell closed configuration but it contains sig-
nificant mixing of 3a-cluster component. Namely, o clusters
are partially formed in the ground state of '>C. In excited
states such as the 12C(O;r )and 12C(31_) states, spatially devel-
oped 3a-cluster structures appear [1].

Inlight stable nuclei, the excitation energies of such cluster
states are several MeV at most because of the saturation prop-
erty of nuclear binding energy. The energy cost for the cluster
excitation is comparable to single-particle excitation ener-
gies. As a result, different kinds of excitation modes appear
in the low-energy region: one is the single-particle excitation
and the other is the inter-cluster excitation. The energy sys-
tematic of developed cluster states can be roughly understood
by the threshold rule so-called Ikeda diagram [2], which pre-
dicts developed cluster structures in energy regions near the
corresponding cluster-decay threshold energies and success-
fully describes appearance of the 2a-cluster, 3a-cluster, and
12C4q-cluster structures in 3Be, 12C*, and 100*.

In light neutron-rich nuclei, a further rich phenomena are
expected to appear in excited states because of excess neu-
trons surrounding clusters (see references in Ref. [25]). An
example, which has been intensively investigated by many
groups, is the cluster structure in neutron-rich Be having
valence neutrons around a 2«-cluster core. The cluster fea-
ture of neutron-rich Carbon and Oxygen isotopes is also a
challenging topic to be investigated.

To clarify the cluster feature and discover new cluster
states, various experimental attempts such as the o break-
up, o resonant scattering, and «-transfer reactions have been
performed. In recent studies of cluster states, researches of
isoscalar monopole (ISM) and dipole (ISD) excitations have

@ Springer
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been proceeding remarkably through « inelastic scattering
experiments because the ISM and ISD operators strongly
excite the inter-cluster motion [26,27].

In the theoretical side, systematic study of various clus-
ter phenomena in stable and unstable nuclei is necessary for
comprehensive understanding of nuclear systems. For this
aim, we need a theoretical framework that can describe vari-
ous cluster phenomena including cluster formation/breaking
in the ground and inter-cluster modes in excited states in gen-
eral nuclei. We applied a method of antisymmetrized molec-
ular dynamics called AMD and its extended versions [25,28]
to structure calculations and also utilized the obtained result
for the microscopic reaction calculations. In the following
sections, we discuss some recent researches of cluster phe-
nomena in light nuclei based on AMD calculations.

2.2 Low-energy monopole and dipole modes in
neutron-rich Oxygen

As mentioned previously, investigation of the isoscalar
monopole (ISM) and dipole (ISD) excitations with ¢ inelastic
scattering have been intensively performed in these decades.
Since the ISM and ISD operators can directly excite inter-
cluster motions, they are good probes for cluster states, which
can be found in the low-energy (LE) monopole and dipole
strengths decoupling from high-energy strengths for the giant
resonances as discussed in Refs. [26,27] for such Z = N
stable nuclei as '°0 and **Mg.

Another picture to understand the low-energy ISD
strengths is the toroidal dipole (TD) mode (called also the
torus or vortical mode), which was originally proposed with
hydrodynamical models in 1980’s (see Refs. [29,30] and ref-
erences). The TD mode carries vorticity and conserves the
nuclear density, and therefore, its energy is expected to be
lower than that of high-lying IS giant dipole resonance which
is considered to be a compressive dipole mode of the col-
lective motion. For neutron-rich nuclei, also the low-energy
isovector-type dipole (E1) modes have been attracting a
great interest as a new-type of excitation mode in association
with astrophysical interest (see related reviews, for example,
Ref. [31]). The low-energy E1 strengths are often called as
pigmy dipole resonances (PDR) and associated with a sur-
face neutron oscillation against a core (neutron-skin mode or
pigmy dipole resonances).

Recently, the E1 and isoscalar dipole (ISD) transition
strengths of low-lying 1~ states of °0 were measured
by inelastic scattering experiments [32]. The experiment
reported different properties between the 1| and 15 states
for the E'1 and ISD strengths and suggested existence of dif-
ferent types of low-energy dipole (LED) modes in 2°0. We
investigated LED excitations in 160y, 130, and 290 using a
AMD method—variation after K -projection (K-VAP) in the
framework of S-constraint AMD combined with the gener-

@ Springer

ator coordinate method (GCM)— which was developed for
the study of LED excitations [33-35].

Figure 1 shows the theoretical energy spectra of the 0?2
and 1]7’2 states in 10, 130, and 2°0. The TD mode was
obtained as the lowest 1| state in 160, 180, and 200. How-
ever, the low-energy E 1 mode was found only in the °0(15)
state but not in the '°0 and '30 systems. This result indicates
that the low-energy E'1 mode is an LED excitation peculiar
to neutron-rich systems that does not appear in stable Oxy-
gen isotopes near the N = Z line, whereas the TD (vor-
tical) mode is a LED excitation that generally appears in
the stable and unstable regions of light nuclei. In addition
to the TD mode, the cluster mode containing the C+« clus-
ter structure was obtained in !0 and 30 as the 1, states,
which construct the parity-doublet K™ = 0~ bands of the
positive-parity K™ = 07 cluster bands. In the case of 2°0,
the parity-doublet cluster bands were theoretically predicted
in the energy region higher than the TD and E1-type LED
modes. The appearance of the high-lying cluster bands in
200 can be understood by the threshold rule as the a-decay
threshold energy in 2°0 is higher than those in '°0 and 180
because two clusters (C and «) are bound more tightly by
valence neutrons.

The calculated transition current densities are shown in
Fig. 2. In the OT — 1 transition, the vortical flow of the
proton current density is induced by the one-proton excitation
as shown in Fig. 2a and describes the TD nature. In contrast,
the OT — 1, transition shows a translational flow along the
deformed (Z) axis contributing the E'1 strength rather than a
vortical flow (see Fig. 2b).

2.3 Cluster states probed by proton and « inelastic
scattering

To experimentally confirm the clustering in the ground and
excited states of stable nuclei, various attempts have been
performed by utilizing a-transfer and «-resonant scattering
reactions to extract the o probability (so called the o« spec-
troscopic factor or the reduced width amplitude).

An alternative way that can be applicable also to unsta-
ble nuclei is the « inelastic scattering reaction. Recently, the
(o, o’) reaction has been applied to search for new cluster
states near the threshold in light stable nuclei such as !B,
12¢ 160, 24Mg, and %S [26,36]. Since the « inelastic scatter-
ing is sensitive to the transition strengths, it can strongly pop-
ulate excited states with clustering, in particular, 0% states,
via remarkable monopole transitions to cluster states.

In '2C, 3« cluster states near the threshold energy have
been extensively investigated from astrophysical interest.
Not only the O;’ state but also other cluster states have been
suggested to contribute to the reaction rate in stellar nucle-
osynthesis. To search for new cluster states, 12C(a, o’) reac-
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Fig. 1 Energy spectra of the 07 12 and 1, states in 160, 180, and 2°0
calculated with the S-constraint AMD framework combined with the X -
projection and generator coordinate method. For excited states, intrin-
sic matter densities of the dominant bases are also shown with labels
“TD:1p1h”, “cluster”, “cluster-doublet”, and “E1”, which indicate the
TD:toroidal dipole mode, K™ = 0% cluster state, its parity doublet

K™ = 0~ state, and the E1(electric dipole) mode, respectively. For 200,
the cluster and cluster-doublet states are obtained in the higher energy
(Ex > 17 MeV) region. The theoretical(experimental) values of the
a-decay threshold energies in °0, 130, and 2°0 are 11.2 (7.14) MeV,
6.3 (6.22) MeV, and 16.4 (12.31) MeV, respectively. Figures are taken
from Ref. [35]
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tion experiments have been performed, and 0T and 2+ states
have been newly discovered a few MeV above the 3« thresh-
old energy [38]. However, properties of these states have bot
been clarified yet.

For study of the cluster structures of 12 the 12C(oz, o)
reaction has been investigated in details with reaction models,
but many of the reaction calculations encountered a severe
overshooting problem of the 12C(0§ ) cross section, called
“missing monopole strength”. This was a crucial problem in
the study of cluster states with the « inelastic scattering (see
Ref. [39] and references therein). Minomo and Ogata over-
come this problem: they applied the g-matrix folding model
using the transition densities of a cluster model of '>C, and
succeeded to reproduce the measured 02+ cross sections [41].

2 4 4 2 0

7 (fm)

We applied the g-matrix folding model to the '*C(a, ')
reaction using the '2C transition densities obtained by the
structure calculation of AMD. Namely, the « inelastic scat-
tering off '2C has been investigated with the coupled-channel
(CC) calculation using «-nucleus optical potentials, which
were microscopically derived by folding the Melbourne g-
matrix NN interaction with densities of '”C obtained by the
AMD method combined with the 3« generator coordinate
method (AMD+GCM).

The micrsocopic CC calculation reproduces the observed
cross sections of « inelastic scattering off >C at incident
energies of E, = 130-386 MeV for various excited states of
12C guch as the 0;3, 212, and 3| states. In Fig. 3, calculated

@ Springer
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Fig. 3 The « scattering cross 10*

: 10*

sections off 12C at E, = 240
MeV, and 386 MeV (x1072) 3
(left) for the 02+ state and (right) 107 F
those for the 2; and 03+ states
obtained by the CC calculation
with the AMD+GCM compared
with the experimental

data [37-39]. For the cross
sections at 386 MeV, the sum of
the 2; and 03+ cross sections is
compared with data containing
the 25 (9.84) MeV and

0;’(9.93 MeV) states [38]. The
figures are reproduced from the
original figure of Ref. [40]
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cross sections of the 0; 5 and 2; states near the threshold
energy are shown in coniparison with the experimental data.
For the monopole transitions to the O;r state, the calculation
reproduces well the amplitudes of the first and second peaks.
It should be noted that there is no overshooting problem of the
0;‘ cross sections without adjustable parameters in the reac-
tion model in the present microscopic CC calculation. This
successful reproduction indicates that the present method is
a powerful approach to extract information of excited states
from inelastic « scattering reaction.

The right panel of Fig. 3 shows the cross sections of the
Ogr and 2; states. These states at 9—10 MeV attracts an astro-
physical interest as they may give non-negligible contribu-
tion to the triple-« reaction rate at high temperature. The 03+
cross sections at E, = 240 MeV [37] are reasonably repro-
duced by the calculation with the AMD+GCM which gives
the monopole strength B(E0) = 10 e*fm® for the OT — O;‘
transition. For the 2;' state, which was newly discovered by
the (o, ') experiments, incoherent sum of the 2; and O;’
cross sections at 386 MeV are compared with the experi-
mental sum of the 25 (9.84) MeV and 07 (9.93 MeV) [38].
In the result, the calculated O;r cross sections describe the
first peak of the experimental sum and the 22+ contributes
to the second peak. The good agreement with the inelastic
cross section data supports reliability of the model inputs in
the present calculation for unknown strengths of the E0, E2,
and E3 transitions.

Also for '°0, the experimental studies by means of
160(«, a’) reaction have been performed to investigate clus-
ter states near the threshold energy [39,45]. However, in
experimental analysis, a similar overshooting problem of the
0T cross sections has been reported [39]. In the structure
studies of '°0, a variety of cluster structures such as the
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4q-tetrahedral, 12C+a, and a 4a-cluster gas state have been
suggested by cluster model and AMD calculations (see ref-
erences in Refs. [43,46]).

In the recent experimental studies [39,45], the 160(q, o)
cross sections were analyzed with a reaction model using
phenomenological CC potentials to investigate cluster struc-
tures of excited 0T states. However, there are few micro-
scopic CC calculation of the '°O(a, o’), mainly because of
theoretical difficulties of microscopic structure models in
description of 1°0.

We applied the g-matrix folding model to the '°O(a, ')
reaction in a similar way to the '2C(a, o’) reaction [43]). For
the structure inputs from the microscopic calculation of '°0,
we adopted the matter and transition densities calculated with
a vertion of AMD (VAP:variaton after spin-parity projection)
combined with the GCM [46]. It should be noted that the
present calculation is the first microscopic CC calculation
of the '°O(a, &’) reaction that is based on the microscopic
a-nucleus CC potentials derived with the g-matrix folding
model. The result reproduces well the observed elastic and
inelastic cross sections of the OfL2.3 4 Zfr, 17, and 3| states
at incident energies of E, = 104 MeV, 130 MeV, 146 MeV,
and 386 MeV.

Figure 4a, b show the (a, @) cross sections to the excited
07 states obtained by the CC calculation compared with
the experimental data. The DWBA (one-step) calculation
is also shown. In general, the 0T cluster states with sig-
nificant monopole strengths are strongly populated by the
(o, o) reaction. The calculated O;’ and O;f cross sections are
in good agreement with the observed data, indicating that
there is no overshooting problem of the 0T cross sections in
the present calculation. Comparing with the DWBA calcula-
tion corresponding to the direct (one-step) transition without
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Fig. 4 a,b 160(a, ') cross sections at E,=130 MeV and 386 MeV
(x 10_2) for the 03+ and Oj states, and ¢ 2ONe(oc, o) cross sections at
Ey =104 and 386 MeV for the 3] state obtained by the CC calcula-
tions with the AMD, compared with the experimental data [39,42]. The

the coupled-channel effect, one can see non-negligible CC
effects in the O;r and Oj{ cross sections, in particular, at the
low incident energies, E, = 104—146 MeV. For the 0; Cross
sections, we obtained further significant CC effect mainly
because of the strong in-band E?2 transition between the O;
and 2 states in the 12C+a-cluster: the peak amplitude of the
0; cross sections at E, = 104—146 MeV are largely reduced
by about a factor of three from the one-step cross sections.

In the experimental studies of the monopole transitions,
the monopole transition strengths are usually determined
from the measured (o, o) cross sections by assuming a sim-
ple scaling law of the «-scattering cross sections and the
electric monopole transition strength B(EQ), or based on the
DWBA calculation. However, such the scaling law does not
work for the cluster states as shown above in the comparison
of the CC and DWBA calculations. Instead, the microscopic
coupled-channel calculations are necessary to draw correct
answers to the properties of monopole strengths from the
(o, o) data.

20Ne is an interesting system where cluster and mean-field
states coexist in the low-energy region. It is known that the
160+« cluster structure appears even in the ground state of
20Ne and the parity doublet partner K™ = 0~ band exists at
5.79 MeV. The reason for the cluster structure in the ground
state and low-lying K™ = 07 band is understood by the
threshold rule: the 'O+« threshold energy is only 4.73 MeV
in the 2°Ne system meaning a small energy cost for the devel-
oped clustering. Interestingly, a K™ = 2~ band having the
mean-field aspect appears slightly below the K™ = 0~ band.

In Ref. [44], we discussed properties of excited states by
the reaction analysis of proton and « inelastic processes. A

20Ne(w, o) data at E, = 104 MeV contain the 17 and 3 contribu-
tions around 5.7 MeV. The 20Ne(w, o’) data at 386 MeV of Ref. [39]
are multiplied by a factor of two. Figures are from Refs. [43,44]

particular attention is paid on the coexistence of two kinds
of negative-parity excitation modes: the mean-field and clus-
ter components in the 37 (K" = 27) and 3, (K™ = 0;)
states. Structures of 2Ne were calculated with variation after
parity and total angular momentum projections (VAP) in
the antisymmetrized molecular dynamics(AMD). Using the
obtained AMD densities of 2°Ne, the microscopic coupled-
channel calculations of proton and « scattering off 2°Ne were
performed with the g-matrix folding model. The calcula-
tion reasonably reproduces the observed cross sections of
proton scattering at £, = 25-35 MeV and « scattering at
Ey = 104-386 MeV.

Figure 4c compares the calculated (o, @) cross sections
for the 3, state with the experimental data. The labels
“AMD” and “AMD-1s34" correspond to those obtained using
two sets of structure inputs. The latter (AMD-1s34) case
describes well the energy spectra of the K™ = 2~ and
K™ = 0] bands of 20Ne. Compared to the experimental
3] cross sections at E, = 386 MeV, the AMD-Is34 obtains
a good agreement with the data, but the AMD does not. This
result supports the dominant mean-field component in the
3 (K™ = 27) state with significant mixing of the cluster
component. Moreover, we performed similar reaction anal-
ysis for the (p, p’) cross section, and found signatures of the
mean-field and cluster components in the 3, and 3, states
and significant mixing of them in the comparison with the
data. It was concluded that the o and proton inelastic cross
sections are good probe for the coexistence of two kinds of
negative-parity bands — the K™ = 2" band with the single-
particle excitation and the K™ = 0] band with the 160 + «
cluster structure — and the significant mixing of them.
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Fig. 5 Schematic picture for Tetraquarks Pentaquarks
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3 Clustering in exotic hadrons
3.1 General aspects

Hadrons are systems of quarks and gluons. They are gov-
erned by Quantum Chromodynamics (QCD) whose ingredi-
ents are the “bare” quarks and gluons. Due to the dynamics
of color SU(3) gauge theory, the most relevant here is spon-
taneous breaking of chiral symmetry, properties of the orig-
inal u, d, s quarks are modified. Most notably is the mass
generation, the masses of the light bare quarks (m, ~ 2
MeV, mg ~ 5 MeV and m; ~ 90 MeV) become heavy
(my ~ mg ~ 360 MeV, ms; ~ 540 MeV). The properties of
heavy quarks (c, b quarks) may be also modified due to non-
perturbative dynamics of QCD. For instance, the bare ¢ quark
mass is ~ 1.3 GeV, while heavier mass around 1.6 GeV is
often employed for quark model calculations. In total, those
massive constituent quarks play as effective degrees of free-
dom (or quasiparticles) of QCD dominating the properties of
hadrons at low energies.

Before discussing concrete examples, let us make a rough
sketch what is expected for hadrons near the threshold. As a
typical case, let us consider excitations of a heavy charmo-
nium such as cc and a hidden-charm pentaquark, ccqgq. The
reason that we consider the systems including heavy quark
and antiquark pair is that heavy systems are more likely to
be bound or resonate than light systems.

As shown by the right and left upper-arrows in Fig. 5,
when sufficient amount of energy is given to the system, gg
(for the charmomium) or cc (for the pentaquark) pair is cre-
ated, forming a four-quark configurations ccqq, or five-quark
configurations ccqqq. There are several clustering possible;
for instance for the tetraquarks, [cq]-[gc], [cq]-[gc]. The
former is dominated by a colorless correlation, while the lat-
ter colored correlation. Assuming a color-dependent interac-
tion between quarks (as expected by a one-gluon exchange
interaction proportional to A4 14 with color Gell-Mann matri-
ces Aq), color singlet quark pair, for instance, cq feels more
attraction than cg pair. As a consequence the colorless cluster
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cq is better developed and plays as a constituent, forming a
molecular-like configuration, as shown in the upper middle
of Fig. 5.

These molecular states can exist near the threshold region
as a loosely bound or quasi-stable (resonant) state, if there is
suitable attractive interaction between the colorless clusters.
They are shallow, because the interaction between the color-
less clusters is expected not to be as strong as colored force.
The molecular structure describes essentially the properties
at long distances near the threshold. What is sometimes con-
fusing is that for such long-distance properties long-range
interaction is responsible. In fact, the presence of the light
quarks induces long-range pion exchanges between the col-
orless clusters (hadrons) which supplies attraction for the for-
mation of shallow (quasi-)bound states. However, in addition
to such a long-range interaction, a short-range interaction
also becomes relevant. A short-range interaction can con-
tribute to the formation of weakly bound or resonant states
near thresholds. This requires sometimes a consideration of
long-distance and short-distance dynamics simultaneously,
and leads to the mixture of several configurations of differ-
ent types.

This leads to the concept of the spectroscopic factor.
Molecular states of hadrons, and « cluster states are not pure,
in the sense that the constituent hadrons or «’s may overlap
and change their properties from those when they are iso-
lated. This is well seen in Fig. 1 where clear and less clear
cluster structures are shown. In general these states are writ-
ten as superpositions of several states of different structure.
Keeping these remarks in mind, we discuss two examples
where colorless clusters are well developed, the tetraquark
X (3872) and pentaquarks P, (4312, 4440, 4457).

The final remark here is that molecular-like states con-
taining heavy quark and antiquark pair are not stable and
eventually decays into a pair of hadrons, one of which is
a quarkonium as shown in the middle down-arrows. In the
heavy quark limit, the color electric force of Coulomb type
may leads to a deeply bound state as the binding energy
via the 1/r type attraction is proportional to the heavy quark
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mass. The tetraquarks and pentaquarks that we discuss below
contain heavy and anti-heavy quarks and light quarks.

3.2 Tetraquark X (3872)

The X (3872) state was first observed in 2003 by Belle in
the weak decay of the B meson, B* — J/ynta~ K+
[47], and was confirmed by many following experiments. In
the latest PDG, the new naming y.; is employed, and the
mass M and width I are M = 3871.64 £ 0.06 MeV and
I' = 1.19 £ 0.21 MeV [48]. The mass is very close to the
sum of the masses of DY and D*° (charge neutral) D-mesons,
mpo + mps0 = (1864.84 & 0.065) + (2006.86 £ 0.05) =
3871.17 MeV. Hence X (3872) is almost at the threshold of
D and D*Y mesons within the uncertainly. Due to its decay
modes such as X (3872) — JMp(nm), JAfpow(mrm) the
minimal quark content of X (3872) is likely to be ccgq, hence
the tetraquark.’

The spin-parity is also known to be J” = 17 [49,50].
These facts are consistent with that the X (3872) is a near
threshold S-wave state of D° and D*°. It is also impor-
tant that these masses are substantially apart from the sum
of the charged DT and D*~, 1869.66 + 0.05 MeV and
2010.26 £ 0.05 MeV, respectively. The charge and neutral
mass difference is 8.75 MeV, which is large in the relevant
energy scale near the threshold. Because of this mass dif-
ference in the neutral and charged channels, isospin symme-
try is maximally violated as seen in its decay, X (3872) —
J/Yp, J/Yw [51] (we do not discuss this in detail here,
except pointing out that it determines the charge conjugation
of X (3872) is positive).

The very proximity of the mass of X (3872) to the thresh-
old has caused discussions that X (3872) could be a kinemat-
ical effect, cusp associated with opening the DY D* channel.
The cusp is a singularity where derivative of an S-wave cross
section becomes discontinuous at the threshold due to the
opening of a new reaction channel, where flux of the lower
channel starts to escape into the new open channel, and is a
consequence of probability conservation (SST = 1, where
S is the S-matrix). Kinematic singular effect is important,
especially for hadron reactions where there many reaction
channels are involved. The experimental data shows a very
sharp peak in the invariant mass distribution for X (3872). If
there is no (or only week) interaction between D% and D™, it
is difficult to explain such a sharp peak structure. Therefore,
a reasonable question is what interactions are available in
the reaction channels. A shallow bound state near a thresh-

5 D(D) meson is formed by ¢ (¢q) quarks and has spin 0, so is a
pseudoscalar meson. The quark content of D*(D*) meson is also the
same but has spin 1, so is a vector meson. In the following we use the
notation D D* for the wave function of X (3872), but actual structure is
a linear combination of DD* to guarantee proper charge conjugation
quantum number.

old can easily turns into a virtual state (and vise versa), by
a small change in the attraction. Such an example is in the
two-nucleon system; spin-zero pn state holds a virtual state
near the pn threshold, while there is a shallow bound state
for spin-one pn channel that is the deuteron.

Having said this much, we discuss an admixture model for
X (3872).° The model space is spanned by molecular chan-
nels formed by DD*, D*D* and states other than them. As
discussed in the previous subsection, the molecular chan-
nels describe long-distance properties, while the states other
than that is for the short-distance dynamics. In this regard,
this description differs from many works of (pure) molecular
picture. In Refs. [14,52], the non-molecular component was
assumed to be cc but not necessarily specified to it; it can be
any that are not described by the molecular components as
long as it is of short-distance nature. The total wave function
for X (3872) is expanded with coefficients c’s as

W = ceeled) + [Yo) + [¥ra),
[Y0,4) = co.+C)IDD*CS))) + co,+(CD)IDD*(CDy))
+¢co,+(D)|D*D*(°Dy)), (1

where the lower indices in the coefficients ¢’s, 0, =, indicate
charges of channels. The first term, |cc), is for short-distance
and the rest, [o) + |¢¥+) for long-distance properties. The
wave function W has the spin parity J© = 11 and posi-
tive charge conjugation. The D* D* components are included
because in the heavy quark limit D and D* mesons become
degenerate and their mixing will be important.

The Hamiltonian takes a matrix form whose compo-
nents are labeled by the components of the model space.
In Ref. [14], the important part of the interaction between
the D and D* mesons is provided by the one pion exchange
potential (OPEP). This is expected if we consider quark com-
ponents of D and D* mesons as cq (or gc). With broken chi-
ral symmetry, the constituent quarks ¢ ~ u, d couples with
the Nambu-Goldstone boson, the pion. The structure of the
coupling is determined, and the strength which is dictated by
the axial coupling constant of the constituent quarks is also
determined by the decay D* — Dur.

An important observation is that the OPEP has the tensor
structure, S12(F) = 30170, -F —01-02, that mixes different
angular momentum states, AL = 2. For the states near the
threshold region the dominant partial wave is the S-wave.
However due to the tensor force, the coupling to the D-wave is
important (SD coupling). As is well known for the deuteron,
the D-wave component of rather small mixing rate ~ a few %
causes non-negligible amount of attraction to form a bound
state in the spin zero (isospin one) channel. In contrast, due

6 There are many articles that reviews theories of X (3872). Here how-
ever, let us allow to cite two of them [13,14].
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Table 1 Probabilities of various components of X (3872)
lcez|? lco(S)[? lco*D) 2 lcoCD)? le+ () le+ (D) le+CD)|?
0.059 0.869 0.002 0.001 0.065 0.002 0.001
the absence of the tensor force in the spin one channel, there 0.5 T T T T
is no bound state in that channel, but a virtual state. 04l DOB(s |
. . . . . . =] - ( 1)
After the diagonalization of the Hamiltonian, it turned out -
Q
that the OPEP alone was not strong enough to support a bound E 0.3
state near the threshold region. There could be another source s 02
of attraction, coupling of the D D* channels to ¢c channel N
(channel other than D D*). A nearby cc state with the same 0.1
quantum numbers as X (3872) is x.1(2P), which has not
yet been observed experimentally but was predicted by the 0 1 2 3 4 5
r [fm]

quark model in Ref. [53]. According to the quark model,
the predicted mass of x.1(2P) lies approximately 80 MeV
above the D D* threshold. Thus, the coupling is expected to
generate attraction. In Ref. [14], this was the motivation to
introduce the s-channel interaction through cc in addition to
the 7-channel OPEP for D D*. The coupling parameters can
be turned to reproduce the mass of X (3872). Details of how
the Hamiltonian is constructed is found in Ref. [14]. Here we
present some important results.

e The binding energy was fixed at Ep = 0.16 MeV
measured from the D?D*? threshold. If measured from
DT D* threshold, it is 8.91 MeV. This is a very shallow
state and many properties are universally determined, the
so-called unitary limit [54]. There are, however, unique
features that are characterized by coupled channels.

e In Table 1, probabilities of various components in
X (3872) are tabulated. The dominant component is the
neutral channel D° D*0 whose probability is almost 90%.
This indicates that the X (3872) has a structure of molec-
ular dominance, and furthermore violation of isospin; if
isospin symmetry is well satisfied, D°D*? and Dt D*~
mix equally. The probabilities of other components are
rather small but there are some for the charged channel
DT D*~ and ¢c, both of which are about 6%.

e The admixture of cc component, though its probability
is small, plays an important role in providing attraction
to form the shallow bound state. This small mixing rate
seems consistent with the rather large production rate of
X (3872) at large energy pp collisions (~ 8 TeV) [55].

e The wave functions for the neutral and charged channels
are significantly different as shown in Fig. 6 where dom-
inant components of 35 are plotted. The neutral D°D**
channel extends as far as 8.36 fm while the charged chan-
nel D+ D*~ 1.59 fm. These values are consistent with the
relation of the binding energy and radius in the weakly
bound limit, (r*)!/2 = 1/(2/wER), where u is the
reduced mass.
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Fig. 6 Wave functions of 38, components of D D* channels [14]

Having made the above observations Fig. 7 shows a
schematic picture for the structure of X (3872).

To summarize shortly, X (3872) is very likely to be a
tetraquark state where four quarks ccgq correlates and forms
hadronic clusters D D* which interact attractively such that
they generate a near threshold state. The D°D*" channel
causes the threshold cusp, which is enhanced or modified to
a shallow bound state. Rather than asking whether the signal
is for the bound or virtual state, an important question is to
clarify the origin and nature of the interaction.

3.3 Pentaquarks P.’s

Pentaquark baryons have longer history as a candidate of
non-standard hadrons, beyond ggg baryons. It was already
reported in 1959 when Dalitz and Tuan analyzed K N scat-
tering and implied that the hyperon resonance which is now
called A (1405) could be a K N molecular state [56]. Because
the kaon is heavier than the pion the system is more chance to
form a K N molecular-like structure than, for instance, w N
systems. There are also suggestions that there is a strong
attraction in isospin zero KN channel in effective mod-
els [57] and chiral models [58—61]. Recent experiments also
support such a picture [62].

More evident signals have been obtained by LHCDb experi-
ments for the systems containing cc pair, which are the hidden
charm pentaquarks P.’s. The first observation was reported in
2015 with a peak structure in the invariant mass of J/yp [63].
In 2019, higher statistic data was analyzed, finding three nar-
row peaks [64]; at 4312 MeV, 4440 MeV and 4457 MeV.
They are denoted as P.(4312)", P.(4440)" and P, (4457)™.
Interestingly these three peaks are around the open charm
hadron thresholds; the higher two around the >.D* thresh-
old, and the lower one around the ¥, D threshold. Because
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Fig. 7 Schematic picture for
the structure X (3872)

X(3872)

these signals were observed in the J/i/ p channel, the P.’s are
considered as highly excited states of the proton, as shown on
the right of Fig. 5, where together with the created cc pair, the
five quarks ccqqq clusterized into £.D* or X.D, forming
loosely bound or quasi-bound states. Because of their prox-
imity to the thresholds, arguments of threshold singularity
have been also made as cusp or triangle singularities [65,66].
As discussed in the previous subsection, a pure cusp does
not develop a sharp peak while a triangle singularity may
do even without a state near a threshold. Whichever the case
would be, the interaction among hadrons is also important.
In this paper, focusing on the role of interaction, we discuss
dynamical aspect whether states are generated by a suitable
interaction.

The strategy is similar to the case of the tetraquarks in
the previous section. We set up a model space by a pair of
hadrons that form heavy quark spin symmetry multiplets.
They are D and D* mesons, and X (spin 1/2) and X7 (spin
3/2) baryons. There is one more channel A.D(D*) avail-
able. Unlike the case of X (3872), there are three spin val-
ues are possible, when S-wave dominates near the threshold,
J =1/2,3/2,5/2. On the contrary the parity is fixed, neg-
ative, by assuming that the S-wave dominates. These quan-
tum numbers are not yet confirmed experimentally, and their
determination is highly important to clarify the structure of
the pentaquarks.

Now the wave function is expanded just as in (1)

v = C5q|54> + CAL.D(*)“ﬁAL»D(*)) + 625*)5<*>|1ﬁ25*>[)(*)>-

@)

In this expression, the molecular components are denoted by
Y while |5¢) is the component other than them. Here we
do not consider isospin violation, the difference in charge
combinations, as we have done for X (3872). As discussed in
the previous subsection, |5¢g) is supposed to be responsible
for short-distance properties and ¥ for long-distance prop-
erties. The molecular channels [ @ p ) are expanded by
four channels, |5, p), szﬁi))’ |5, p+) and |1ﬁ2§5*). Fur-
thermore, S-wave dominated states are coupled by D and G-
waves due to the tensor force of the OPEP. This construction
of molecular channels makes the dimension of model space

86 % 6% 6% =°°°

large; for spin 1/2 states 10 channels couple, for spin 3/2
states 15 channels, and for spin 5/2 states 16 channels [67].

The three quark structure ggqg is not likely to mix for
highly excited states. Therefore the states other than molec-
ulars are formed by five quarks, hence denoted as |5¢). The
|5¢g) channels are supposed to describe the short-distance
dynamics. Therefore, in Ref. [67] configurations of color
octet gqq and octet cc are considered. There are four inde-
pendent channels for such configurations [68].

The Hamiltonian is then constructed in the matrix form
with the basis components of (2). Once again the strategy
is similar to the case for X (3872); the interaction among
the molecular channels (from the second to the fourth terms
of (2)) are provided by OPEP. The interaction connecting
the molecular channels and 5S¢ channels is constructed by
utilizing the idea of the spectroscopic factor, the overlap of the
molecular channels and 5¢ channels. Details are described in
Ref. [67]. The parameters for the OPEP are known as in the
case of X (3872). The overlap (spectroscopic factor) is also
determined for all channels. Therefore, there is essentially
only one unknown parameter, the overall strength ( f) for the
coupling between the molecular and five-quark channels. (To
be fair, there is one more for the form factor for this coupling,
which is however set at a typical hadronic scale of 1 GeV).

By diagonalizing the Hamiltonian we have found the
pentaquark states as shown in Fig. 8. By tuning the f
parameter good agreement has been obtained (f/fy = 50),
not only for masses but also for widths for the observed
three states P.(4312), P.(4440), P.(4457) (P.(4457) is not
shown explicitly, but is in the continuum slightly above the
threshold as a virtual state). Moreover, other states are pre-
dicted near the threshold regions. In addition, what is inter-
esting and perhaps important is that for spin multiplets, 1/2
and 3/2 formed by >.D*, and 1/2, 3/2, 5/2 formed by EjD*,
higher spin states appear lower than lower spin states. More-
over, the width of lower states are wider than those of higher
states. This seems to contradict what we naively expect. This
result is due to the tensor force of OPEP. Theoretically, when
chiral symmetry is spontaneously broken and the constituent
light u, d quarks couple with the pion, the OPEP should work
between Eé*) D™ . By now spin and parity of P,’s are not yet
determined. Their determination is crucial to further clarify

@ Springer



103 Page 12 of ??

Eur. Phys. J. A (2025) 61:103

Fig. 8 Comparison of the
experimental data
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located at the central values of
pentaquark masses while their
lengths correspond to the
pentaquark widths with the
exception of P,(4380) width.
Details are found in Ref. [69]
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the nature of P.’s and the underlying dynamics that governs
them.

An extended study has been performed for the pentaquakrs
containing a strange quark, ccsqq (¢ = u,d), motivated
by the observation in 2020 [70,71]. They are P.;(4455)
and P.;(4468) whose masses are 4454.9 + 2.7 MeV and
4467.8 £3.7 MeV, respectively. Soon after anther signal was
observed P.;(4338) at 4337.37 4 0.24 MeV. The strategy
is very the same as for P, except for (1) OPEP is supple-
mented by kaon exchange as the kaon is another Nambu-
Goldstone boson containing a strange quark, and (2) more
coupled channels are needed for expanding the P, states
due to the one more flavor degree of freedom, strangeness.
Once again, we refer more details to Ref. [71]. Interestingly,
by using a similar value for the overall strength f to that of
P, the observed P states were reproduced near the thresh-
olds. This supports the idea that the hadronic clusters are
developed near the threshold region and their long-distance
dynamics are dominated by the Nambu-Goldstone bosons
of spontaneously broken chiral symmetry. At the same time,
admixture of short-distance dynamics by the five quark com-
ponents is also important both for P, and P.. In addition
to the good reproduction of the observed states, the model
Hamiltonian predicts many other states near the thresholds.
The abundant states of the near threshold region are indeed an
realization of the conjecture made immediately after the dis-
covery of the charm quark, rich spectroscopy near thresholds
caused by the hadronic clusters and their molecules [21].
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3.4 Doubly heavy hadrons

When multiquark states contain two (or more) heavy quarks
qualitatively different situation may occur. Here we dis-
cuss briefly the multiquark states whose minimal quark con-
tent includes two heavy quarks. Historically theory pre-
diction appeared long ago [72], but finer quantitative esti-
mate was made soon after the doubly charmed E.. was
observed [16]. Experimentally, the first signal was observed
for Tee ~ cciid [73,74].

The key ingredient for the discussion is the color elec-
tric force mediated by gluon which dominates the interac-
tion between heavy quarks at short distances (large energy
scale). This stems from the fact that the dynamics of QCD
shows different faces at low and high energies as separated
by the scale parameter Agcp ~ some hundred MeV. The
dominant one-gluon exchange is the color dependent elec-
tric (Coulomb) type,

g2 24 )\a

Vin = ——" 3

where g is the quark-gluon coupling constant. A crucial fact
is that the potential matrix elements are attractive both for
color anti-triplet 3. for Q Q system as well as for color sin-
glet 1. for QO (Q denotes a heavy quark). The strength of
the 3. channel is 1/2 of that of QQ, but is strong enough
for heavy quarks. A heavy quark system is essentially non-
relativistic, where the color electric force takes the potential
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form of 1/r Coulomb type as in (3). Such a Coulomb attrac-
tive force generates a deep bound state with a binding energy
as proportional to the mass of the heavy quark, M. The
coupling constant g = g2 /4w may decreases at high ener-
gies, but only logarithmically. Hence the color electric force
generates a tightly bound heavy diquark.

For systems containing a heavy and anti-heavy quarks
as discussed in the previous sections such a color-electric
Coulomb dynamics does not appear for the formation of
molecular states; they are governed dominantly by the low
energy dynamics of QCD. It is relevant for the Q Q states in
the decay channels. This is the reason that we expect that the
molecular states containing a heavy and anti-heavy quarks
cannot be absolutely stable. In other words, heavy molecular
states are excited states and their corresponding ground state
contains quarkonium-like state.

In contrast, for systems containing two heavy quarks, for
example, Q 0gq, large attraction is expected for Q Q, form-
ing a tightly bound heavy quark cluster (heavy diquark). In
such a case, the would be decay channel [ Qg]-[ Q¢] receives
smaller attraction of the scale A pcp. Hence such systems
may allow absolutely stable states under strong interaction
decays.

To what extent the system is stable depends on the masses
of heavy quarks. An estimate was done based on a finely
tuned phenomenological considerations [16], which was
right after the discovery of doubly charmed baryon E.. [75].
They predicted the mass of T, only slightly above the
D D* threshold, which agrees well with the (post-observed)
data [73,74]. They also estimated other heavy tetraquarks
where they have found that heavier tetraquarks, for exam-
ple, Tp, will be very tightly bound with a binding energy
nearly 200 MeV. Their estimate is supported by lattice simu-
lations [76—80] and also by an accurate calculation for four-
body systems in the quark model [72,81-84].

‘We note that T, has also been studied as a bound state of
colorless clusters that is a hadronic molecule of D D* [85—
90], where long-range interactions play an important role
to provide attractions. In such molecular states, a color 6.
configuration of the Q Q system is developed rather than a
color 3, one that dominates in compact Q Qg systems [82,
91].

As an extension of doubly heavy quark system, Karliner
and Rosner considered hexaquarks [Q Oggqq], pointing out
an analogous reaction to nuclear fusion [15]. The two heavy
baryons may fuse, [Qqq]1+[0Qqq] — [[Q Qllgqllgq]]. The
fuel baryons [Qgq] are formed by an interaction of order
A gcp while the heavy diquark [ Q Q] in the fused hexaquark
[[OQ QOllgqllgq]l received stronger binding. Thus the fusion
may occur by releasing, for bottomed system with bb, as
large as a few hundred MeV. Of course, this does not seem
practically useful because large energy is needed to prepare
the fuel system of [Qgq]. It is, however, amusing to con-

sider various processes which are provided by the formation
of various kinds of clusters in multiquark systems which are
possible due to multi-faces of QCD dynamics depending on
energy scales and various quantum numbers, including fla-
VOrs.

4 Summary and prospects

In this paper we have overviewed activities in the study of
cluster dynamics for nuclear and hadron (especially exotic
hadrons) systems. While they have been developed indepen-
dently in their own sake, it is also the case that there are
several features that can be shared each other.

Due to longer history in the study of nuclear systems,
the ideas and methods in nuclear physics can be exported to
hadron physics. The most important and universal one is the
threshold rule when clusters are formed near the threshold
by saturating the strong interaction between the fundamental
degrees of freedom. Because the (effective) Hamiltonian for
nuclear systems are well established including the nucleon
interactions, recent developments of computational power
accelerates microscopic ab-initio calculations. Also scatter-
ing experiments as well as theories have explored observation
of a-cluster structures by breakup, resonant and transfer pro-
cesses. These have been discussed in Sect. 2 in this paper.
Recently, it is discussed that knockout reactions can be a
good tool to directly observe the formation or existence of
the a-clusters in nuclear structures [92]. Furthermore, seem-
ingly less fragile clusters such as dineutron nn and deuteron
pn clusters have been also discussed and studied experimen-
tally [93,94].

The above strategies to explore cluster dynamics could,
in principle, be applied to (exotic) hadrons, although there
are several issues that must be challenged. The most criti-
cal is that some clusters in hadrons are colored, and cannot
be isolated. When picked up the colored clusters must be
accompanied by another anti-colored element to form a col-
orless object. This, however, is not the case for molecular
states where colorless hadrons are their constituents.

Another difficulty is the fact that almost all exotic states
are resonances whose lifetimes are very short of order fem-
tometer. At this moment, it is impossible to prepare them
as a target in the standard scattering experiments. Yet, we
could consider a transfer-like reaction as shown in Fig. 9.
A projectile virtually splits into two hadrons (for example
7w — DD*)at vertex 1, one of the split hadron is transferred
to the target hadron forming a resonant hadron at vertex 2,
and finally the resonance decays into final state particles at
vertex 3. This is one of examples that is planned by using
high momentum pion beam at J-PARC [95]. By studying
the amplitude at vertex 2 at various momentum transfer, we
may be able to extract the information of spatial extension
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Transferring a cluster =====
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Fig. 9 A sketch of a transfer reaction. For details, see text
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of the resonance, which could be information of resonance
structure of molecular-like or not.

Clusters in atomic nuclei have been studied well in both
theory and experiments from the middle of 20th century. In
contrast, studies of clusters in hadrons have started in the
21st century. While this paper discussed the two systems,
cluster dynamics shares common and universal aspects in
various quantum systems such as atomic and molecular sys-
tems. Developments in various fields will stimulates each
other to further open new findings in individual field.
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