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Abstract

Quarks are one of the elemental particles, and are the fundamental constituents of matter.
Quarks have six types which is called flavor, and they are classified as up (u) and down (d)
in first generation, charm (c) and strange (s) in second generation, and top (t) and bottom
(b) in third generation. The mass range of these quarks are about 2 — 1.73 x 10°> MeV. In
particular, masses of u,d, s quarks are about 2 — 100 MeV, so that these three are often
treated as light quarks (¢ = u,d, s). Light quarks have the approximate flavor symmetry
called the chiral symmetry. When this chiral symmetry is spontaneously broken, the light
quarks gain masses for about 300 — 500 MeV. This accounts for the effective mass of
quarks when quarks form hadrons. Hence the spontaneous chiral symmetry breaking is
the big origin of hadron masses.

Chiral effective theory enables us to recognize the dynamical generation of particle
masses from the viewpoint of chiral symmetry breaking. This theory can be constructed
for light quarks, and also the group of two light quarks called diquarks. Diquarks are
firstly considered in 1960s at the same time with quarks, and nowadays, they are applied
as the simplest colorful substructure of hadrons. Diquarks are also studied for the color
superconductivity with low temperature and high density, which are frequently considered
from 1990s.

For the usage of diquarks, singly heavy baryons composed of one heavy quark (Q = ¢,b)
and two light quarks are the good example. They are expected to describe a diquark
picture by two light quarks (¢q), so that these baryons are also useful to investigate the
properties of diquarks. Another hadron which is able to form diquarks as constituents
is Tgq tetraquarks. This is composed of two heavy quarks and two light anti-quarks, so
that they can recognize as three body systems with one anti-diquark (gg) and two heavy
quarks.

In this work, the chiral effective model of diquarks consist of two light quarks are
formulated. This model is applied to energy spectra and decay reactions of singly heavy
baryons. The theoretical results of these baryons are summarized for comparisons with
other data and discussions. Moreover, Thq tetraquark states are also investigated with
this chiral diquark model. The content in this paper is summarized in Refs. [1-1] as
below.

e Y. Kim, E. Hiyama, M. Oka, and K. Suzuki, Phys. Rev. D 102, 014004 (2020),
“Spectrum of singly heavy baryons from a chiral effective theory of diquarks”

e Y. Kim, Y. -R. Liu, M. Oka, and K. Suzuki, Phys. Rev. D 104, 054012 (2021),
“Heavy baryon spectrum with chiral multiplets of scalar and vector diquarks”

e Y. Kim, M. Oka, D. Suenaga, and K. Suzuki, Phys. Rev. D 107, 074015 (2023),
“Strong decays of singly heavy baryons from a chiral effective theory of diquarks”

e Y. Kim, M. Oka, and K. Suzuki, Phys. Rev. D 105, 074021 (2022),
“Doubly heavy tetraquarks in a chiral-diquark picture”
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Chapter 1

Introduction

1.1 Quantum chromo-dynamics (QCD)

In the world we live, there are many kinds of matter around us. They are filled with various
atoms, which are the basic particles of the chemical elements. In 1911, E. Rutherford
and his colleagues conducted the experiment of Coulomb scattering with using the alpha
particles, and found the structure of atoms which consist of a nucleus surrounded by
orbiting electrons [5]. Moreover, in experimental ways, Rutherford discovered the proton
in 1918, and J. Chadwick discovered the neutron in 1932 [6], which are the components
of the nucleus. These protons and neutrons are collectively called nucleons. Although the
mass of an atom is mostly from a nucleus inside, the size of a nucleus is much smaller
than the atom. Nucleons are bounded in this small dense nucleus by the nuclear force
based on the strong interaction.

As well as electrons, there are many elemental particles such as quarks and gluons inside
nucleons, and also muons and neutrinos for others. About these elemental particles, there
are four types of forces working between them: gravitational, electromagnetic, weak and
strong interactions. In particular, the unified theory of electromagnetic, weak and strong
interactions is the standard model of the elemental particles.

The theoretical physics for the strong interaction is the “quantum chromo-dynamics
(QCD)”, which is a type of the non-abelian gauge theory with symmetry group SU(3).
This theory shows the strong interaction between quarks meditated by gluons. The origin
of quarks is the quark model proposed by M. Gell-Mann [7] and G. Zwieg [8, 9] indepen-
dently in 1964, which explains many newly discovered hadrons as bound states of some
constituent particles. Moreover, the color charge as the new quantum number for quarks
is introduced by M. Y. Han and Y. Nambu in 1965 [10], which can guarantee the existence
of baryons such as A™™ in baryon decuplet [11]. For another quantum number, there are
six kinds of quarks called flavor, and are named as “up (u)”, “down (d)”, “strange (s)”,
“charm (c¢)”, “bottom (b)”, and “top (t)”. Properties of each quark are listed in Table
1.1, which are quoted from Particle Data Group (PDG) [12].

1.1.1 QCD Lagrangian

The conventional Lagrangian of QCD is expressed with the quark field ¢ and the gluon
field A7, with the indices of space-time p = 0,1,2,3 and color a = 1,2,...,8 as

_ . 1 _
Laco = D @p(i"Du—my)ay — GGl G5 = a2, (1.1)
f=u,d,....t

GHY = 0" Ay — 0" AL + gfanc ALY AL (1.2)
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Quark Mass Charge I, S| C |B| T
up (u) 2167050 MeV | +2/3e | +1/2[ 0] 0 [0 ] O
down (d) 46701 MeV | —1/3e | =1/2| 0| 0 | 0] O
strange (s) | 93.475% MeV | —1/3e 0 |[-1] 0 ]0] O
charm (¢) | 1.27+£0.02 GeV | +2/3e 0 O|+1[0| O
bottom (b) | 4.181003 GeV | —1/3e 0 [0] 0 [-1] 0
top (t) 1625721 GeV | +2/3¢ | 0 | 0] 0 |0 | +1

Tablel.1 List of quarks, where I.,S,C, B,T are the third component of isospin,
strangeness, charm, bottom and top as quantum number, respectively. u, d, s masses
are current quark mass. ¢ and b quark masses are running mass in MS renormalization
scheme. ¢ quark mass is MS mass from cross-section measurements.

About the quart part (first term) of Eq. (1.1), (i = 0,1,2,3) shows the Dirac gamma
matrices in the four dimensional space-time. D, = 9, + igAjT" is the color gauge
covariant derivative, where g denotes the dimensionless gauge coupling constant of strong
interaction representing the strength of couplings between a quark, an anti-quark, and a
gluon. T are the generators of SU(3) group expressed with the Gell-Mann matrices A\°
as T* = \*/2. Also, my stands for the current quark mass of each flavor. Showing the
color index as @ = R, G, B, the quark part of Eq. (1.1) is given by

> qF (6" 0 — my} — gy (ALT*)*) ¢f

f=u.d,...,t

1 0 0 qf
= Y (qf.d5.a7) { (iv'0u—mg) | 0 1 0 | =gy (AT b | ¢F | (1.3)
F=ud,...t 0 0 1 a7

From this expression, we can see that the terms proportional to the 3-dimensional unit
matrix are conserved under the flavor f and color « in a quark ¢7 and an anti-quark g¥.
For the other terms where the gluon field AjT interferes, those quark and anti-quark
fields change their colors. Therefore, Eq. (1.3) implies the color transformation of quarks
via the absorption and emission of gluons.

Eq. (1.2) represents the strength of gluon field in the gluon part (second term) of Eq.
(1.1), where fap is the structure constant for SU(3) group. In this expression, the third
term with the constant f,;. indicates that gluons also participate in the strong interaction
by their color charges. In detail, the gluon part of Eq. (1.1) can be expressed with gluon
fields as

1 v a 1 v v a a
— GG, == (AL — 9V AL (9, A5 - 0, 45)
2

~9fabc A AL AL = T fune foae ALAY A AL, (14)

where the first term shows the non-interacting propagation of gluons, and the second and
third terms proportional to g or g? corresponds to the self-interaction term of gluons. This
self-interaction of gauge fields does not exist in quantum electro-dynamics (QED), because
photons do not have their own electric charges and cannot interfere in the electromagnetic
interaction themselves. Hence, this becomes the reason why QCD is harder than QED to
analyze.
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1.1.2  Asymptotic freedom

One of the representative properties of QCD is the “asymptotic freedom”. This phe-
nomenon is discovered by D. J. Gross, F. Wilczek , H. D. Politzer, and G. ‘t Hooft in 1973
[13, 14], after G. ‘t Hooft proved the renormalizability of Yang-Mills theory (non-abelian
gauge theory) in 1971 [15, 16]. This is about the feature of the strong interaction between
quarks and gluons, in which its strength becomes weaker as the energy scale increases, in
other words, as the corresponding length decreases. Thus, if quarks interact weakly at
high energies (momenta) and short distances, the application of perturbative calculation
will be allowed. On the contrary, the strong interaction becomes stronger at low energies
(momenta) and long distances, so that there are non-perturbative phenomena in the low
energy regions and long ranges of QCD. These correlations are inversely related to the
electromagnetic interaction in QED.

In concrete, the energy scale p dependence of the QCD coupling constant, g(u), is
expressed by the renormalization group equation. When this equation is solved by the
perturbative calculation with only the low-dimensional term, the coupling constant in the
1-loop level is given as

_ 9w 127
U= T T @ N i M)

(1.5)

Here Ny denotes the number of flavors whose value is 6 when all the observed quarks
from w to ¢ is considered. Aqcp is the integral constant called the “QCD scale” whose
value is about 200 MeV, and this constant corresponds to a typical energy scale of the low
energy QCD. From Eq. (1.5), we can find that the coupling constant converges to zero
when the energy scale increases as lim,,_, as(p) = 0, in which the asymptotic freedom
is comfirmed. On the other hand, the coupling constant increases as the energy scale
decreases, and it diverges to infinity at the point of u = Aqcp as limy, A qqp as(p) = +00.
This error implies that the perturbation theory is useless in the low energy QCD.

1.1.3 Color confinement and hadrons

Another properties of QCD is the “color confinement” of quarks and gluons in the low

energy regions, which represents that the color-charged particles such as a quark and a
gluon cannot be isolated. In other words, quarks and gluons are only observed as the
compositions with white color called “hadrons”. There are many hadron states, because
they can be diversified with the combination of quarks including several quantum numbers
such as flavor, spin, and orbital angular momentum. Classification of these various hadrons
is generally called “hadron spectroscopy”, which is important in the low energy QCD and
hadron physics with many unsolved problems.

There are two types of conventional hadrons: One is the “meson” which forms the pair
of one quark and one anti-quark (gq). The other type is the “baryon” which is composed
of three quarks (qqq), as well as the “anti-baryon” made from three anti-quarks (ggq). In
these days, about 200 mesons and 150 baryons are experimentally discovered [12].

Moreover, in principle, it is possible to make many other hadron states with more
quarks and anti-quarks, such as “tetraquarks” (Ggqq), “pentaquarks” (Gqqqq), “dibaryons”
(G33qqq), and so on. Furthermore, “glueballs” (gg, ggg, ... ) made by only gluons g or
quark-gluon hybrid states (gqg, ...) are allowed as another types of hadron. However,
these composite particles are not experimentally identified yet, and they are collectively
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called “exotic hadrons”. From 21st century, some of them are experimentally observed as
candidates, which are difficult to explain with meson or baryon pictures.

/ Hadron \
/— Baryon ﬁ /— Meson \ s f;(;’rt; ™

& @

- Tetraquark
p,n, AMNEEQ, mn,p,w, ¢; f(), ay (X(3872), ...)
Ao 2o, Ec, By Qo K,D,Ds, B, Bg Pen;[\?quark
Ap, Zp, Ep, Ep, Qp J/0: e Xer Yo s X (P} (4380, ...)

Dibaryon

K eth \ etc'/ \ Glucball Y,
S

Figurel.1 The schematic picture of the group of hadrons classified into baryons,
mesons, and the others (exotic hadrons).

1.1.4 QCD phase diagram

Not only the QCD itself but also the QCD in some external fields, as well as in the vacuum
state, is one of interesting subjects. This is equivalent to see the quark matter and its
transition in some extreme environments, which is not well known neither theoretically
nor experimentally. In Fig. 1.2, the phase diagram of QCD vacuum is simply described,
where the external fields are determined by temperature on the vertical axis and density
on the horizontal axis. There are three main phases:

Hadron phase
The well-known QCD phase at low temperature and density, where the color con-
finement is still working to quarks and gluons and thus those elemental particles
are restricted to form color singlet hadron states.

Quark-gluon plasma (QGP) phase
The QCD phase at finite temperature, where the elements of hadrons such as quarks
and gluons are not confined under the strong interaction. This is near to the
environment shortly after the big bang.

Color superconducting phase
The expected QCD phase at low temperature and enough high density, where two
quarks condense by forming Cooper pairs and is also called diquark condensate.

For more details about QCD phase diagram, see Ref. [17-23].

1.2 Spontaneous chiral symmetry breaking

The spontaneous chiral symmetry breaking is one of the salient properties of the non-
perturbative phenomenon in low energy QCD, which mainly acts to the mass generation
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o o
o | e
= I
= -
) Hadron NG
g' phase
(O]
- superconducting
phase
=
e | @ % @ o
Low High

Density

- -

Figurel.2 The outline of expected QCD phase diagram. The dotted and solid border
lines between each phase are the crossover line and the first-order line, where the
phase transition occurs continuously or discontinuously, respectively.

of quarks inside hadrons. It is apparently seen in nucleons, where mostly 99 percent of
nucleon masses (~ 940 MeV) are from this phenomenon and the total mass of three u,d
quarks is only about 10 MeV. As these u, d quarks inside hadrons, the effect of spontaneous
chiral symmetry breaking becomes larger as the quark mass becomes lighter.

About the masses of quarks, it is conventional to classify the flavor of quarks into light
and heavy ones on the basis of the non-perturbative scale of dynamical chiral symmetry
breaking which is around 1 GeV [24, 25]. Therefore, according to Table 1.1, it comes
down that u, d and s quarks, whose current quark masses are lighter than 1 GeV, are
conventionally classified to the “light” quarks in which the spontaneous chiral symmetry
breaking is dominant. On the other hand, about the ¢, b, and t quarks whose current
quark masses are heavier than 1 GeV, they are conventionally called the “heavy” quarks
in which the chiral symmetry breaking induced by the bare quark masses, also called the
“explicit” chiral symmetry breaking, is dominant.

1.2.1 Chiral symmetry

Chiral symmetry is an approximate symmetry which holds for light quarks (¢ = u,d, s).
This symmetry appears when the quark masses my vanishes from the QCD Lagrangian
(1.1). To consider about this symmetry, quarks are classified into the “right-handed” and
“left-handed” particles, qr and qr. With the quark field ¢, these two types are expressed
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with the chiral projection operators, Pr and Py, defined as below.

q=4qr t+ 4L,

1+ .
qr/r. = Pr/rq = 5 V= i’y %P, (1.6)

Phr, = Prjr, PrPL =0, Pp+ P =14,

About 7z, its square is (v5)? = I; where I,, denotes the n-dimensional unit matrix, so
that the eigenvalues of 75 becomes +1. These two eigenvalues +1 are called “chirality”,
and the right and left-handed quarks are the eigenvectors of v since v5qr/r, = *qr/r- In
other words, these right and left-handed quarks have the positive and negative chirality,
respectively. Also, the product of two different chiral projection operators is PrPr = 0,
so that these right and left components are orthogonal each other.

About the type of chirality +1 associated to the right and/or left-handed quarks, this
is similar to the physical quantity called “helicity”. The helicity h of a particle stands
for the direction of spin vector s based on the direction of momentum vector p, which is
expressed as h = (s-p)/|s||p|. In particular, the helicity takes the positive value (h = +1)
when the directions of vectors s and p are the same, and it becomes negative (h = —1)
when these vectors are in opposite direction. This sign of helicity resembles to that of
chirality showing whether a particle is right or left-handed.

S
< T\

P P

< B
S
Right-handed Left-handed
quark quark

Figurel.3 Right-handed and left-handed quarks distinguished by the helicity. The
vectors p and s denote the momentum and spin, respectively.

When the particle is massless (my — 0), the sign of chirality and helicity can be
identified with each other. This is because the massless particle can move with the fastest
speed of light, so that the relation between spin and momentum directions are the same for
all observers. This idealized limit of particle mass, where helicity is regarded as chirality,
is called “chiral limit”. With this limit, we can see the right and left-handed particles
as the different types from each other. Hence, the chiral symmetry is the approximate
symmetry for right and left-handed quarks appearing by the chiral limit (massless particle)
assumption.
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For each of right and left-handed quark qg,,, the chiral transformation is defined as

Ch:qr/r = Ur/Lqr/r » Ur/r = exp(i0f,, T°) € U(N¢)g/L, (1.7)

where the transformation matrix Ug, 1, is the Ny x Ny unitary matrix in U(Ny)g/1, group
with Ny flavor, meaning the rotation of the right and left-handed quarks qgr,;, indepen-
dently in the flavor space. The number of flavors is often chosen as Ny = 2 for u,d
quarks or Ny = 3 for u,d, s quarks. In the chiral limit (ms — 0), the quark part of QCD
Lagrangian is written with qg /7, as

Equark = Z [iq_f,R’Y“’DMQf,R + Z.q_f,LfyuDMQf,L] . (18)
f

We can find from this expression that the QCD Lagrangian without the mass term is
invariant under the chiral transformation in Eq. (1.7). On the other hand, if the mass
term for light quarks exists as in reality, the QCD Lagrangian becomes

Lowarc = Y [iG5,7" Duds,r + 5,17 Dpdy, — my(d5,re5,0 + @,045,R)] (1.9)
f

in which its Lagrangian is not invariant under the chiral transformation (1.7) because
of the mixture of right and left-handed quark fields in the mass term. Thus, Eq. (1.9)
implies the explicit chiral symmetry breaking caused by the existence of current quark
masses (mys # 0).

1.2.2 Chiral condensation

Even if the chiral symmetry is satisfied by the chiral limit, the chiral symmetry is spon-
taneously broken in the ordinary vacuum state, which leads to the dynamical mass gen-
eration of hadrons. At this time, the constituent quarks inside hadrons earn masses and
become heavier than those current quark masses. The origin of the spontaneous chiral
symmetry breaking is “chiral condensation” with the order parameter (gq). This sym-
bol stands for the vacuum expectation value (VEV) of scalar mesons composed of one
right(left)-handed quark and one left(right)-handed anti-quark, whose value is finite as

(q9) = (qr,rqf,L + Gf,0.95,rR) # O, (1.10)

in the low energy region of the QCD vacuum. This implies that the spontaneous chiral
symmetry breaking occurs by the vacuum where the objects expressed as (qr/rqr/r) are
embedded and is not completely an empty space. In other words, the dynamical mass of
a quark is generated by the continuous process of collisions between a quark qg,;, and the
chiral condensate (Gr/rqr/r) inside the low energy QCD vacuum.

On the other hand, the chiral symmetry tends to be restored and not broken in an
extreme environment such as high temperature and/or high density. In terms of the
chiral condensation, the VEV of scalar meson approaches toward zero as (gq) — 0 with
the increase of temperature and/or density. The transition of parameter (Gq) from low
to high temperature is investigated by the lattice QCD simulations [26, 27]. From the
viewpoints of baryon density, experimental measurements are conducted for looking into
the change of (gq) [28, 29]. The change of chiral condensation with the order parameter
(G@q) is simply described as the function of temperature and density in Fig. 1.4.
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Chiral condensate (qq)

Nuclear x 5

Temperature (=~ Neutron star)

Figurel.4  The expected variation of chiral condensation with the order pa-
rameter (gq) based on temperature and density, quoted from the homepage
of nuclear experiment laboratory in Kyushu University (https://ne.phys.kyushu-
u.ac.jp/research/spin/).

1.2.3 Nambu-Goldstone boson

As in Eq. (1.7), chiral transformation is defined with the unitary group U(Ny) for each
right and left-handed quark. This group is isomorphic to the product of a special unitary
group and a complex phase, which is expressed as U(Ny) = SU(Ny) x U(1). Moreover,
the U(1) phase transformation in both right and left-handed quarks are identified to the
“vector” and “axial-vector” transformation. They are written as

V:g—eg A: g— P47, (1.11)

which is equal to the definition 6y = (0g + 01)/2 and 04 = (g — 01)/2. Therefore, the
U(1)r x U(1) group is isomorphic to the U(1)y x U(1) 4 group, and symmetries of QCD
Lagrangian in the chiral limit is decomposed as

U(Ng)r x U(Ng)r, 2 SU(Np)r x SU(Ng) x U(L)r x U(1)

§SU(Nf)RXSU(Nf)L XU(l)V XU(l)A. (1.12)

In these groups, SU(N¢)r x SU(N¢)r, denotes the usual chiral symmetry, which breaks

spontaneously as
SU(Ny)r x SU(Ny)L = SU(Ny)v, (1.13)


https://ne.phys.kyushu-u.ac.jp/research/spin/
https://ne.phys.kyushu-u.ac.jp/research/spin/

1.2 Spontaneous chiral symmetry breaking 9

in low temperature and low density. Here the remained SU(Ny)y group shows the flavor
symmetry for quarks without considering left or right-handed. According to the Nambu-
Goldstone theorem, there are some massless Nambu-Goldstone (NG) bosons [30-32] which
appears as the same number as the reduced number of invariant generators by the spon-
taneous symmetry breaking, NJ% — 1.

In the case of Ny = 2, there are N j2f —1 = 3 NG bosons which correspond to the isotriplet

pions (7%, 7%). Although they are not completely massless with the experimental mass

value 140 MeV due to the explicit chiral symmetry breaking by the small bare u, d quark
masses, they are much lighter than the other mesons which are heavier than about 500
MeV.

In the case of Ny = 3, not only pions but also kaons (K * K% K% and an eta meson
(n) holds for NG bosons, whose total number is N? — 1 = 8. However, kaons and an eta
meson are heavier than pions because s quark is much heavier than w,d quarks. This
indicates the necessity of considering the explicit chiral symmetry breaking when the s
quark is used in the chiral SU(3)g x SU(3) [ system.

The NG bosons are frequently used in the chiral effective theory which is the theoretical
method to describe the spontaneous chiral symmetry breaking in QCD. This theory deals
with the interaction of light quarks and gluons in the low energy region, but also that
of hadrons such as pseudoscalar and scalar mesons. This is because the basic degrees of
freedom approaches from quarks to hadrons in the low energy regime. In particular, pions
and sigma mesons are related to NG bosons and chiral condensate (Gq), respectively.

1.2.4 Chiral U(1)4 anomaly

For the other groups in Eq. (1.12), U(1)y symmetry stands for the total number of all
left and right-handed quarks, which is generally conserved in QCD. On the other hand,
the U(1) 4 symmetry is associated to the difference between the numbers of right and
left-handed quarks. About this symmetry, it is explicitly broken by the quantum anomaly
effect, which means that the symmetry satisfied in classical physics comes out to be failed
in quantum physics. In particular, the anomaly effect breaking the U(1)4 symmetry is
called “chiral anomaly”. The image of the chiral U(1)4 anomaly is that, in the quantum
world, both the numbers of left and right-handed bolts are changing before and after with
keeping their total number by the U(1)y symmetry conservation.

The chiral anomaly effect is expressed with the non-conservation of axial-vector current
J', which represents the variation of difference of right and left-handed quark numbers.
In general, the divergence of this axial-vector current consequently becomes relevant to
the strength of gluon field as

2
9, J" o #EWPUGZ‘”G“’W £0, (1.14)
with the chiral limit. Here, €,,,, denotes the Levi-Civita symbol with €123 = 1. From
this non-conserving current 9,,JY # 0, the U(1)4 symmetry breaking is confirmed even
when the chiral SU(Ny¢)r x SU(Ny)r, symmetry is satisfied.

In hadron physics, it is famous that the chiral U(1)4 anomaly plays a key role in the
“n —n’ puzzle” which is known as the U(1)4 problem [33]. This mystery is about the n’
meson, whose mass value is about 958 MeV and is quite heavy compared with the other
pseudoscalar mesons such as pions (~ 140 MeV), kaons (~ 500 MeV), and an eta meson
(~ 550 MeV). It is inconsistent to treat the n” meson as the NG boson appearing by the
spontaneous U (1) 4 symmetry breaking due to its heavy mass. However, this problem can
be resolved if the U(1) 4 symmetry is explicitly broken by the chiral anomaly effect.
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Including the n — 1’ puzzle, the chiral U(1) 4 anomaly can be a dramatic solution to
explain properties of hadrons. For another example of the importance of chiral anomaly,
the mass relation of scalar mesons are discussed with this effect in Ref. [34]. This pa-
per proposes that the origin of the heaviness of a¢(980) meson comes from the U(1)4
anomaly, and the mystery of a((980) which is heavier than KJ(700) meson can be ex-
plained. Without the chiral U(1)4 anomaly, it makes a contradiction between theoretical
and experimental mass values of these scalar mesons, because Kj(700) becomes heavier
than a((980) by the naive counting of the number of strange quarks.

1.2.5 Chiral partner structure

The spontaneous chiral symmetry breaking is the big origin of masses for light quarks. By
the dynamical mass generation due to its symmetry breaking, the current quark masses
become the constituent quark masses which is appropriate to the observed hadron masses.
For example, the bare u,d quark masses are only about 2 — 5 MeV whereas those con-
stituent quark masses are about 350 MeV, so that its effective mass value is heavy enough
to be the mass of nucleon with three u,d quarks. Thus the chiral symmetry and its
spontaneous breaking is one of the most important properties of QCD relevant to the low
energy hadron physics.

From the viewpoints of chiral symmetry, not only the quark mass generation but also
the “chiral partner structure” is one of the prominent feature, which is useful to the hadron
spectroscopy. This partner stands for two states whose masses are degenerate when the
chiral symmetry is not broken, and have the same total spin but have the opposite, even
and odd parity. One of the example of chiral partner is the ground state of pions 7 with
spin-parity J¥ = 0~ and that of sigma mesons o, also known as fy(500), with 0*. For
another, the ground state of p(700) mesons with 1~ and that of a1(1260) mesons with
17 are the chiral partner by the vector and axial-vector mesons. For baryons, the ground
state of nucleons with 1/2% and the N(1535) resonant states with 1/27 is expected to be
its partner.

For the simple proof of the existence of chiral partner structure, we consider the quark
part of QCD Lagrangian in the one flavor system, written as

ﬁquark(lf) = Cj<27uau - mq)qa (115)

where m, denotes the quark mass. Considering a massless quark by the chiral limit
(mg — 0), this Lagrangian is invariant under vector and axial-vector transformations in
Eq. (1.11), and those corresponding Noether currents are expressed as

v =@t jh = P sg. (1.16)

On the other hand, chiral transformations in Eq. (1.7) are equivalent to the vector and
axial-vector transformations because of U(1)g x U(1), =2 U(1)y x U(1)4, meaning that
the Lagrangian in Eq. (1.15) is also invariant under the chiral transformations. The
corresponding Noether currents to the chiral transformations are given by

i = aqrY"qr, it = @y e, (1.17)

so that there are four Noether charges related to these four currents given as

Qr/L = /dw j]’fJLO = const. , Qy/a = Qr + Qr = const. . (1.18)
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Here Qg1 indicates the number of right/left handed quarks, and Qy/4 are total and
difference of those right and left quark numbers. In the condition where the chiral sym-
metry is satiefied, both )y and Q) 4 come out to be conserved charges, so that they can
commute with Hamiltonian H. Also, these charges are Lorentz scalar so that they remain
invariant under the spatial rotations. Therefore, both @y and Q4 can also commute with
the angular momentum operator J.

[H7 QV/A] = 07 [J, QV/A] = 0. (119)

Here the symbol [ ] in Eq. (1.19) stands for the commutation operator. However, un-
der the spatial inversion, only (v can commute with the parity operator P, while Q4
anticommutes with P because of the 75 matrix inside its charge.

PQyP~ " =Qy,
PQsP™ ' =—-Qua.

Using these Noether charges Qv and @ 4, here we consider two hadron states written as
Qv|m,j,m) and Qa|m,j, 7), where |m,j, ) shows the state with mass m, total spin j,
and parity m. According to Egs. (1.19) and (1.20), these two states have the same mass
and total spin, but have the opposite parity. As a consequence, when the chiral symmetry
is not broken, we can say that there are two states where the masses are degenerate, total
spins are the same, and parities are reversed with each other, meaning the chiral partner
structure.

One of the important feature of the chiral partner structure is “chiral invariant mass”,
which is the degenerate mass of two hadron states that appears when the chiral symmetry
is not broken. This means, if we recognize its mass value, we can estimate the change of
two hadron states in the chiral symmetry restored phase, such as the extreme environment
with high temperature and/or high density. For example, according to Refs. [35, 36], the
masses of p(700) and a;(1260) mesons are expected to be degenerate with the chiral
invariant mass given as about 500 — 700 MeV, and these two mesons are expected to
become lighter in the chiral symmetry restored phase.

Also, the chiral partner structure can be applied to the prediction of one obscure state
from the other well-known state. For instance, in Ref. [37], the excited states of A,
baryons with spin-parity 1/2~ and 3/2~ are expected to be exist with those masses of
about 3100 MeV, which is not experimentally given yet. This prediction is from the
ground state of A. baryon whose spin-parity and mass are 1/27 and about 2286 MeV.
Similarly, in Refs. [38, 39], masses and decay widths of excited singly heavy baryon states
with negative parity are derived from those baryons in ground states.

(1.20)

1.3 Diquarks

Diquarks are the hypothetical particles consist of two quarks. Since the quark model
proposed by Murray Gell-Mann and George Zwieg [7-9], the existence of diquarks are
implied as a building block of hadrons, as well as single quarks.

In the hadron phase where both temperature and baryon density is low, diquarks are
considered as the element of hadrons. For baryons, they are often described as the quark-
diquark picture to invesigate those energy spectra and decays [410-49]. For mesons, espe-
cially for excited scalar meson states, some researches assume them to be in the tetraquark
states, and the diquark—anti-diquark picture is applied in these works to analyze those
states [50-57]. For the others, diquarks are applied for the cluster model of exotic hadrons
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which are composed of four or more quarks and anti-quarks [25, 58—71]. In another field,
diquarks are expected to appear as the diquark condensate in the color superconducting
phase [72-84]. This phase appears when the temperature is not too high as below 102
kelvins, and the matter is as dense as or denser than that of the core of neutron stars.
In this phase, quarks are correlated to form Cooper pairs and condense, which is similar
to electrons in metals with low temperature [85, 86]. Therefore, from these explanations,
diquarks are involved in phases from low to high baryon density and within the low tem-
perature, so that diquarks are an important subject in high energy physics, elementary
particle physics, astrophysics and so on.

Now, let us consider the diquark which is composed of two light quarks as “qq”. Similar
to quarks, this type of diquarks have three degrees of freedom called color, flavor, and
spin. Also, there is the orbital angular momentum between two constituent quarks as the
additional degree of freedom for diquarks. These four features of diquarks must be totally
anti-symmetric, since the constituent quarks are fermions which are obedient to Pauli’s
principle.

About the symmetries of these four quantum numbers, diquarks are the group of two
quarks with each color represented by 3 triplet, so that the color expression of diquark
itself is given by 3®3 = 3®6. This shows that there are two kinds of color representations
for diquarks, classified into the color anti-triplet 3 type and the sextet 6 type. Here if a
diquark connects to one quark and forms a baryon, these diquark and quark should be
color singlet 1 to form an observable baryon. Considering the color product of diquarks
with each 3 and 6, the color representation of diquark-quark system is given by

33=148
diquark’s color) ® (quark’s color) = i 1.21
(i )6 (a ) {6®3:8@10 121)

Therefore, only the color anti-triplet 3 diquarks are permitted to be the components of
color singlet 1 baryons. Moreover, the color-Coulomb interaction between two quarks is
proportional the inner product of Gell-Mann matrices, (X;-A;). The value of this operator
for each color of diquarks is given by

(A= A

= {—8/3 (color 3 diquarks) ' (1.22)

| +4/3 (color 6 diquarks)

Therefore, the color anti-triplet 3 diquarks with the negative value of (X; - A;) have the
attractive interaction between two quarks including the color confinement interaction, and
they take form better than the color sextet 6 diquarks. From now on, we only consider
about diquarks with color 3 representation.

Next we consider the flavor of diquarks. In the three flavor system with ¢ = u, d, s light
quarks, the flavor expression of diquarks is written as 3 ® 3 = 3 @ 6, same as the color. In
each representation of flavors, the allowed combinations of two quarks are different from
each diquark as

I. Flavor 3 diquarks: [ud], [ds], and [su].
II. Flavor 6 diquarks: {ud}, {ds}, {su}, {uu}, {dd}, and {ss}.

Here the symbol { } for flavor 6 diquarks denotes the anti-commutation operators. Because
of these operators, only the flavor 6 symmetric diquarks are allowed to take two same
quarks such as {uu}, {dd}, and {ss}.

For the spin of diquarks, quarks have the spin 1/2, so that diquarks have two types of
spin as 1/2®1/2 = 0@ 1, showing the anti-symmetric spin singlet (0) and the symmetric
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spin triplet (1). Lastly, the orbital angular momentum between two quarks inside a
diquark is restricted to be either even (L = S, D, ...) or odd (L = P, F,...) by the parity,
because the symmetries of parity and the other three quantum numbers needs to be totally
anti-symmetric by the Pauli’s principle.

Diquark Operator Jr Color | Flavor | 2st1L;
Scalar diquark (¢ C°q)3, 0F 3 3 1So
Pseudoscalar diquark (qTCq)gA 0~ 3 3 3Py
Vector diquark (qTC"y“75q)§A 1~ 3 3 3P
Axial-vector diquark (¢TCy*q)} 1+ 3 6 351
Tensor diquark (¢T"Corq)3 | 11,17 3 6 3D Py

Tablel.2 Operators and properties of diquarks with color 3 representation expressed
as the superscript in each operator. The subscript A and S of diquark operators stand
for the flavor anti-symmetric and symmetric, respectively.

As a consequence, the diquarks belonging to the color 3 representation can be defined
as in Table 1.2 [87]. Five types of diquarks are summarized in this table, in which those
operators are expressed with two quark fields ¢ and the product of some gamma matrices.
Here C' = i7%42 is the charge conjugation operator included for the Lorentz covariance of
diquark operators.

In Table 1.2, there are two diquarks whose orbital angular momenta are in S wave state.
In particular, the scalar diquark with 3 anti-symmetric color and flavor is often called the
“good” diquark, which has the most attractive interaction between two constituent quarks
and is the most stable state of all diquarks. Also, the axial-vector diquark with color 3
and flavor 6 representations is often called the “bad” diquark, and is the stable diquark
next to the good diquark. The idea of these good and bad expressions for scalar and
axial-vector diquarks has been started by R. L. Jaffe and F. Wilczek to attract attention
in the context about descriptions of pentaquarks in Refs. [59, 60]. As these two diquarks
are attractive than others, they are frequently investigated by the lattice QCD simulation
such as the mass and the size [88-97]. For instance, the mass difference between these
diquarks with no constituent s quark is predicted to be about 200 MeV. Also, the strong
attraction of scalar diquarks are confirmed in many researches.

1.4 Singly heavy baryons

Since baryons are composite particles with three quarks, some of them are well regarded as
the quark—diquark two body systems. One of the baryon that is expected to form a diquark
substructure is “singly heavy baryon” which includes one heavy quark @) and two light
quarks gq. This is because the color Coulomb and spin-dependent interaction between two
quarks become weaker when the quark masses increase, so that the attraction between two
light quarks is stronger than that between a light quark and a heavy quark. Therefore,
two attractive light quarks can be regarded as a diquark surrounding a remained heavy
quark, and singly heavy baryons can be treated as the diquark—heavy-quark two body
systems as described in Fig. 1.5. From this reason, in an experimental way, the J-PARC
E50 experiment is planning to use a singly charmed baryons to investigate the diquark
correlation formed by two light quarks inside those baryons [98].

Note that, in hadron physics, the heavy quark generally represents charm and bottom
quarks (Q = ¢,b). Although top quark () is also heavy, it is the only quark that is heavier
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Diquark
(2 light quarks)

Heavy quark

(charm, bottom)

Figurel.5 Structure of singly heavy baryons as the diquark—heavy-quark picture.

than a W boson and it mostly decays to a W boson and a bottom quark affected by the
weak interaction. From this weak decay, the lifetime of top quark is known as about
0.5 x 10724 second, which is shorter than the typical strong interaction time scale defined
as 10723 second. Therefore, top quarks are expected to decay to bottom quarks before
they behave as the constituent of ¢-flavored hadrons [99].

Singly heavy baryons, in general, are expressed as Ag, ¥g, =g, E’Q, and Qg. The dif-
ference of these symbols comes from flavor, spin, and isospin of constituent quarks. In
detail, the subscript @) stands for a heavy quark inside those baryons, and the main part
is defined by the structure of two light quarks. In the way of diquark—heavy-quark two
body system, singly heavy baryons in the ground states are expressed with scalar diquarks
with 3 anti-symmetric flavor [gq] or axial-vector diquarks with 6 symmetric flavor {qq},
as summarized in Table 1.3. Here the Ag and =g baryons contain a scalar diquark with
spin 0, so that it combines with a remained heavy quark to form the J¥ = 1/2% states.
On the other hand, the ¥, E’Q, and Qg baryons have an axial-vector diquark with spin
1, and combines with a heavy quark to form J¥ = 1/2% or 3/2% states. For more details

about the ground state of singly heavy baryons, see those weight diagrams in Figs. 1.6
and 1.7.

Singly heavy baryon | Ag | Xg | 2q | Z5 | Qg
Constituents ud | nn ns ns S8
Flavor 3 6 3 6 6
Spin 0 1 0 1 1
Isospin 0 1 |1/2|11/2] 0

Tablel.3 Diquark properties in the ground states of singly heavy baryons, where
n = u, d in flavor denotes the light quarks except s quarks.

From the experimental points of view, there are about 30 discovered states for both
singly charmed and bottom baryons, respectively. In particular, Fig. 1.8 quoted from
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Figurel.6 The weight diagrams of the flavor 3 and 6 ground state representation
for singly charmed baryons, where ) and S are the electrical charge and strangeness,
respectively.

Figurel.7 The weight diagrams of the flavor 3 and 6 ground state representation
for singly bottom baryons, where @) and S are the electrical charge and strangeness,
respectively.
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Ref. [12] shows the energy spectrum of the observed singly heavy baryons whose total
spin and parity J¥ is given. However, for most of states, those spin and parity are not
determined experimentally but are almost the expectation from the quark model. About
the number of experimental data, singly charmed baryons with red solid lines have more
than singly bottom baryons with blue solid lines. Note that Zg and E’Q baryons are placed
together in the same spectra because of the flavor mixture.

Charmed baryons B 7 Bottom baryons — 6.5
3.1
~ 08 i
1 3- B i
> 5t - 6.3
2
2.9 5% - o ——
=i 3 0.6 g+ i
+ 2 92
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% 2 [GeV] 3 (6] 5
8 27 + =
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Figurel.8 Energy spectrum of the observed singly heavy baryons whose spin-parity
J' states are known or presumed in Ref. [12]. The flavor symmetry assignments are
given in the square brackets [ | for ground states. The Z¢ and Zf, are in the same

line, and the isospin triplet of 3¢ and doublet of Eg) are nearly degenerate.

Comparing charmed and bottom baryons in these spectra, we can find that the structure
of lines and quantum numbers is similar to each other, which implies that the strength
of color confinement is weakly dependent on the difference of heavy quark flavor. For
instance, in the ground state, the mass difference between A.(1/27) and Z.(1/2%) is
approximately the same as that between A,(1/27) and Z,(1/27). Also, the mass splitting
between A.(1/27) and Q.(1/27) is close to that between A,(1/27) and Q,(1/27).

In the excited states of Ag baryons, there are two pairs in which those mass differences
are relatively small: One is the states with spin-parity 1/2~ and 3/2~ which are expected
to be the P-wave orbital excitations. The other pair is spin-parity 3/2% and 5/27 states
and are the candidates for D-wave orbital excitations. Comparing the energy spectra of
A. and Ay, the excited energies of those pairs based on the ground state are similar to each
other. However, about two states in each pair, the mass splitting between two A. excited
states is larger than that between two Ay states. For example, the mass difference between
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A.(1/27) and A.(3/27) is about 50 MeV, but that between A,(1/27) and Ap(3/27) is
only about 10 MeV and is almost degenerate. In general, these pair of two states are
called the “heavy-quark spin doublet”, in which masses of these two states approach by
the increase of constituent heavy quark mass. This phenomenon is induced by the “heavy-
quark spin symmetry” which indicates that the spin of heavy quark is conserved when the
heavy quark mass approaches infinity [100-106]. Therefore, the mass splitting by the spin
dependent force becomes smaller for singly bottom baryons rather than charmed baryons.
For the other baryons, the ground states of ¥.4)(1/2%) and X.4)(3/2%), and also the
ground states of = (b)(l /2%) and 2/ (b)(3 /21) are heavy quark spin doublets. Moreover,

Qey(1/27) and Q) (3/27) in the ground states can be the heavy quark spin doublet,
but 2,(3/2%) is not discovered yet.

1.5 Purpose of the present research

The main purpose of hadron physics is to understand properties of hadrons from the
viewpoints of QCD. For this research, chiral symmetry and its spontaneous breaking is
one of the most important features to see hadrons in the low energy region. One of the
theoretical methods to look into hadrons from the viewpoints of chiral symmetry breaking
is the “chiral effective theory”, such as the “Linear sigma model” introduced by M. Gell-
Mann and M. Levy [107], and also the “NJL model” by Y. Nambu and G. Jona-Lasinio
[108]. Chiral effective theory induces the low energy theorems, and many problems about
properties of hadrons are theoretically explained by them.

For another perspective about the research of hadrons physics, diquarks are frequently
used as the building blocks of hadrons. For example, singly heavy baryons can be described
as the diquark—heavy-quark two body systems as in Fig. 1.5. In this case, we can predict
the features of unknown singly heavy baryons from diquark properties. In detail, if the
interaction between a constituent diquark and a heavy quark is determined, we can solve
this two body system by the Schrodinger equation with the diquark—heavy-quark potential
term, and can analyze singly heavy baryons from its diquark data. Also, in the opposite
way, we can predict the features of diquarks from the well-known singly heavy baryons
such as those ground states. As diquarks are the colorful object and cannot observed
directly in an experimental way, singly heavy baryons are helpful to investigate diquarks
with the color antitriplet 3 structure. Hence, diquarks and singly heavy baryons are the
best pair to look into each other.

There are many kinds of chiral effective theories such as for mesons, baryons, and the
other multiquark system. Most of hadrons with various color-singlet structures are dis-
cussed in those researches and reviews. However, about diquarks as elements of hadrons,
there are less research with the use of chiral effective theory, though both diquarks and chi-
ral symmetry breaking are essential strategies to solve properties of hadrons in low energy
QCD. In detail, the firstly constructed chiral effective model for diquarks is in Ref. [25]
proposed in 2004, where diquarks as building blocks of tetraquarks and pentaquarks are
discussed. Furthermore, the first research of diquarks with using the linear sigma model
[107] is in Ref. [87] proposed in 2020, where the naive spectrum of A. and =, baryons
are proposed from constituent diquark masses. Among various systems of hadrons and
quarks, there are few chiral effective theory for diquarks which work as the composition
of hadrons.
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In the present research, to understand the feature of diquarks connected with the chiral
symmetry breaking, we construct the “chiral effective model of diquarks” with using the
linear sigma model [107]. Using this model, we can investigate relations and variations
of diquarks from the viewpoints of chiral symmetry breaking. This model also makes us
possible to see the change of diquark properties from a perspective of chiral condensation.

For the chiral effective model of diquarks in this work, we consider the Lagrangian
including diquarks as basic fields and satisfying the chiral SU(3)r x SU(3)r symmetry
with Ny = 3 flavor system. In particular, we derive the formula which represents the
dynamical generation of diquark masses by the explicit chiral symmetry breaking. We
also look into the relation of diquarks with various structures and quantum numbers, as
well as the change of those diquarks by the chiral symmetry restoration.

After constructing the chiral effective model of diquarks, we apply this model to hadrons
which include diquarks as elements. Singly heavy baryons with diquark—heavy-quark pic-
tures, described as in Fig. 1.5, is the main theme of this research. In particular, we
investigate the energy spectra and decay reactions of those heavy baryons with consid-
ering a constituent diquark based on the chiral effective model and diquark-heavy-quark
interaction.

For the additional research, we look into the Tgg tetraquarks with one anti-diquark
as an element of those exotic hadrons. In this case, Tgq tetraquarks are regarded as
the three body systems composed of two heavy quarks and one light anti-diquark as in
Fig. 1.9. In particular, we investigate the existence of Tyq tetraquark bound states, and
compare our results with the recent experimental data and other theoretical predictions.

Anti-diquark
(2 light anti-quarks)

A Heavy quarks

(charm, bottom)

Figurel.9 Structure of T tetraquarks as the heavy-quark-heavy-quark—anti-diquark picture.

This dissertation is organized as follows. In chapter 2, we explain the linear sigma model
we apply in this research, and formulate the chiral effective model for various diquarks.
In chapter 3, we introduce the calculation method to compute few body systems with
a diquark or an anti-diquark element. In chapter 4, we firstly construct the diquark—
heavy-quark potential models and determine parameters in these potentials. After this,
we show numerical results of the energy spectra for singly heavy baryons based on a
diquark—heavy-quark description. In chapter 5, we look into one-pion emission decays of
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singly heavy baryons from the viewpoints of diquarks, and discuss the chiral symmetry
restoration which affect these strong decays. In chapter 6, we investigate the existence of
Tgq tetraquark bound states from the perspective of anti-diquark picture, and compare
our results with those in other various researches. Finally, chapter 7 is devoted to the
summary of this present research.
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Chapter 2

Chiral effective model of diquarks

In this chapter, we firstly explain one of the most famous model for chiral effective theory
called the “Linear sigma model” with the flavor SU(2) and SU(3) systems. Next we
construct the chiral effective model of diquarks using the linear sigma model with SU(3)
flavor. In this work, there are four types of diquark in this chiral effective model, whose
names are “scalar diquark”, “pseudoscalar diquark”, “vector diquark”, and “axial-vector
diquark”. Their features are summarized in Table 1.2.

2.1 Linear sigma model and chiral symmetry breaking

The linear sigma model is the prototype of an effective theory which implements the idea
of chiral symmetry breaking. This model was firstly constructed by M. Gell-Mann and M.
Levy [107] for the study of chiral symmetry in the pion-nucleon system, and is extended
to the quark-level system [7—9]. In concrete, the chiral effective Lagrangian for the linear
sigma model with SU(2) flavor system is written as

1 1
Lsu2) = 5(3u0)2 + §(au7")2 —V(o,m)
+ 1" 0uq — 9sq(0 + iysT - )g, (2.1)
Vie,m) = ,u_2( 24+ i(02 + w?)?
’ 2 24 '

Here ¢ is the massless quark field. ™ = (71,79, m3) ~ qiT7y5q with the Pauli matrix 7 is
an isotriplet of pion fields, and o ~ @q is the isosinglet scalar meson field. The coefficient
gs is the quark-meson coupling constant, which is expressed as gs = 27/ \/5(: 3.63)
according to Refs. [109, 110]. The self-interactions of these meson fields are expressed as
in the potential term V (o, ). Since this Lagrangian Lgy (2 is chiral SU(2)r x SU(2)L
invariant, it is also invariant under SU(2) vector and axial-vector transformations. These
infinitesimal transformations are given by

V:q—>q—ia-%q, T—oTt+taX®w, o0—0, (2.2)
Aq—>q_2B275q7 7T—>7'l'+,60', 0’—)0'—,8'77, (23)

and those associated Noether currents are written as
1_
Tt = (n x ') + ST, (2.4)

1 -
Ji" = (00n" — 1°9"0) + SUr T Y. (2.5)
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Therefore the correlated Noether charges, and also those from chiral transformation are
derived as

a,uu= a 1 a a
Via= /da:JV’/ﬁL4 O = const. , Qr/L = 5( v F Q%) = const. , (2.6)

which is similar to Eq. (1.18). In particular, two Noether charges from chiral transforma-
tion have the commutation relations expressed as

[in Q%] = U€qbc CLa [ ?%7 Qllj%] = ieach%? [QCLLa QI;%] =0. (2'7)

Therefore, we can confirm that these Noether charges appearing from the SU(2) symmetry
is separated as SU(2)g x SU(2)L.

The chiral SU(2)r x SU(2) symmetry is the isomorphism of O(4) symmetry. This
is explained by the four dimensional scalar field ¢ = (o, 71,72, m3) transformed by an
orthogonal 4 x 4 matrix R as

O; = Rijo; =~ ¢; + €05, 2.8)

Rij = 513' + €ij, €ij = —€5i-
We can observe from this transformation that the squared length of the vector ¢, ¢? =
0? + w2, is invariant under the four dimensional O(4) rotation. Moreover, the ¢;; in the
rotational operator R corresponds to the vector and axial-vector transformations in Egs.
(2.2) and (2.3) as

€ij = €ijkQ, €0 = P (i,7,k=1,2,3). (2.9)

In the linear sigma model, the ground state is determined by the minimum of the
potential term V (o, 7) describing the self-interactions of scalar fields. If the parameter

1?2 is negative, the minimum of this potential is located at

o+t =1 =92 (2.10)

This equation insists that, in the 4-dimensional space formed by ¢ and 7 scalar fields,
there are various vacuum states starting from the point (v,0,0,0), which are invariant
under the O(3) rotation of the last three components. This is often called as “Nambu-
Goldstone (NG) phase”, and the chiral symmetry is spontaneously broken from O(4) =
SU(2)r x SU(2)r to O(3) in these ground states. In this situation, we can determine a
particular ground state affected by the chiral condensate ({Gq) # 0) such as

(o) =v, (m)=0, (2.11)

where v is the VEV of the o field. By expanding the sigma meson field around this
minimum state as ¢ — v + o, the Lagrangian becomes

1 1 A
Su@) = §(au0)2 + 5(%77)2 + pPo? + vt =V (o, 7)

24
+ §iv"0,q + 9sG(o + iy T - T)q — 9504y, (2.12)
A A
V'(e,m) = %0(02 +72) + ﬂ(02 +7?)2

We can find that the spontaneous chiral symmetry breaking makes the quark and the
scalar meson massive with mass g,v and |v/2u| respectively, while the pions are massless
NG bosons which appears by the O(4) — O(3) symmetry breaking [30-32].
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After the spontaneous chiral symmetry breaking, the axial vector current J4* will have
a new term expressed as “vO*m”, and this is responsible for the matrix element of the
weak decay of pion 77 — pt + v,

0{0|* 7 7P (p*)) = i frpHSap. (2.13)

From this equation, we can associate the VEV v with the pion decay constant f, ~ 92
MeV. As a result, the quark mass obtained by the chiral symmetry breaking becomes

My = gsv = gs fr, (2.14)

which is called the Goldberger-Treiman relation [111].

This system of mass generation attributed to the spontaneous chiral symmetry breaking
is for the idealized massless quarks. In reality, quarks do have their own finite masses m, #
0, so that the chiral symmetry is explicitly broken. However, the masses of light quarks,
especially the u, d quarks, are lighter than 10 MeV, which is much smaller than the effective
mass appearing from the chiral symmetry breaking, gsfr ~ 3.63 x 92 MeV ~ 350 MeV.
Hence, it is also important to consider this approximated chiral symmetry which breaks
explicitly by the genuine light quark masses. In this occasion, pions that should appear
as the massless NG bosons acquire masses. In concrete, the explicit chiral symmetry
breaking and the pion masses can be represented by adding the chiral symmetry breaking
term,

ng(z) — €SB0, (215)

in the Lagrangian (2.1). Then the minimum of the potential V' (o, 7r) shifts to

6u2  esm
=4\ — + == 2.1
v =/ T 22" (2.16)

with the first order of parameter egp, and the pion masses m, can be given by

m2 = 8 _ 58 (2.17)

v fe
Therefore, we can see that the existence of explicit chiral symmetry breaking term esp # 0
gives masses to pions as NG bosons.

2.2 SU(3) Linear sigma model

The linear sigma model can be extended to the SU(3) flavor system for u, d, and s quarks.
In this model, The field ¥ composed of scalar meson ¢ ~ gg and pseudoscalar meson
T ~ q75q is used.

Y=0+1im =T,(6, +i7,). (2.18)
Here T, = \,/2 (a = 0,1, ...,8) are the generators of the U(3) symmetry expressed with
Gell-Mann Matrices and A\ = \/gdiag(l, 1,1). This meson field ¥ is in the form of ¢y ® Gr

under the chiral SU(3)r x SU(3)L space, so that the chiral transformation of ¥ can be
expressed with operators Ug, 1, belonging to the special unitary group SU(3)g,r, as

Ch : B5; = (UL)iaeSkm(Ul)ms > Unyr = exp(ith,, T%) € SU(3) v (2.19)
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Although there are only four mesons for SU(2) version, the SU(3) extended linear sigma
model has nine for both scalar and pseudoscalar mesons, containing 18 mesons totally
[112, 113].

1 0 + *+
) ) ﬁ(aj— ag) 1 ag i K*O
o= 7 ag 75({ —ag) K ) (2.20)
K*— K*O C
1.0, 1 1 + K+
) ol -+ \/6778 + \/§770 s
F=_ T —%ﬂ'o + %6778 + \%770 KO . (221)
V2 K~ K° —Zms + 5=
\/6778 \/3770

Here o and ( in the scalar meson & corresponds to the chiral condensate of the u, d quarks
and the s quark, respectively. They are concretely written as

1 V2

0 = —=08 + —=00,
CE (2.22)

2 1
( = ——=08 + —=0y.

V6T V3

Using the ¥ field, the meson part of the Lagrangian is written as [113, 114],

L3y = iTr[@HETa“E] - V()
V(E)=Vo(X) + Vaum(E) + Vs (X) + Vsp—anm(X).

(2.23)

The first and second terms in [,JSVU(?)) show the kinematic part and the potential term,

respectively. In the potential term V (%), V(X) fulfills the SU(3)g x SU(3)r x U(1)y x
U(1) 4 symmetry, and V., (2) only breaks U(1)4 symmetry, which are written as

Vo(2) = m*Tr(ZT8) + A [Tr(2T)]? 4+ A [Tr(2T8)?,

(2.24)
Vanm(X) = —Bldet(3) + det(Z1)],

where m and B are one mass-dimensional parameters, and A » are dimensionless param-
eters, respectively. The last two of the potential, Vop(X) and Vsp_anm(2), are terms
where the chiral symmetry is explicitly broken by the quark masses. These potentials are
expressed with the matrix of the quark mass M = diag(m,,, mg, ms) as below, in which
My, Mg, Mg denote the mass of u, d, s quarks.

Vsp(Z) = —¢ TeMTE 4+ MXT],

2.25
VSB—anm(E) = —kc [EabcedefMgEle) j‘ + hC] ( )

Here c and k are parameters with the mass-dimension two and minus one, respectively.
Similar to the SU(2) version, the scalar meson & takes the finite VEV (6 ~ (gq) # 0) as

(Xij) = (Gi5) = diag(fr, fr, fs), (Tiz) = 0. (2.26)

From the Goldberger-Treiman relation expressed as Eq. (2.14) in the last section, the
VEV related to the u,d quarks are (711) = (022) = fr ~ 92 MeV. Also, the VEV for
the s quark is given from kaon version of Goldberger-Treiman relation [111] as (633) =
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2fk — fr = fs ~ 128 MeV [87], where fx ~ 110 MeV is the kaon decay constant. The
pseudoscalar mesons in 7 field are the NG bosons appearing from the symmetry breaking
[30-32], in which the VEV of 7 is equal to zero.

Although Eq. (2.23) is the Lagrangian only for the ¥ meson field, the quark part for
this Lagrangian can be given by [114]

Ly = Tliv"0u — 95Ta(Ga + i757a)] 4, (2.27)

where gs denotes the quark-meson coupling constant. As in Eq. (2.26), & takes the
finite VEV related to the chiral condensate. Then if we exchange this field as ¢ —
o + diag(fr, fr, fs), the Lagrangian E?S‘U(S) becomes

/7

L%U(g) =q [Z.’Vﬂau - gsTa(a'a + iﬁa)] q-+ gs(fw‘lel + [rG2q2 + fsq3Q3)~ (2-28)

Therefore, the effective quark masses acquired by the chiral symmetry breaking are ex-
pressed as gs fr ~ 350 MeV for u,d quarks, and g, fs >~ 450 MeV for s quark.

Same process can be performed to the meson part of Lagrangian E%J(B), in which the
potential V(X)) takes the minimum value by inserting ¥ = (X). Considering the isospin
symmetry that masses of u and d quarks are the same, the mass formulae for pion and
kaon are given by [113]

9 2Cmyq

ms = (1+kfs),
20{77;1 +my) (2.29)
2 u,d s
mi = : 1+kfr),
" fotfo TR
and values of quark condensates are also given as
_ oLM
(nn) = (au) = (dd) = < a;jfj> = —cfz(1+kfo),
(2.30)
o) = (28w g gy
Omg # 4

From these expressions, we can give relations to quark condensates with decay constants
and meson masses as

fzmi = —2my q(7n),
- o 2.31
FEm2 = _$((ﬁn> + (59)), >

which is called the Gell-Mann—Oakes—Renner relation [115].
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2.3 Chiral effective Lagrangian for diquarks

In this section, we consider the chiral effective Lagrangian of diquarks on the basis of
SU(3) linear sigma model. As diquarks are the main components, we firstly construct
some diquark fields made of two quarks, especially the right and left-handed form gg/r,
defined in Eq. (1.6). The chiral transformations of these two quark fields are given by

Ch: q%; — (Ur)ijqg,;» Ur € SU(3)r,

2.32
Ch: q%’i — (UL)ijq%,j, Up € SU(?))L. ( )

From these transformations, we can define the chiral transformation of diquark fields [87].
Thus the chiral effective Lagrangian for diquarks based on the SU(3) linear sigma model
can be formalized with reference to Eqgs. (2.19) and (2.32).

We now construct the chiral effective Lagrangian for scalar diquarks with spin 0 and
vector diquarks with spin 1. In concrete, we describe the Lagrangian including the diquark
fields and X fields as

1
L= ZTr[é?MET@“Z] —V(E)+Ls+ Ly + Ls_v. (2.33)

About third and forth terms in Eq. (2.33), Lg and Ly, they are the Lagrangians only
for scalar diquarks and vector diquarks with interaction of ¥ field, respectively. The
last Ls_y term shows the interaction between scalar and vector diquarks with ¥ field.
After the construction of effective Lagrangians, we consider the effects of chiral symmetry
breaking to diquarks.

2.3.1 Chiral effective Lagrangian for scalar diquarks

At first, we define fields for scalar and pseudoscalar diquarks with the right and left-
handed quark fields. According to Table 1.2, we can make two kinds of diquark fields

as
abc

Pein(ar;Cdig)- (2.34)

Here the superscript a,b, c and the subscript ¢, j, k are for color and flavor components,
respectively. We define these fields d% /L 88 the right /left-handed diquark fields. These
chiral transformations is given by

a bT c a
Ri=F¢ eijk<qR,quR,k)’ dL,z' =€

Ch:dg; — d%,j(UIT%)ji» 1i — d%,j(U}:)ji- (2.35)

Next we consider the parity transformation of these right and left-handed diquarks.
About the right and left-handed quark fields, these space inversions are given as

P o:oqpa(t,e) =20t (t—) | qf ;i (t ) = 7 R, (t, —). (2.36)
Therefore, the parity transformation of right and left-handed diquarks is given by
P i dp; — —dp;, dp; — —dg;. (2.37)

Here we describe the scalar and pseudoscalar diquark fields as S¢ and P, in which the
parity transformation of these fields is given by
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As a result, these S¢ and P/ diquark fields are expressed with the right and left-handed
types of diquark fields as

1 1
Si = —=(dp,; —dy;) , B' = —=(dg,; +d7 ;). 2.39
(=) L P = () (2:39)
With these diquark fields in Eq. (2.34) and the ¥ meson field, the chiral effective
Lagrangian for scalar and pseudoscalar diquarks gives form as

Ls =Dudpi(D"dp;)' +D,dy ;(D"dy )}
- m?s*o(dR,id;z,i + dL,idTL,i)

m51

(dR ZET dL g + dL ZEZde J) (240)

™
2

2 f2 2
where the superscript for colors is omitted. The mass-dimension of coefficients mgg 51,52
are all one.

Since the chiral transformation of ¥ field is expressed as 3;; — (U L)ikam(U;&)mj in
Eq. (2.19), this Lagrangian is certainly chiral invariant. Also, the parity transformation
of ¥ is given as P : X;; — ij, so that this effective Lagrangian is invariant under the
space inversion. However, under the axial vector transformation, the term with coefficient
m?%, is not invariant, which is responsible for the chiral U(1) 4 anomaly effects induced by
the instanton [87]. The U(1)4 symmetry breaking of m%, term can be confirmed by Fig.
2.1, where the number of right handed (R) and left handed (L) quarks are not conserved
through the interaction vertex m?%,.

b
@) NG
R
R\ L
R 3 L ' dR = m252 h d.iI-J
R L L
R
b))

Figure2.1 Quark line representations for the effective Lagrangian Lg in Eq. (2.40),
showing the interaction between scalar diquarks and mesons. The left and right figure
describe m%; term and m%, term, respectively.

The first line of Eq. (2.40) shows the kinetic terms, where D, = 0, + igA§T* is the
color-gauge covariant derivative appearing from diquarks being non-color singlet. The
second line with coefficient m% is the mass term, and the others are the interaction terms
with one or two ¥ fields. However, we omit terms including XXt or £, because they
do not affect to the mass differences between scalar and pseudoscalar diquarks [87]. Also,
we neglect terms including three or more X fields.
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2.3.2 Mass formulae of scalar diquarks

According to the linear sigma model for quarks explained in the previous section, light
quarks aquire effective masses more than 300 MeV by the spontaneous chiral symmetry
breaking, which is expressed with the VEV of o field as gs(G;;). In the case of explicit
chiral symmetry breaking, these effective masses are added with the genuine light quark
masses m; # 0, so that the mass term of quark field becomes as

—m;i@iq; — —(Mi + 95(Gii) ) Gigi- (2.41)

Using the quark mass matrix M = diag{m,, mg, ms}, the effective quark mass matrix
Mg is written with the VEV of ¥ field as

M = Meg = M + g5(%)

. 2.42
:dlag{mu+gstamd+gst7ms+gsfs}- ( )

About u, d quark masses m,, 4 >~ 2,5 MeV, they are much lighter than the mass of s quark
ms =~ 100 MeV, and also the effective masses by the chiral symmetry breaking g fr ~ 350
MeV, gsfs >~ 450 MeV. Neglecting these quark masses as m, 4 — 0, the effective quark
mass matrix Mg is approximated as

Meff = gsfﬂdiag{la 1aAS}7 -’le = E(1 +

fr
The value of constant A, can be determined by f, = 92.1 MeV, f, = 2fx — f» = 128.1
MeV, mg = 93.1 MeV, and g, = 27/+/3 from Refs. [12, 109, 110]. Hence this value is
consequently given by Ag = 1.669..., so that it is well approximated as As = 5 /3.

To consider the explicit chiral symmetry breaking effect for the chiral effective La-
grangian (2.40), we firstly replace the ¥ field as ¥ — ¥ + M /g, to add terms where the
chiral symmetry is explicitly broken by the quark masses. Next, we substitute the VEV
in Eq. (2.26) to the ¥ field which is expressed as (X) = diag(fx, fx, fs). The total of this
operation is the same as substituting the VEV of ¥ field for the explicit chiral symmetry
breaking, defined as

ms
9sfs

) ~5/3. (2.43)

(X)sp = Mesr/gs = fxdiag{1, 1, As}. (2.44)

From now on, we use the matrix frdiag{1,1, As} for the VEV of ¥ field in the situation
of considering the explicit chiral symmetry breaking. With this mean field approximation,
the Lagrangian for scalar and pseudoscalar diquarks becomes

L3P =D,dp, (D dr,i)' + Dyudr i (D*dr:)' — Lsmass
Lsmass = m%o(dR,idTRi + dL,idTL,i)
+ (m?sq + lesm%sz)(dR,lalTL,l + dL»ld}%,l + dR,QdTL,Q + dLQd}c,z)
+ (Asm?, + m232)(dR,3dTL,3 + dLﬁdI%,S)'

(2.45)

Here Lgmass denotes the mass terms. From Eqs. (2.34) and (2.35), the flavor of right and
left-handed diquarks ¢ = 1, 2,3 is equivalent to ds, su,ud diquarks, where ¢ = 1,2 have
one strange quark and ¢ = 3 is non-strange type. The classified mass term Lg;,4ss into
each flavor is written as below.
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1. For ds, su singly strange diquarks,

, | _ ([ dricie f mg m2, + Asm?2, dR,i=1:
Smass(i=1,2) dL,i=1,2 m%‘l +Asm%2 m%o dL’i:1’2 .
(2.46)

2. For ud non-strange diquark,

Lg g = dR,i=3 ' 5 m?go Asm?ﬂ +m?s*2 dR,i=3 ‘
mass(l— ) dL,i:B Asm?gfl + m252 m%’o dL,i:3
(2.47)

In each mass terms Eqgs. (2.46) and (2.47), we change diquark fields from the right/left-
handed type, dr; and dr, ;, to the parity eigenstates, S; and P;, by Eq. (2.39). At this
time, the 2 x 2 matrices composed of parameters mZ, m3, m3, and A, are diagonalized, and
these components show the squared masses of scalar and pseudoscalar diquarks. These

mass eigenvalues are calculated as

+\ 2 2 i 2
My 2(07) = \/mso —mgy — Asmi,,

M3(0+) = \/m?s*o - Asm?gl - m?s*w

(2.48)
Mi2(07) = \/méo +m2, + Asm?,,

These are the mass formulae of scalar and pseudoscalar diquarks from the linear sigma
model. For the left side of these equations, the subscript of M and (0%) denote the flavor
and spin-parity states of diquarks, respectively.

Moreover, four equations in Eq. (2.48) are totally expressed only by the diquark mass
symbols M;(JF) as

[M:,2(0)]* = [M3(07)]* = [M3(07)]* — [M;,2(07)]*. (2.49)

To discuss the mass formula in Eq. (2.49), here we consider the scalar diquark as a
component of singly heavy baryons. According to Table 1.3, the non-strange ud scalar
diquark and the singly strange ds, su scalar diquarks can be an element of Ag and Zg
baryons, respectively. Also, according to Fig. 1.8 from Ref. [12], the experimental masses
of A. and =, baryons in the ground states are 2286.46 MeV and 2469.42 MeV, and those
of Ay and =, baryons are 5619.60 MeV and 5794.45 MeV, respectively. Thus, as the Ag
baryons are lighter than Z¢g baryons with the same heavy quark @), the mass relation of
scalar diquarks is expected to be

M 2(07) > M3(07), (2.50)

in which a ds or su diquark is heavier than a ud diquark. Hence both side of Eq. (2.49) are
positive. However, this expectation for scalar diquark masses brings about the peculiar
feature for pseudoscalar diquarks. That is, from Eqgs. (2.49) and (2.50), the mass relation
for pseudoscalar diquarks becomes

Ml,g(oi) < M3(0*), (251)
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unless diquarks are not tachyonic. This inequality shows that a ud pseudoscalar diquark
is heavier than a ds or su pseudoscalar diquark, which is inversely different from the
scalar diquark masses. As a consequence, whereas u,d quarks are lighter than s quark,
the pseudoscalar diquark takes the big mass value with containing no s quark rather than
one.

A

’ X
1

Scalar (0%) \\ Pseudoscalar (07)

Figure2.2 Chiral partner structure by the scalar and pseudoscalar diquarks. The
masses of these diquarks are degenerate to mgo in case that the chiral symmetry is
satisfied in the chiral limit. When the chiral symmetry breaks, the scalar diquark
becomes lighter than the pseudoscalar diquark.

The explicit chiral symmetry breaking consequently induced the mass equation and
relation for scalar and pseudoscalar diquarks as Eqs. (2.48) and (2.49). However, if the
chiral symmetry is not broken with massless quarks, the VEV of scalar meson field becomes
() = 0. Therefore, from (X) = 0, the parameters m%, and m%, in mass formulae are
all erased, and scalar and pseudoscalar diquarks are all degenerate to the chiral invariant
mass mgg. This indicates that scalar and pseudoscalar diquarks are the chiral partner
which have same spin 0 but have different parity.

2.3.3 Chiral effective Lagrangian for vector diquarks

In this subsection, firstly, we define the field showing the vector and axial-vector diquarks.
According to Table 1.2, we can make the diquark field expressed as

dit = e (q} (i ;O™ g5 ). (2.52)

The superscript a, b, ¢ and the subscript i, j, k represent the color and flavor, respectively,
and this vector field consists both right and left-handed quarks. We call this field d?j“ as

qr, ZCW QRJ) =
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chiral vector diquark field, in which this chiral transformation is given by

. 00 ap 17T
Ch: di — Upar dit UL i,

- " (2.53)
(Ch : dijz*”‘ N Ug;.k dent U;mj).

Vector diquark and axial-vector diquark fields, V;3" and Af}", are expressed with this

field. Considering the parity transformation of the chiral vector diquark field, it is given
by
because of the space inversion of right and left-handed quark expressed as P : quz,i(t, xT) =
’yoq%’i(t, —x) and P : qf ;(t,z) — fyoqu,i(t, —x), according to Eq. (2.36). On the other
hand, the parity transformation of V7" and Af;" fields is expressed as

. Yk a,p
As a Consequence, these V5" and A7 diquark fields are represented by the chiral vector
diquark field as

a ]- a, a, a, 1 a, a,

Vz‘j’u = E(dij“ - djiu) ) Az’ju = ﬁ(diju + djiu)' (2-56)

With refer to these vector diquark fields, we construct the chiral effective Lagrangian for

vector and axial-vector diquarks. Using the chiral vector diquark field in Eq. (2.52) and
the > meson field, the effective Lagrangian for these vector diquarks is formed as

Ly = —%Tr[FWFgV] + mi Tr[d"d]]
MLy (3t o T giT) L 2 TsHT gt gu g gt (257)
+ f—gTr[E drstd], ]Jrf—gr {Tr[2" s dld"] + Tr[Exd d] ]},
where the superscript for colors is omitted. The mass-dimension of coefficients my v1,v2
are all one.

Same to Eq. (2.40), this Lagrangian is invariant under the chiral transformation, and
also under the space inversion. Moreover, this Lagrangian is also invariant under the
axial vector transformation, so that there are no chiral U(1) 4 anomaly effect. This U(1)4
invariance is confirmed by Fig. 2.3, where the number of right /left handed quarks (R/L)
are conserved through both of interaction vertices, m?,; and m%,,.

For the first term of Eq. (2.57), F* = DHd” — D¥d" is the strength of chiral vector
diquark fields, which denotes the kinetic term. The second term shows the mass term, and
the others are the interaction terms with two X fields. Note that there are no interaction
terms with only one ¥ field which satisfy the chiral symmetry. For the others, We omit
terms which includes Tr[X%1] as they do not affect to the difference of diquark masses.
Also, we neglect terms including more than two X fields.

2.3.4 Mass formulae of vector diquarks

In the same way as the chiral effective Lagrangian for scalar diquarks, we derive the mass
formulae of vector diquarks from chiral effective Lagrangian (2.57). Using the VEV of ¥
field (X)sp in Eq. (2.44), and classifying the chiral vector diquark field into the vector
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(a) by (b)

d*

—y>x

Figure2.3 Quark line representations for the effective Lagrangian Ly in Eq. (2.57),
showing the interaction between vector diquarks and mesons. The left and right
figure describe mi,; term and m3-, term, respectively.

and axial-vector diquark fields by Eq. (2.56), the mass term of this Lagrangian Ly qss
is given by

1
‘C‘S/'B = —§TI'[FMVFJV] + ACVmas&
1 1
Lymass = §m%/0Tr[A“AL] + §m%/1Tr[XA”XAL] +mi, Tr[X2 AR Al (2:58)
1 1
- §m%/0Tr[V“VJ] - §m%/1TT[XVMXVJ] + m%/QTr[XQVMVJ]’

where X = diag{1,1, A;}. Therefore, the mass formulae of axial-vector diquarks and
vector diquarks are given as

M7, (17) = mig + miy + 2mis, (2.59)
M2 (1Y) =mio + Amiy + (1 + AD)mis, (2.60)
MZ(11) = miy + AZm3 + 2A2m3,, (2.61)
MZ2,(17) = miyg — miyy + 2miy, (2.62)
Mﬁs(l_) = m%/o - Asm%/l +(1+ /lg)m%/z, (2.63)

where n in the subscript of M denotes u,d quarks while s shows the strange quark, and
(1%) shows the spin-parity states of diquarks.
For the parameter Ag in Eqgs. (2.59) — (2.63), we newly define the parameter ¢ =

As — 1(= 2/3), and approximate the square of As as A2 ~ 1 + 2¢. Then these mass
formulae is expressed with this new parameter € as

M3, (1) = miyg + miyy + 2miy,,

(2.64)
M7 (1%) = mig + miry +2mig + e(miyy + 2mi,), (2.65)
MZ(1%) = mirg + miy + 2miy + 2e(miy + 2miyy), (2.66)
MZ2,(17) = miyg — miyy + 2miy,, (2.67)
M2 (17) = mig — miry + 2miry + e(—miyy + 2miy). (2.68)
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From these mass formulae, we can tell about the axial-vector diquark masses in Eqgs.
(2.64) — (2.66) that the mass difference between non-strange and singly strange diquarks
is equivalent to that between singly strange and doubly strange diquarks, written as

M (1) = My (1F) = My (1) = M7, (17) = e(myy + 2mi,). (2.69)

This relation for axial-vector diquarks corresponds to the generalized Gell-Mann—Okubo
mass formula for diquark bosons [116, 117], which is also given by the flavor symmetry
breaking. Moreover, the equation (2.69) is also shown as 2M2_(11) = M2, (11)+M2,(11),
which leads to

4M55<1+) - {Mnn(1+) + M88(1+)}2 = {Mnn(1+> - MSS(1+>}2 > 0. (2-70)
As a consequence, this equation indicates the mass relation written as
My (177) + Mg (17) < 2M,,5(17). (2.71)

Without considering the interaction between an axial-vector diquark and a charm quark,
this inequality leads to the mass relation of X, Z/, and €2, baryons, i.e., Eq. (2.71) naively
expresses the mass relation of singly charmed baryons as

M(Qu;1/2%,3/2) + M(S0;1/2%,3/27) <2M(EL;1/27,3/2%).  (272)

The symbol M (Y,;1/2%,3/2") denotes the spin-averaged mass of singly charmed baryon
Y, in the ground states with spin-parity JZ = 1/2%,3/2%. According to PDG [12], these
three mass values are M (X.;1/2%,3/2%) = 2496.60 MeV, M(Z.;1/2%,3/2%) = 2623.52
MeV, and M (.;1/2%,3/2%) = 2742.33 MeV, which satisfies Eq. (2.72).

. X

1

Axial-vector (17) \\ Vector (17)
&-0)

Figure2.4 Chiral partner structure by the vector and axial-vector diquarks. The
masses of these diquarks are degenerate to myo in case that the chiral symmetry
is satisfied in the chiral limit. When the chiral symmetry breaks, the axial-vector
diquark becomes lighter than the vector diquark.
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As the scalar and pseudoscalar diquarks, we next consider the mass relation of vector
and axial-vector diquarks excluding the chiral symmetry breaking effect with the chiral
limit. If the chiral symmetry is not broken with massless quarks, the VEV of scalar meson
field becomes (5) = 0, and the parameters m?,, and m?., in the mass formulae Eqs. (2.64)
— (2.66) vanishes. Hence vector and axial-vector diquarks are all degenerate to the chiral
invariant mass my, meaning these diquarks with same spin 1 and opposite parity are the
chiral partner.

From here, we note that we apply Eqgs. (2.64) — (2.68) for the mass formulae of vector
and axial-vector diquarks in usual, which lead to the generalized Gell-Mann—Okubo mass
formula for axial-vector diquarks as in Eq. (2.69).

2.3.5 Chiral effective Lagrangian for scalar and vector diquarks

In the previous subsections, we created the fields which represent scalar and vector di-
quarks by using left and right handed quarks q%,; ;. written as Egs. (2.34) and (2.52).
Using these fields, the chiral effective Lagrangians for scalar and vector diquarks are in-
dependently constructed as Eqgs. (2.40) and (2.57), respectively. In this subsection, we
explain the chiral effective Lagrangian with the mixture of diquark fields in Eqs. (2.34)
and (2.52), which represents the interaction between scalar and vector diquarks. This
type of Lagrangian is created with the partial derivative of ¥ field, 0,%, and is written as

Ls_v= gi€jk [dgi(auy)jnd;r%,k + d?n(aﬂz)jndkk]

g2
+f_ﬂ€ijk: [dﬁ‘n{zjn(aﬁ)km — (0 %) jn S} e

s A 03k — (042N S} (2.73)

where the superscript for colors is omitted. The coefficients g; 2 are the dimensionless
coupling constant for terms including one and two ¥ fields, respectively. The terms
including more than two X fields are neglected.

Consequently, this Lagrangian is chiral invariant and also invariant under the parity
transformation. However, under the axial vector transformation, only the go term is U(1) 4
anomalous. We can confirm this chiral U(1)4 anomaly effect from Fig. 2.5, where the
number of right/left handed quarks (R/L) are not conserved only through the interaction
vertex gs.

To incorporate the explicit chiral symmetry breaking effect, we substitute (3)gp in Eq.
(2.44) for X fields in this interaction Lagrangian (2.73). Moreover, we use the parity eigen-
states for diquark and meson fields, and truncate terms including the scalar meson field
0. As a result, The mean-field approximated Lagrangian with the interaction mediated
by pseudoscalar mesons 7 is expressed with

EgéV - £A5'7r + £VP7r; (274)
where
iLasz= (g1 + Asg2) [Afn(auff)znsg - Agn(aﬂﬁ-)lns?]j
(91 + 92) | A5, (0u7)3nS] = AL, (0,7)20S]

+ AL, (9u7)1nS) — AL, (0,7)3aS]| . (2.75)
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Figure2.5 Quark line representations for the effective Lagrangian Ls_v in Eq.
(2.73), showing the interaction between scalar and vector diquarks meditated by
mesons. The left and right figure describe g; term and g2 term, respectively.

and

Ly po=—(g1 = Asga) | Vi3 (0,7)20 P] = Vi (8,710 P]
(91 = 92) VA (0u)an P{ = VEs(0,7)20 P]
VL (OuF) 1P — VI (0730 Py
—(1+ A9)gs [VH3(0u7) 10 Pl + V41 (0uT)2n PY] — 292 [VI5(8,,7)3n P1] (2.76)

Each expression indicates that the interaction of two diquarks mediated by the pseu-
doscalar mesons must have the same parity: Diquarks with positive parity as the axial-
vector and scalar diquarks interact through the 7 meson field as Eq. (2.75). As the same,
the negative-parity pair with vector and pseudoscalar diquarks interact with 7 meson as
Eq. (2.76).

Furthermore, the pseudoscalar meson field can be decomposed into the flavor singlet
and octet parts as

0

5 Tt 5% mt K+ 5
~ 25 - m° — 2 (D5, (®)
i —\/;771523-1-\/5 T —75__1_\’7/_% ]20 _\/;77 513—{—7%» . (2.77)
K~ K° —%

By substituting Eq. (2.77) into Egs. (2.75) and (2.76), the flavor structure becomes more
transparent. In particular, the interaction between scalar and axial-vector diquarks is
expressed as

iLase= (g1 + Asg2) [Aﬁl’n(auﬂ(g))znsg — Agn(auﬂ(g))msgq
+(91 + 92) [Agn(auﬂ(g)):%nsir — A (9,7 ®))2, ]
AL, (D)1 8] — AL (07 D)snS]| (278)

where the flavor singlet pseudoscalar meson (1) is not associated to this interaction. This
reason is that the flavor structure of axial-vector and scalar diquarks are different with
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each other as 6 and 3, respectively. Therefore, only the flavor octet pseudoscalar meson
7(8) can intermediate these diquarks with different flavors as 3@ 8 = 3@® 6 @ 15 or as
6®8=3d6d15®24. On the other hand, the vector diquark and pseudoscalar diquark
are both flavor 3, so that they can also interact with the flavor singlet pseudoscalar meson
as

2 .
1Ly pr= 2\/;{(./45 — 1)92 — gl} [V{é(@uﬂ-(l))Pg]

+\/§{<1 — A2 — 291} |V (0, ) Pl + Vi (9,m ) P |
+{g1 — (1 +2A4,)g0} [Vzlé(aﬂ(s))mpg + 1/3,’{(8”77(8))23P§}
o — 2+ A)ga} VA ©um )1 Pl + VE (0,712 P} |
+(91 — 392) [Vé(@uw(g))mPf + ‘/1’3(3#”(8))32});}
o — @+ A)ga} [Via(0um®)as P
V0, )1 P + VL (0,22 B | (2.79)

Hence it becomes more complicated than Eq. (2.78).
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Chapter 3

Calculation method of
diquark—heavy-quark few body systems

In the previous chapter, we constructed the chiral effective model for scalar and vector
diquarks with color 3. With the mean field approximation by the VEV of ¥ meson field,
we constructed the formulae of diquark mass relations. They are expressed as Eq. (2.49)
showing the reversed mass relation of pseudoscalar diquarks, and Eqs. (2.64) — (2.68)
leading to the generalized Gell-Mann—-Okubo mass formula of axial-vector diquarks as
in Eq. (2.69). Inputting some diquark masses into these equations, the other remained
diquark masses can be derived.

If the interaction between a heavy quark and a diquark is given in the form of potential
model, the masses of singly heavy baryons including a diquark substructure can be com-
puted. Moreover, in the opposite way, the diquark-heavy-quark potential model enables
us to give values of diquark masses from the well-known singly heavy baryon masses. In
this chapter, we show the pictures of hadrons including diquarks as those building blocks,
and explain the calculation method to solve properties of heavy hadrons with constituent
diquarks.

3.1 Diquark—heavy-quark two body system

Singly heavy baryons are the conventional hadrons that are expected to form a diquark
substructure with two constituent light quarks. Regarding a diquark as an element of
singly heavy baryons, they can be treated as two body systems composed of a diquark
and a heavy quark, where the Hamiltonian is expressed as

p?

H = @—{-MQ—FMD—{-V(T’). (3.1)

Here p = % and p = pu(rp — 7q) are the reduced mass and the relative momentum

between the heavy quark ) and the diquark D, expressed with those velocities 7g p and
masses Mg p, respectively. V(r) denotes the relative potential given in terms of the
relative coordinate r = |[rp — rq|.

Since quarks acquire more than about 300 MeV of masses by the chiral symmetry
breaking, the effective mass of diquarks is predicted to be heavier than 600 MeV. Also,
charm and bottom quarks as heavy quarks are about 1500 MeV and 4000 MeV, respec-
tively. Therefore, both diquarks and heavy quarks have enough masses to treat in the
non-relativistic physical dynamics. Hence, solving the Schrodinger equation with the
Hamiltonian in Eq. (3.1), we can earn properties of singly heavy baryons such as those
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masses and relative wave functions between a heavy quark and a diquark substructure.

Diquark D Heavy quark )

Figure3.1 The structure of diquark—heavy-quark two body system for singly heavy
baryons. V' (r) denotes the diquark—heavy-quark potential, in which the Hamiltonian
with this potential term leads to the solution of baryon masses.

3.2 Rayleigh—Ritz method

At first, we consider the Schrodinger equation expressed with Hamiltonian H, energy F,
and wave function ¥, written as

H|¥) = E|7). (3.2)
Here if the energy F is the functional of the wave function W as E[¥], its variation

V| H|¥)
SE[¥] =4 {<—} =0, (3.3)
(W]w)
is identically equal to the Schrédinger equation (3.2). Eq. (3.3) comes from the variational
principle, showing that the energy F does not change with the infinitesimal variation of
the wave function W.
Next, we expand the wave function ¥ with N pieces of basic functions ¢,, as

[T) = Culn). (3.4)
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Substituting this into Eq. (3.3), the variation of energy E[¥] becomes as

[(wH )
PEN=0 | ) |
s 25:125:10:%<¢n|ﬂ|¢w>] g
| i Xonet CiCor () (3.5)
=4

N N N
Zn:l Zn’:l CnCn'Nnn'

where we defined two matrices as Hy, = (¢r|H|pn) and Ni, = (dr|én). From Eq.
(3.5), the wave function ¥ can be changed by the variation of parameters Cr(l*) . Thus,
considering FE[¥] which does not change by the variation of ¥, this energy is an extreme
value with respect to variables C}:. This is expressed with the partial differential equation
as

OF o XN _ SN O Cn n,n,,]

ZnN:1 25:1 C:LC”’H”"/] =0

. * N N
aCn acn ZTLIZI En”:l C:L/ C’I’L” n/n//

N N N X N
. Zn”:l CTL”HTLTL” _ (ZR'ZI Zn”:l Cn’Cn”Hn’n”)(Zn”:1 CTL//NTL’H,”)
Y N * N N .
Zn’:l Zn”:l Cn’Cn”Nn’n” (Zn’=1 Zn”:l Cn’ Chun Nn’n”)2
27]:[/:1 Cn’ (Hnn’ - ENnn’)
o N N % — Y
ZTL’:I Zn”:l Cn/ C?’L” n’'n’’
(3.6)
so that it needs to satisfy the equation expressed as below.
N N
> HuywCnr =E Y NpywCy. (3.7)
r—1 r—1

This is the same as the generalized eigenvalue problem with the eigenvalue E and the
eigenvector C,,. As in this way, the method which makes the Schrodinger equation into the
generalized eigenvalue problem by the expansion of wave function ¥, is called “Rayleigh—
Ritz method”.

Using the Rayleigh—Ritz method, the given energy E[¥] becomes larger than the real
energy value of the ground state Ey. For this proof, we define the Schrodinger equation
(3.2) with the eigen-wave functions and energies expressed as 1; and E; with i = 0,1, ...,
satisfying

Hy;)) = Ei|W;) , Bo < Ey < FEy <. (3.8)

At this time, the wave function W is expressed with the linear combination of these
orthogonal eigen-wave functions as

T) = cilws) , (Wilw;) = 6. (3.9)
i=0
Therefore, the energy E|[¥] satisfies the rule E[¥] > Ej as below.

U|H|W o Eilel? E . |2
(V)W) Zizo |ci] Zz‘:o |cil

Elw) = ¢
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3.3 Gaussian expansion method

One of the method to numerically solve the Schrédinger equation of few body system is
“Gaussian expansion method (GEM)” [118, 119]. This method is the application of the
Rayleigh—Ritz method, in which the basis functions of the expanded wave function ¢,
are taken as the Gaussian functions for the radial component r. Some main reasons and
advantages to use the Gaussian basis functions are written as below.

1. It is easy to read their geometric formation and physical conditions.
2. They can express various wave functions in the range of strong interaction.
3. Their non-orthogonality is not much large.

About the GEM, the wave function W(r) is classified into the radial component ®(r)
and the spherical functions Y},,(#). Moreover, the radial part ®(r) is represented by the
linear combination of IV pieces of gaussian basis functions in the form of “exp(—v7r?) x r!”
as

N
U(r) = @(r)Yin(r) = Z Cridni(1)Yim(7),
! (3.11)

1/2
- 21+2 vy, ) 243
¢nl(r) - anrle " 5 an - ( n> ] ;

(20 + 1)! 5

where [ denotes the orbital angular momentum, and N,,; are the normalization factors of
the basis functions satisfying (¢,;|¢ni) = 1. About the coefficients v, in the index number
of ¢n(r), for GEM, they are determined by the geometric progression {7,} as

Up = 1/72, 7, =7F1a"" ' (1 <n < N). (3.12)

From Egs. (3.11) and (3.12), the GEM derives the correct eigenvalue E and eigenvector
C'n1 by the definition of appropriate number of Gaussian basis function N, and appropriate
geometric progression {7, }. In general, the increase of the number N makes approach to
the correct answer. Also, from Eq. (3.10), the eigen-energy of the ground state given by
GEM, EFEM | is not less than the correct value Ey as ESFM > Fjy. Therefore, to find the
appropriate Gaussian basis functions, we need to make the lowest eigen-energy approach-
ing to the correct energy, min{ E§*™M} ~ FE,, by the appropriate choice of parameters N
and {7, }. From this adjustment, we can give the correct energy value, and also can draw
the wave function 1 (7) by the derived eigenvector C),; and the basis function ¢,,;(r) fixed
by the proper {7,}.

3.4 Gaussian expansion method for three body problem

The other hadron we discuss in the present research is the T tetraquarks consist of two
heavy quarks and two light anti-quarks. As shown in Fig. 3.2, they are described with
anti-diquark substructure as the three body systems composed of two heavy quarks and
one anti-diquark. The Hamiltonian for this three body system is written as

2
Hy = My + 25} — K + Voun(r) + Vo,5(r2) + Vauo, (3), (3.13)
oM, Q Q
Q1,Q2,D
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where Mg, ;5 and pg, 5 are the mass and momentum of constituent heavy quarks /anti-
diquarks, respectively, and K., is the kinetic energy of the center of mass which is
subtracted. To solve the Schrodinger equation for this three-body Hamiltonian, the wave
function W ;s is expressed with the summation of three wave functions in each channel
of Jacobi coordinates ¢ = 1,2, 3 as

Uy = 05o (ry, Ry) + OU5 (r0, Ry) + Y5 (r3, Ry), (3.14)

where the subscript of the wave function, J and M, denote the total spin and the magnetic
quantum number, respectively.

@

R,

(c=1

(c= (c-3)

Figure3.2 Jacobi coordinates for the three body system of Tgqg tetraquarks com-
posed of two heavy quarks ) and one anti-diquark gq.

In order to calculate the Schrédinger equation of three body system with use of GEM
[118, 119], we expand the wave functions in each channel with the Gaussian basis functions
of coordinates r. and R, as

(e R) = > O g [dnenrin (B
nC)lC7NC7LC

Gt (1) = Gt (1) Yin (7) = Nogrle ™77 ¥ (7), (3.15)

TLNLM'(R) = @ENL(R>YLM’(R) = NNLRLG_’\NRQYLM/(R).

The normalization factor Ny;nr) is expressed in Eq. (3.11), and the parameters 7, and
Ay are defined by the proper geometric progression similar to Eq. (3.12). From GEM, the

eigenvalue E and eigenvector C’( )l N,.L, can be given correctly by the proper Gaussian
basis functions.
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Chapter 4

Masses of diquarks and
spectrum of singly heavy baryons

In chapter 2, we created the chiral effective model of diquarks based on the SU(3) linear
sigma model, and derived the mass formulae as Eqs. (2.48) and (2.49) for scalar and
pseudoscalar diquarks, and as Eqgs. (2.64) — (2.68) for vector and axial-vector diquarks.
In chapter 3, The GEM is explained for the numerical solution of Schrédinger equations
for two and three body systems.

In this chapter, we use both these mass foumulae of diquarks and GEM for two body
calculation, and derive numerical mass values of diquarks and singly heavy baryons. At
first, we define the diquark—heavy-quark potential model and diquark masses. Then we
show the numerical results of masses and energy spectra of singly heavy baryons, as well
as diquarks for the substructures of those heavy baryons.

4.1 Diquark—heavy-quark potential model

In this section, we mainly construct the diquark—heavy-quark potential model and define
diquark masses, so as to draw the energy spectra of singly heavy baryons in the next
section.

4.1.1 Spin independent central potential

To solve the Schrodinger equation of diquark—heavy-quark two body system, where its
Hamiltonian is written as Eq. (3.1), it is necessary to define the potential model between
these two particles. Here we firstly construct its potential with only terms which are
independent of the spins of diquarks, heavy quarks, and singly heavy baryons.

Since diquarks and heavy quarks inside singly heavy baryons have their own color as
3 and 3, respectively, they have the attractive color-Coulomb interaction, and also the
interaction by the color confinement. In the form of Corenell potential model [120], the
potential based on these interactions are spin independent, and are expressed with the
relative coordinate between a diquark and a heavy quark r as

Vo(r) = —%4—)\7”4—0. (4.1)

Here a, A\, and C are coefficients of the Coulomb term, linear term, and constant shift
term, respectively. We define these parameters on the basis of three types of potentials
in Refs. [121-123], which are summarized in Table 4.1.

The name of these potentials in the leftmost column are taken from the initial of the
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Potential a AMGeV?) | C.(GeV) | Cy(GeV) | M.(GeV) | My(GeV)
Y-pot. [121] || 0.06(GeV)/u* | 0.165* —0.831 —0.819 1.750% 5.112*
S-pot. [122] 0.5069 * 0.1653* —0.707 —0.696 1.836* 5.227*
B-pot. [123] 0.7281* 0.1425* —0.191 - 1.4794* -

Table4.1 Parameters of spin independent potential terms and heavy quark masses,
where the asterisk * denotes the quoted number from Refs. [121-123]. u included in
the parameter « of the Y-potential is the reduced mass of diquark and heavy quark.

first author of each reference [121-123] as Y (Yoshida et. al. ), S (Silvestre-Brac), and B
(Barnes et. al. ). About these models, Y-potential is from the interaction of two quarks
inside baryons. Also, the origins of S, B-potentials are the quarkonium @Q — @ and the
charmonium ¢ — ¢, respectively.

About the parameters in Table 4.1, a and A are quoted from each reference. In partic-
ular, the parameter o of Y-potential depends on the reduced mass of constituent diquark
and heavy quark, u = Aﬁ%ﬂj/‘(ﬁ?. On the other hand, about the constant C.; where the
subscript ¢, b denote the constituent charm and bottom quarks, respectively, those values
are given by the two body calculation with GEM in this work. They are defined to be con-
sistent with between the mass values of some singly heavy baryons and those constituent
diquark. In concrete, C, is derived from masses of A, baryon in the ground state and its
constituent ud scalar diquark. As the same, C} is given by masses of A, baryon in the
ground state and its constituent ud scalar diquark. These mass values for parameter C. 3
and those references are written as below.

1. The ud scalar diquark mass, M,4(0") = 725 MeV, from lattice QCD calculation in
Ref. [93].

2. The experimental A. baryon mass in the ground state, M(A.,1/2%) = 2286.46
MeV, in Ref. [12].

3. The experimental A, baryon mass in the ground state, M(A,,1/27) = 5619.60
MeV, in Ref. [12].

Here JP = 1/2% in second and third category shows the spin-parity state of Ag baryons.
For the other, the mass values of heavy quarks M., are also summarized in Table 4.1.
These are quoted from each reference [121-123] as same as parameters o and .

About the B-potential, we note that the parameters related to the bottom quark, Cj
and My, is not given in Table 4.1. This is because this potential model is originally used
as for charmonium (c¢) in Ref. [123], so that there are no definition for bottom quark.

4.1.2 Masses of diquarks

In the previous subsection, we quoted the mass value of the non-strange ud scalar diquark
from a result of lattice QCD simulation [93], so as to define the parameters of spin inde-
pendent potential Eq. (4.1) as summarized in Table 4.1. From here, we derive the other
diquark masses from diquark—heavy-quark potential models and masses of singly heavy
baryons, and also from the mass formulae of diquarks in Eqgs. (2.48), (2.49), and (2.64) —
(2.68).

Before we give the diquark masses, we mainly introduce three types of structures for
singly heavy baryons described in Fig. 4.1. The leftmost picture represents the ground
state with only S-wave angular momenta, so that it is constructed by a scalar or an axial-
vector diquark. In detail, from those diquark flavors in Tables 1.2 and 1.3, scalar diquarks
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Ground state p —mode A —mode

Figure4.1 Structures of singly heavy baryons, where the P-wave excitation states
are classified into two kinds of orbital excitations: p-mode and A-mode.

can be the component of Ag and E¢g baryons, while axial-vector diquarks can be that of
X0, E’Q and g baryons. The remained two states are the P-wave excited states: One
in the center of Fig. 4.1 is called the p-mode, which has an orbital excitation between
two light quarks inside a diquark, so that it is described by a pseudoscalar diquark or a
vector diquark. On the other hand, the rightmost part of Fig. 4.1 is called the A-mode,
which has an orbital excitation between a heavy quark and a diquark, so that a scalar or
an axial-vector diquark is the constituent of this state.

At first, we will derive the remained masses of scalar and pseudoscalar diquarks. Here
we use two baryon mass values: One is the experimental mass of =Z. baryon in the ground
state, M (Z.,1/2%) = 2469.42 MeV, in Ref. [12]. This gives the mass of singly strange
ns scalar diquark, where n denotes the u,d quarks. The other is the mass of A, baryon
estimated as the p-mode excited state, M (A.,1/27) = 2890 MeV, quoted from the 3 body
calculation in Ref. [121]. We assume this baryon state giving the mass of non-strange
ud pseudoscalar diquark. Giving these two diquark masses with applying the diquark—
heavy-quark potential models, we earn three kinds of spin 0 diquark masses including the
non-strange scalar diquark, M,,(0") = 725 MeV. As a result, the remained mass of a
singly strange pseudoscalar diquark can be derived by inputting these three masses into
Eq. (2.49).

Next we will determine the masses of axial-vector and vector diquarks. Although there
are some data by the lattice QCD simulations [93], we will give those spin 1 diquark
masses mainly from the baryon masses and the diquark—heavy-quark potential models
summarized in Eq. (4.1) and Table 4.1. However, since the form of potential models is
spin independent, we will use the spin-averaged masses for some singly heavy baryons to
give masses of those constituent diquarks. In concrete, we will give three diquark masses
for each potential model from spin-averaged baryon masses quoted from Ref. [12], where
those baryon mass values and corresponding diquarks are summarized as below.
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1. The non-strange axial-vector diquark mass M,,(1") can be derived from
M(X.;1/27,3/2%) = 2496.60 MeV representing the spin-averaged mass of two
ground states of . baryon with JE = 1/2% and 3/2%.

2. The singly strange axial-vector diquark mass M,s(17) can be derived from
M(ZL;1/2%,3/2%) = 2623.52 MeV representing the spin-averaged mass of two
ground states of =, baryon with J¥ = 1/2% and 3/27.

3. Based on some assumptions, the mass of non-strange vector diquark M,4(17) can
be derived from M,(A.;1/27,3/27) = 2927.65 MeV representing the spin-averaged
mass of two p-mode states of A. baryon with JF =1/27 and 3/2~.

Note that, however, the baryon mass M,(A.;1/27,3/27) = 2927.65 MeV in third category
is given with the estimation written as below:

About the experimental mass values of A, baryons in Ref. [12], there are two
data written as M (A 1/27) = 2592.25 MeV and M (A.;3/27) = 2628.11 MeV.
According to Ref. [121], they are expected to be the A-mode excited states, in
which the mass difference is 35.86 MeV. On the other hand, there is another mass
information written as M (A.;3/27) = 2939.60 MeV, which can be assigned as
the p-mode excited state. With the assumption that the mass splitting between
JP = 1/27 and 3/2~ P-wave states are the same for both A-mode and p-mode,
we can predict the mass of A, baryon in the p-mode state with JZ = 1/27 as
M,(Ac;1/27) = 2939.60 — 35.86 = 2903.74 MeV. As a result, we can give the spin-
averaged mass of A, baryon in the p-mode state as M,(A¢;1/27,3/27) = 2927.65
MeV from M,(Aq;1/27) = 2903.74 MeV and M,(Aq;3/27) = 2939.60 MeV.

From these three spin-averaged mass values of singly heavy baryons, we can derive
three diquark masses, M, (17), M,s(17), and M,,(17). The remained diquark masses,
Ms(17) and M,s(17), are given from Egs. (2.64) — (2.68) with the parameter ¢ = 2/3
87, 109, 110].

When all of diquark masses are derived in each potential model, we can also calculate
the parameters of chiral effective Lagrangian, meaning m%,, m%,, and m%, in Eq. (2.40),
and the m},,, m¥,|, and m¥, in Eq. (2.57). All values of diquark masses and parameters
in chiral effective Lagrangians, Egs. (2.40) and (2.57), are summarized in Table 4.2.

From here, we express four kinds of diquarks by those initials as “S” for “scalar”, “P”
for “pseudoscalar”, “A” for “axial-vector”, and “V” for “vector” diquarks, respectively.

For all of each potential model in Table 4.2, the mass of non-strange S diquark, M,4(07),
is about 250 MeV lighter than that of singly strange S diquark, M,,(0"), which obeys to
the inequality (2.50). Conversely, the mass of non-strange P diquark , M, 4(07), is about
150 MeV “heavier” than that of singly strange P diquark, , M,,s(0~), which obeys to the
inequality (2.51). This reversed mass relation of P diquarks is the most characteristic
point obtained from the chiral effective model of scalar diquarks, which is numerically
shown in this table.

About the A diquarks, the mass difference between non-strange and singly strange types,
My, (17) and M,5(17), is about 150 MeV, which is almost the same as that between
singly strange and doubly strange types, M,s(17) and Ms(1"). This mass relation
is numerically derived for all potential models in Table 4.2, which is associated to the
generalized Gell-Mann—Okubo mass formula given in Eq. (2.69). Moreover, these results
of A diquarks also satisfy the inequality (2.71).

On the other hand, the V diquarks have bigger mass difference between non-strange and
singly strange types than that of A diquarks. In detail, the difference between M,q(17)
and M,s(17) is more than 300 MeV for all potential models, while the difference between
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Potential model
Y-pot. [121] | S-pot. [122] | B-pot. [123]
Masses of S, P diquarks (MeV)
M,q(07) 725* 725* 725*
M,s(07) 942 977 983
M,q(07) 1406 1484 1496
M, s(07) 1271 1331 1341
Masses of A, V diquarks (MeV)
My, (17) 973 1013 1019
M,s(1T) 1116 1170 1179
Ms(1) 1242 1309 1320
Myq(17) 1447 1527 1540
Mys(17) 1776 1883 1901
Parameters in L5 (MeV?)
m¥%, (1119)? (1168)> (1176)*
m%, (690)2 (746)2 (754)2
Mg —(258)2 —(298)2 —(303)2
Parameters in Ly (MeV?)
mé.g (708)% (714)? (714)?
mi —(757)2 —(808)2 —(816)2
myy (714)2 (765)2 (773)2

Table4.2 Diquark masses and parameters of the chiral effective Lagrangians, Lg
and Ly, determined with each potential model. The asterisk in mass values of ud
diquarks show for the quoted numbers from Ref. [93].

My, (17) and M, s(1") is about 150 MeV. This is because the square mass difference
between these vector diquarks is derived from Egs. (2.67) and (2.68) as

[Mas(17)]? = [Mgg(17)]? = e(=miy +2miy), (4.2)

and is bigger than that of A diquark in Eq. (2.69) by the negativity of parameter m?,, < 0.
The reason why the parameter m?,, is negative can be estimated by the stability of A
diquarks compared with V diquarks, where the squared mass of non-strange A diquark in
Eq. (2.64) becomes lighter than that of V diquark in Eq. (2.67). For the other, this mass
difference of V diquarks with different flavors is also bigger than that of S and P diquarks
in conclusion.

Comparing the data with each potential model, the Y-potential have smaller diquark
masses than the other two potential models. This behavior comes from the difference
of color-Coulomb interaction, especially the coefficient v in Eq. (4.1). For Y-potential,
the strength of color-Coulomb interaction « is about o ~ 0.1 since the reduced mass of
diquark and charm quark is about p ~ 600 MeV, so that it is much weaker than that of the
other models shown in Table 4.1. Therefore, the small binding energy by the small value
of a requires the light diquark masses for the adjustment to the corresponding baryon
masses.

4.1.3 Spin dependent potential

With only the spin independent potential terms as in Eq. (4.1), we cannot separate
some degenerate states with those spin-averaged masses. To derive the baryon masses for
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each spin-parity state, we will consider the mass splitting caused by the spin-dependent
interactions. In concrete, we add the spin dependent potential terms to the expression of
diquark—heavy-quark potential model as

V(r) = —% F A+ C 4 Vg () + Vo (1) + Vien (), (4.3)

where the additional terms expressed as Vis(7), Vio(r), and Vie, () are the spin-spin po-
tential, the spin-orbit potential, and the tensor potential, respectively.

For the spin-spin potential Vi, we take this term from Refs. [121-123] for each potential
model, which is originally given in each previous work. However, the form of this term
is different between the Y-, S-potentials in Refs. [121, 122] and the B-potential in Ref.
[123]. In detail, the Y- and S-potentials have the Yukawa form as

e A
MMy 7 exp (—Ar), (4.4)

Vss(r) = (sp - 8q)

and, on the other hand, the B-potential is expressed with a Gaussian function as

K AN
Vis(r) = (sp - SQ)MD?WQ (ﬁ) exp (—A?r?). (4.5)
The common feature of these functions is that they are proportional to the inner prod-
uct (sp - 8g), where sp and sg are the spin of constituent diquark and heavy quark,
respectively. Also, they are inversely proportional to the mass of both diquark and heavy
quark, Mp and Mg. About factors in these potentials, A is a cutoff parameter, in which
we use the quoted values from Refs. [121-123]. On the other hand, we determine the
coefficient k¢ for the charm and bottom sectors (Q = ¢, b) separately, so as to satisfy the
mass splitting of ¥ baryons in the ground state. In detail, we determine x. from the
experimental mass values of two X, baryon ground states in Ref. [12],

o M(%,;1/2%) = 2453.54 MeV,
o M(X.;3/2%) = 2518.13 MeV,

in which k. fulfills the mass difference of these singly charmed baryons 64.59 MeV. In the
same way, we determine k; from the experimental mass values of two ¥; baryon ground
states in Ref. [12],

o M(Zy;1/2%) = 5813.10 MeV,
o M(Zy:3/2%) = 5832.53 MeV,

in which x; fulfills the mass difference of these singly bottom baryons 19.43 MeV.

Next we explain the spin-orbit potential Vy,. Because this term is originally included
only in the work of Y-potential [121], we apply the same form also for the S- and B-
potentials. According to Ref. [121], the spin-orbit potential is written as

(1 —e A2 1 1 4 N 1 1 _

Veo(r) =mn r3 {(M%_*—Mé_}—MDMQ)(L'S )+<M_%_M_é>(th )}

(4.6)
For the inner product, L shows the orbital angular momentum between a diquark and a
heavy quark, and S¥ is the vector expressed with the spin of diquark and heavy quark
as ST = sp + sg. The cutoff parameter A is the same as that in the spin-spin potential
Vis(r). For the coefficient 7, we assume that this is independent of the flavor of heavy
quark @@ = ¢, b, and determine from the A-mode excited A. baryons as below.
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The A, baryons can be described as the two body system consist of a non-strange
ud scalar diquark and a charm quark. Since the spin of scalar diquark is sp = 0,
the spin-orbit potential for A, baryons becomes

(1—eAr)2 ( 2 4

Vao(r) = r3 MZ; " MpMg

) (L-so) (if sp=0).  (47)

Using Eq. (4.7) for the A-mode excited A. baryons, we determine the parameter n
so as to reproduce the mass difference between M (A.;1/27) = 2592.25 MeV and
M(A¢;3/27) = 2628.11 MeV from Ref. [12], in which the mass difference of these
excited A, baryons is 35.86 MeV.

As a result, the parameter 7 is given to be n = 0.2494.

Lastly, we explain the tensor potential Vi.,, which is only defined in the work of Y-
potential [121]. Thus, as the spin-orbit potential V,, we apply the same form of Vi, also
for the other S- and B-potentials. This tensor potential term in Ref. [121] is expressed as

(1—e )2 [3(sp - r)(sg-T)

Vien(r) = 2 — 8p - , 4.8
t (7’) n MDMQTB r2 SD - 8Q ( )
where the parameters A, 7 match to those in Vg, and V,.

Potential A (GeV) Ke Kb n

Y-pot. [121] | 0.691* | 0.8586 | 0.6635 | 0.2494
S-pot. [122] | 0.434* | 1.1570 | 0.8145 | 0.2494
B-pot. [123] | 1.0946* | 2.7258 | - | 0.2494

Table4.3 Parameters of spin dependent potential terms, where the asterisk * denotes
the quoted number from Refs. [121-123]. The parameter k; is not determined for
the B-potential since this potential model is originally used as for charmonium c¢
and is not defined for bottom quarks.

The numerical results of parameters in Vg, V., and Vi, potentials are summarized in
Table 4.3. Most of the terms in spin dependent potentials, Vs, Vs, and Vie,, are inversely
proportional to the mass of heavy quark mg, so that the effect of these potentials become
smaller in the heavy quark limit (Mg — o0). In concrete, the surviving term by the heavy
quark limit exists in spin-orbit potential and is expressed as

. (1 - e—Ar)2 9
1 so -
i Vo) =0 s

(L-sp), (4.9)

which is independent of the heavy quark spin sg. This limit indicates the characteristic
structures of hadron mass spectra associated to the “heavy-quark spin symmetry”: This
symmetry implies the conservation of heavy-quark spin when the mass of heavy quark is
enough heavy [100-106], i.e.,

lim [H(Mg),so] = 0. (4.10)

MQ—)OO
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4.2 Energy spectrum of singly heavy baryons

The diquark masses and the diquark—heavy-quark potential models are formalized in the
previous section. In this section, we propose the masses of singly heavy baryons calculated
by the diquark—heavy-quark two body calculation. The numerical results of these baryon
masses are described as the figures of energy spectra, which is applied for the discussion
and comparison with other data.

4.2.1 Spectrum of singly heavy baryons

In this subsection, we show the numerical mass results and energy spectra of singly heavy
baryons with looking into three types of state described in Fig. 4.1, meaning the lowest
ground state and two P-wave states named the p-mode and the A-mode. The mass values
are summarized in Tables 4.4 — 4.6, which is classified by these three states. The exper-
imental data from PDG [12] are also summarized in the rightmost column of each table,
in which some values are the isospin averaged masses.

Baryon masses in the ground state (MeV)
Baryon (J¥) | Diquark (JT) Potential model

Y-pot. [121] | S-pot. [122] | B-pot. [123] | (exp.) [12]
A, (1/27) S (07) 2286 9986* 2286 2286.46
2. (1/2%) A (1F) 2452 2453 2441 2453.54
2. (3/2%) A (1F) 2516 2517 2521 2518.13
=, (1/2%) S (0F) 2469* 2469* 2469* 2469.42
E(1/27) A(11) 2583 2583 2571 2578.80
=l (3/21) A (17) 2642 2643 2647 2645.88
Q. (1/2%) A (17) 2700 2710 2689 2695.20
Q. (3/21) A (1H) 2755 2758 2762 2765.90
Ay (1/27) S (07) 5620* 5620* . 5619.60
S (1/2+) A (17) 5810 5797 5813.10
Sy (3/2F) A (1H) 5829 5816 5832.53
=, (1/27) S (0%) 5796 5785 5794.45
= (1/27) A (17) 5934 5914 5935.02
= (3/27) A (17) 5052 5933 5053.82
Qp (1/2%) A (1) 6047 6022 6046.10
Q (3/21) A (1H) 6064 6040

Table4.4 Masses of the ground-state singly heavy baryons with the S and A diquark
from each diquark—heavy-quark potential model. The values with asterisk * denote
the input values from PDG [12].

Repeatedly speaking, the values with the asterisk in Tables 4.4 — 4.5 are the quoted
number from experimental data [12] or from three body calculation [121], which are used
to determine the constant shift C.; in the potential model and some masses of S and
P diquarks. Also, though values have changed by the recalculation, the observed mass
differences between Y.)(1/2%) and X.;)(3/27) in Table 4.4 are the experimental data
for the determination of potential parameters k). Moreover, the experimental mass
differences between the A-modes of the A.(1/27) and A.(3/27), summarized in Table 4.6,
are applied to determine the potential parameter n. This mass difference is also used for
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Baryon masses in the p-mode state (MeV)
Baryon (J¥) | Diquark (JF) Potential model

Y-pot. [121] | S-pot. [122] | B-pot. [123] | (exp.) [12]
A (1/2) P (07) 2890 2800 2800
Ao (1/27) v (17) 2894 2892 2881
A (3/27) VvV (17) 2943 2944 2949 (2939.60)
=, (1/27) P (07) 2765 2758 2758 (2793.25)
=, (1/27) V(1) 3209 3215 3205
=, (3/27) V(1) 3252 3261 3267
Ay (1/27) P (07) 6207 6174
Ay (1/27) V(1) 6233 6197
Ay (3/27) v (17) 6249 6214
=, (1/27) P (07) 6084 6051
=, (1/27) V(1) 6540 6497
Ep (3/27) VvV (17) 6554 6513

Table4.5 Masses of the p-mode excited-state singly heavy baryons with the P and
V diquark from each diquark—heavy-quark potential model. The values with asterisk
* denote the input values from Ref. [121].

the mass of non-strange V diquark with the observed mass value of A.(3/27) in Table 4.5.
Furthermore, masses of singly bottom baryons are not given by the B-potential because
the parameters related to the bottom quark is not defined in this potential model.

At first, we choose the potential model whose mass results matches to the experimental
data [12] the best. Consequently, we can see that the values from Y-potential fit to the
experimental data better than the other two potentials. For example, about the singly
bottom baryons in Table 4.4, the mass differences between the results from Y-potential and
those corresponding observed masses are only a few MeV. On the other hand, however, the
masses from S-potential are mostly about 20 MeV lighter than corresponding experimental
data. Therefore, from the viewpoints of ground state, the mass results from Y-potential
satisfy the experimental data better than from S-potential.

The mass relation of singly bottom baryons in the p-mode state is similar to that in
the ground state. In Table 4.5, the results from Y-potential are about 30 MeV lighter
than those from S-potential. This difference of singly bottom baryon masses between Y-
and S-potentials comes from the color-Coulomb interaction with parameter «, in which
the parameter for the Y-potential is inversely proportional to the reduced mass p. Hence,
for Y-potential, the value « for singly bottom baryons becomes much smaller than that
for charmed baryons, and the weak color-Coulomb interaction by the small o makes the
singly bottom baryons heavier.
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Diquark (J%)

Baryon masses in the A-mode state (MeV)

Potential model

Y-pot. [121] | S-pot. [122] | B-pot. [123] | (exp.) [12]
A (1/27) S (07) 2589 2676 2700 (2592.25)
Ao (3/27) S (0F) 2625 2716 2749 (2628.11)
S (1/27) A (1%) 2717 2807 2830 .
S (1/27) A (1) 2751 2847 2897
2. (3/27) A (17) 2781 2881 2919
. (3/27) A (1) 2811 2916 2064
e (5/27) A (17) 2844 2053 2094 .
=, (1/27) S (0%) 2754 2852 2887 (2793.25)
=, (3/27) S (07) 2787 2890 2033 (2818.50)
= (1/27) A (1) 2845 2042 2071
= (1/27) A(11) 2876 2979 3033
= (3/27) A (1) 2002 3010 3052
= (3/27) A (1) 2926 3037 3090
= (5/27) A (1) 2058 3073 3120
Q. (1/27) A(11) 2960 3064 3098
Q. (1/27) A (1) 2989 3100 3156
Q. (3/27) A (1) 3013 3127 3173
0. (3/27) A (1) 3033 3150 3206
Q. (5/27) A (1) 3063 3185 3235 .
Ay (1/27) S (0T) 5914 6018 (5912.20)
Ay (3/27) S (0F) 5927 6033 (5919.92)
Sy (1/27) A (1) 6043 6143
Sy (1/27) A (11) 6065 6171
¥y (3/27) A(11) 6079 6187
Sy (3/27) A (17) 6117 6234
Sy (5/27) A (1%) 6129 6247
=, (1/27) S (0%) 6069 6178
Ep (3/27) S (01) 6080 6192
= (1/27) A (11) 6164 6269
= (1/27) A (17) 6183 6293
= (3/27) A (1) 6195 6307
= (3/27) A (11) 6227 6346
=, (5/27) A (1T) 6238 6359
QO (1/27) A (1) 6273 6383
O (1/27) A (1) 6290 6404
O (3/27) A(1T) 6301 6418
O (3/27) A(11) 6329 6452
O (5/27) A(11) 6339 6464

Table4.6 Masses of the A-mode excited-state singly heavy baryons with the S and
A diquark from each diquark—heavy-quark potential model.
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For the other, in Tables 4.6, the masses from Y-potential are about 100 — 200 MeV
lighter than those from the other potential models. In other words, the excitation energy
from the ground state to the A-mode is approximately 200 — 300 MeV for the Y-potential
and 300 — 400 MeV for the S- and B-potentials. This difference of the A-mode states is
also due to the color-Coulomb interaction, where its strength parameter « for Y-potential
is much smaller than the others. About the Schrodinger equation of diquark—heavy-quark
two body system, the Hamiltonian for the radial part is given by

L 2d\ l1+1)
H—MQ+M _ﬂ(ﬁ_{—;%)—i— 2[”“2 +V(T). (4.11)

Here if the parameter « is small, it reduces the attraction between a diquark and a
heavy quark at short distances, and it pushes the wave function ®(r) to the large amount
of radius r. As a result, for the A\-mode state, the effect of centrifugal repulsion term
(14 1)/2ur? is suppressed with small value of «, so that the energy value also decreases.

Although the color-Coulomb interaction of Y-potential is much weaker than the others,
the data from Y-potential are much more consistent with the experimental data compared
with the other two. This consistency of the small value of parameter « is also implied
from the viewpoints of lattice QCD simulation in Refs. [94, 95]. These references propose
that the magnitude of color-Coulomb interaction between a diquark and a charm quark
is smaller than that between a charm and an anti-charm quarks inside the charmonium.

Now we concluded that the numerical results from Y-potential satisfies the experimental
data better than the others, we then explain the mass splitting between p-mode and A-
mode states. Comparing Tables 4.5 and 4.6, we find that the excitation energy of p-mode
states is bigger than the A-mode states. The mass splitting of these orbital excited states
comes from the suppression of the kinetic energy by heavy quarks and diquarks. Since the
kinetic energy is inversely proportional to the reduced mass of two interacting particles,
the excitation energy of A-mode state becomes smaller than that of p-mode, i.e., the big
masses of two interacting diquark and heavy quark lessens the kinetic energy of A-mode
state more than in the case of two light quarks in the p-mode state. Moreover, this weak
kinetic energy makes the wave function between two particles ®(r) concentrate in the
short distance r. Therefore, the excitation energy by the color confinement effect also
becomes smaller for the A-mode state. As a result, the A-mode states become dominant
for low-lying excited states rather than the p-mode. For example, in the case of a harmonic

oscillator potential, the ratio of p-mode excitation energy w}plar to that of A-mode wliar is

given by
[ 3M
har har Q
w Wyt =y —=—>1 4.12

according to Refs. [98, 121]. We can see that this ratio is bigger than 1, and it approaches
the finite value v/3 in the heavy quark limit (Mg — oo). This relation of excitation
energy between p and A\-mode is a general feature for non-relativistic potential models
with a heavy quark, expect for the case when the color-Coulomb interaction dominates
the binding.
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Now we find that the mass results from Y-potential match to the experimental data
better than the other two potentials from Tables 4.4 — 4.6, we then describe the energy
spectra of singly heavy baryons given by the Y-potential. They are shown in Figs. 4.2
and 4.3 for baryons with a charm quark and a bottom quark, respectively. Four colors
of spectrum lines and subscripts of baryons indicate the constituent diquark inside those
singly heavy baryons as

Cyan, S : S (scalar) diquark,

Purple, P : P (pseudoscalar) diquark,
Magenta, V' : V (vector) diquark,
Green, A : A (axial-vector) diquark.

Because S, P, and V diquarks have flavor 3 representations, the Ag and Eg baryons
include these three types of diquarks as a component. On the other hand, the X¢, E’Q,
and (g baryons are described only by an A diquark with flavor 6 representation, so that
there are no p-mode state for these three baryons
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Figure4.2 The energy spectra of singly charmed baryons given by the Y-potential.
The symbols p and A for the negative parity states show the p-mode and A-mode
states, respectively.

In these figures, there are many features influenced by the chiral effective model of
diquarks. One of them is the reversed mass relation of P diquarks expressed as in Eq.
(2.51). From this effect, two purple lines in each figure show that the non-strange Ag
baryon is heavier than the singly strange =g baryon for the p-mode excited states with
P diquarks. As a result, two A\-mode states and one p-mode state of Zg baryons have

*1 To calculate the p-mode state of X, E’Q, and {2g baryons with a chiral diquark model, we need
to consider about the tensor diquark in Table 1.2, which is difficult to determine those numerical
masses and parameters in Lagrangians because of the lack of experimental data.
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Figure4.3 The energy spectra of singly bottom baryons given by the Y-potential.
The symbols p and A for the negative parity states show the p-mode and A-mode
states, respectively.

almost the same mass value. Another characteristic is the V diquark in Ag and Zg
baryons, which makes the heaviest energy spectrum with the p-mode state. In detail,
the mass of a singly strange V diquark is approximately 300 MeV larger than that of a
non-strange one, so that the heaviest state appears in the spectrum of 2y baryons. As
a summary about the p-mode state, the spectrum lines of Ag baryons with a P diquark
and a V diquark are near each other, but those of Zg baryons are much separated with
about the mass difference 500 MeV. On the other hand, about the ground states and
A-mode states of Ag and Z¢ including a S diquark, they generally become heavier with
the increase of the number of constituent s quarks.

Next we see the energy spectra of the other baryons with a constituent A diquarks, such
as Xq, E’Q, and Qqg. From Figs. 4.2 and 4.3, the mass differences between ¥ and E’Q
baryons in the same spin-parity states are about 130 MeV, and those between E’Q and Qg
baryons are about 120 MeV. This behavior comes from the generalized Gell-Mann—Okubo
mass formula for A diquarks in Eq. (2.69), which satisfies the inequality in Eqs. (2.71)
and (2.72).

Also, from our model, the masses of these baryons become heavier as the total spin
increases. For instance, about the A-mode states of ¥. baryons, five states with two
JP = 1/27, two 3/27, and one 5/2 are in order. In detail, according to Fig. 4.4,
these five states are degenerate when the spin dependent potential is not considered.
In this figure, the spin-spin potential splits these states into two parts, and after, the
symmetric term of spin-orbit potential splits these five states completely with in order
of 1/27 < 1/27 < 3/27 < 3/27 < 5/27. Finally, the antisymmetric term of spin-orbit
potential and tensor potential mixes the same spin-parity states.
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Figure4.4 The energy splitting and mixing of . baryons in the A-mode states con-
tributed to the spin dependent terms of the Y-potential.

From the viewpoints of the effect of diquark masses and the order of spectrum lines,
Figs. 4.2 and 4.3 are similar to each other. However, there are the feature which depends
on the difference of charm and bottom quark masses. As in Eqs. (4.9) and (4.10), the
effect of spin dependent interaction decreases with the increase of heavy quark mass Mg,
which is caused by the heavy-quark spin symmetry [100-106]. Therefore, the energy
splitting range of singly bottom baryons becomes smaller than that of charmed baryons.
For example, masses of two ground states of ¥}, baryon with spin-parity J© = 1/2%,3/2F
are approaching more than those of 3.: The mass difference of these two states is about 60
MeV for charmed Y. baryons, and is shrinking to about 20 MeV for bottom >, baryons.
This feature is also seen in two ground states of E’Q and g baryons, and these kinds of
two states whose mass difference becomes smaller with the heavy quark limit (Mg — o)
are called “heavy-quark spin (HQS) doublet”. In general, the total spins of the pair of
HQS doublet is expressed as J = j + 1/2, where j is from the diquark spins and orbital
angular momentum and 1/2 = sg is the heavy quark spin. This is because, when the
total spin J is conserved, the partial angular momentum j can be also conserved from
j=J £sg and Eq. (4.10) in the heavy quark limit. As a consequence, two states with
J = j £1/2 will be almost degenerate when Mg is enough large. For the other examples
of HQS doublets, they are summarized as below.

(i) The A-modes of Ag and =g with J¥ =1/27 and 3/27, containing S diquarks.
(i) The p-modes of Ag and =g with J¥ =1/2~ and 3/27, containing V diquarks.
(iii) The A-modes of X¢, Zf,, and Q¢ with J” =1/27 and 3/2", containing A diquarks.
(iv) The A-modes of Xq, Zf,, and Qq with J¥ = 3/27 and 5/27, containing A diquarks.
On the other hand, if j = 0, there are no pair which are degenerate by the heavy quark

limit. This single state is called “HQS singlet”, in which the total spin is only J = 1/2
due to the quantum number j = 0 from the cancellation of the diquark spin and orbital
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angular momentum.

4.2.2 Addition of excited states with positive parity

In the previous subsection, we discussed the energy spectra of singly heavy baryons related
to the chiral effective model of diquarks. Those energy spectra in Figs. 4.2 and 4.3 are
composed of ground states and two types of negative-parity excited states called the p-
mode and the A-mode. In this subsection, we study two types of excited states with the
positive parity: One is the radial excited states, where the node takes n = 1 “? and the
orbital angular momentum between a diquark and a heavy quark is [ = 0. The other one
is the excited state where the orbital angular momentum between a diquark and a heavy
quark is in D-wave as [ = 2, but without the radial excitation (n = 0). These positive
parity states are described with S or A diquark, and the mass values of these states given
by the Y-potential are summarized in Table 4.7. The experimental values from PDG [12]
is also written in this table, however, only Ag baryons are observed about these excited
states. (About these comparison, see the next subsection.)

The energy spectra of Ag and ¥ baryons from the data in Tables 4.4, 4.5, 4.6, and 4.7
are described as Figs. 4.5 and 4.6. Here the energy spectra with the positive parity are
expressed with blue lines, whereas the negative parity states are with red lines. Comparing
these different colors (parities), the A-mode states are lying in between the ground states
and positive-parity excited states, and the p-mode states of Ag baryons are slightly heavier
than the positive-parity excited states.

Giving attention to only the positive-parity excited states, we find that the radially
excited states are lighter than those corresponding D-wave excited states, though the
mass differences between these states are not so much large. Moreover, for each excited
state with positive parity, the mass becomes heavier as the total spin becomes larger,
which is the same as the A-mode state. Furthermore, comparing Figs. 4.5 and 4.6, we can
see one pair of HQS doublet in the D-wave excitation of Ag baryons, and also see four pairs
of HQS doublet in both radial and D-wave excitations of ¥; baryons. The only remained
radially excited Ag baryons are the HQS singlet. Similar orders and combinations can be

seen for the other spectra of Eg) and g baryons, according to Table 4.7.

*2 In other words, the principal quantum number is 2.
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Baryon (JP) | (n,1) | Mass | (exp.) [12] || Baryon (JT) | (n,l) | Mass | (exp.) [12]
A(1/27) | (1,0) | 2825 | (2765) Ay(1/2%) | (1,0) | 6121 | 6072.30
J(3/2%) | (0,2) | 2869 | 2856.10 A(3/27) | (0,2) | 6172 | 6146.20
J5/2%) | (0,2) | 2897 | 2881.63 Ay(5/2+) | (0,2) | 6178 | 6152.50
J(1/27) | (1,0) | 2974 o Sp(1/27) | (1,0) | 6274
J1/2) | (0,2) | 3016 . su(1/27) | (0,2) | 6304
J(3/21) | (L,0) | 3013 . Su(3/2) | (1,0) | 6286
J(3/2%) 1 (0,2) | 3043 . S(3/2+) | (0,2) | 6316
J(3/2%) 1 (0,2) | 3053 S(3/2) | (0,2) | 6330
J(5/25) | (0,2) | 3076 Su(5/27) | (0,2) | 6341
J(5/27) | (0,2) | 3004 Su(5/24) | (0,2) | 6365
J7/2%) | (0,2) | 3115 (7/27) | (0,2) | 6373
(1/27) | (1,0) | 2976 Z,(1/2%) | (1,0) | 6260
J(3/21) | (0,2) | 3017 =,(3/27) | (0,2) | 6307
J(5/27) | (0,2) | 3043 =(5/27) | (0,2) | 6313
T(1/27) | (1,0) | 3088 =7(1/27) | (1,0) | 6381
r1/2+) | (0,2) | 3131 =0(1/2%) | (0,2) | 6411
(3/27) | (1,0) | 3124 =0(3/2%) | (1,0) | 6392
'(3/2) | (0,2) | 3155 =0(3/24) | (0,2) | 6423
(3/2%) | (0,2) | 3164 . =(3/2%) | (0,2) | 6434
(5/2+) | (0,2) | 3186 . = (5/27) | (0,2) | 6444
(5/2%) | (0,2) | 3200 =(5/2%) | (0,2) | 6465
(7/27) | (0,2) | 3221 = (7/2%) | (0,2) | 6472
J(1/27) | (1,0) | 3194 0, (1/2%) | (1,0) | 6480
J1/2+) | (0,2) | 3236 Q(1/2%) | (0,2) | 6511
J(3/2+) | (1,0) | 3227 O (3/2%) | (1,0) | 6491
J(3/27) | (0,2) | 3259 0(3/27) | (0,2) | 6522
J(3/21) | (0,2) | 3268 0(3/27) | (0,2) | 6532
J(5/21) | (0,2) | 3288 O (5/2) | (0,2) | 6541
J(5/2%) 1 (0,2) | 3300 . O(5/21) | (0,2) | 6559
J7/2%) 1 (0,2) | 3320 . 0 (7/27) | (0,2) | 6567

Table4.7 Masses of singly heavy baryons in the radially excited state with the node
being n = 1 and the D-wave excited state with the orbital angular momentum be-
tween a diquark and a heavy quark being [ = 2, which is in the units of MeV.
Y-potential is used for this calculation.
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Figure4.5 The energy spectra of A. and ¥, baryons from Tables 4.4, 4.5, 4.6, and
4.7, given by the Y-potential. The colors of lines show the parities as blue for positive
parity and red for negative parity. For the blue spectra, they are classified by the node
number n = 0,1, and the orbital angular momentum with S- or D-wave, expressed
asnl=05,15, and 0D.
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Figure4.6 The energy spectra of A, and X, baryons from Tables 4.4, 4.5, 4.6, and
4.7, given by the Y-potential. The colors of lines show the parities as blue for positive
parity and red for negative parity. For the blue spectra, they are classified by the node
number n = 0,1, and the orbital angular momentum with S- or D-wave, expressed
asnl=05,15, and 0D.
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4.2.3 Comparison with experimental data

As we calculated the energy spectra of singly heavy baryons with five types of states,
we now compare these theoretical results with the experimental data from PDG [12].
The energy spectra containing both our results and observed data are shown in Figs.
4.7 and 4.8. In these figures, the dotted lines show the results from our calculation
with using Y-potential, and the color blue or red shows the positive or negative parity
states, respectively. The remained black solid lines denote the observed data, in which
informations about spin-parity are also written beside those mass values. Note that the
spectra of =g and E’Q baryons are described in the same place.
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Figure4.7 Energy spectra of singly charmed baryons from our model with the Y-
potential (blue or red dotted lines), and from the experimental data in PDG [12]
(black solid lines). Here we put the spectra of =, and = together.

In these figures, the Ag and =, baryons in the ground states are the input values, so
that they are completely matched to the experimental data. Also, as the mass difference
between two ground states of ¥ baryons and between two A-mode states of A. baryons
are the inputs, their results are similar to the observed masses. Moreover, two ground
states of =/, baryons and the highest A. baryon are well corresponded to the experimental
data, since these are used for the determination of A and V diquark masses. Hence, the

pure outputs from our model is E,()/) and (g baryons. Looking into the spectra of El(;/) and
g in the ground states, and also the spectrum of A in the A\-mode states, those states
are near those observed masses. This correspondency indicates the consistency of the
relation of A diquark masses and the diquark—heavy-quark potential model. On the other
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Figure4.8 Energy spectra of singly bottom baryons from our model with the Y-
potential (blue or red dotted lines), and from the experimental data in PDG [12]
(black solid lines). Here we put the spectra of =, and =, together.

hand, from the spectra of {)g in the A-mode states, the experimental value are heavier
than our results. From this point of view, it seems that some potential terms or diquark
masses are needed to be adjusted.

About the total spin and parity, some experimental values in the spectra of X, Eg),
and (g baryons are not correctly determined yet. Although their total spins are hard to
define, we can roughly estimate those parities from our results at least. If our theoretical
results are mostly correct, the observed ¥ and €1 excited states can be predicted as the
negative-parity states. Also, the observed Eg) in the higher range of their spectra would
have the positive parity.

The remained observed data that we need to discuss is the positive-parity excited states
of Ag baryons, which could be applicable to the radially excited or D-wave excited states.
About the Ag with JP = 3/2% and 5/2%, they are expected to be the D-wave excited
states from our results. Although they are about 20 MeV lighter than our calculation,
the mass splitting between these HQS doublets are mostly the same. On the other hand,
About the Ag with J¥ = 1/2F, they are about 50 MeV lighter than our results, so that
their masses are much smaller than those from the diquark—heavy-quark picture. This is
because these states are expected to be an analogy of the Roper-like resonance state in
the nucleon spectrum, in which the theoretical mass result from the quark model becomes
much larger than the observed mass. In detail, about A.(2765), this isospin is determined
by the Belle Collaboration [124]. However, the total spin and parity of this is not given
yet, but is assumed to be J¥ = 1/2%. Also, about A,(6072), this is observed by the LHCb
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Collaboration [125, 126]. Both of them are proposed recently in 2020.

4.2.4 Comparison with three quark system

Next we compare our results by the diquark—heavy-quark picture with another theoretical

result by the three-quark model in Ref. [121]. Since there are no information about _( )

baryons, we mainly compare the energy spectra of Ag, ¥¢, and {1 baryons as descrlbed
in Figs. 4.9, 4.10, and 4.11.
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Figure4.9 Energy spectra of A. and X, from our model with Y-potential (blue or
red dotted lines), and from the three-quark model in Ref. [121] (black solid lines).
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Figure4.11 Energy spectra of Qg from our model with Y-potential (blue or red
dotted lines), and from the three-quark model in Ref. [121] (black solid lines).

The form of energy spectra is similar to each calculation method. However, the masses
in excited states given by the three-quark model are heavier than those by our diquark—
heavy-quark picture. In addition, about the range of mass splitting in excited states, our
results from diquark—heavy-quark picture is wider than those from the three-quark model.
This difference of mass splitting comes from the coefficient n in the spin-orbit potential,
where its value is defined as 1 = 0.026 in the three-quark model and it is much smaller
than that we defined as n = 0.2494. This difference of factor n is due to the different
strategy to choose its value: 1 = 0.026 from the three-quark model is determined by
hyperons “?, not by the singly heavy baryons as ours.

The small value of 7 in the three-quark model makes another difference from our diquark
method, which is the order of total spin J along the energy spectrum. For example, the
order of ¥ or Qg baryons in the A-mode states is given by 1/27 < 1/27 < 3/27 <
3/27 < 5/27 from our work, which comes from the effect of spin-orbit potential term as
in Fig. 4.4. On the other hand, about the three-quark model, the mass splitting by the
spin-orbit potential is not so much large because of the small value of 7. Thus the order
of those ¥ becomes 1/27 < 3/27 < 1/27 < 3/27 < 5/27 by this previous work, which
is different from ours.

*3 The baryons composed of three light quarks with at least one strange quark s.
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Chapter 5

Strong decays of singly heavy baryons
and chiral restoration

In chapter 4, we summarized the numerical results of singly heavy baryon masses given by
the diquark mass formulae in chapter 2 and the calculation method for two body system
in chapter 3. The results of these theoretical mass values are depicted as the figures of
energy spectra, and they are discussed with our calculation methods. We also compared
these results with the experimental data and other theoretical results.

In this chapter, we study the strong decays of singly heavy baryons from the viewpoints
of diquarks. We firstly explain the calculation method to determine parameters in the
chiral effective model of diquarks, and next we consider the chiral symmetry restoration
and its contribution to those strong decays.

5.1 Strong decays of singly heavy baryons

In this section, we explain the calculation method to derive the decay width about strong
decays of singly heavy baryon. The main reaction we focus on is the one pion decay which
is expressed as

“Yo = Agn”, or “E’Q — Zqm”.
These reactions start from the ground states of ¥ or E’Q baryon, and each of them decays
to the ground state of Ag or Z¢g baryon with the emission of one pion m. The decay width
of these reactions with a charged pion 7* are mostly observed, and those experimental
data from PDG [12] are summarized in Table. 5.1.

For these decay reactions, at first, we formulate the expression of decay width with
the use of chiral effective model of diquarks. Then, using the constructed decay width
formula, we determine the parameters g; 2 in the effective Lagrangian Eq. (2.73) so as to
realize the experimental data of decay width in Table 5.1.

5.1.1 Theoretical framework for strong decay width

The ¥ — Agm and E’Q — Zqm decays are one pion emission decays, where all the singly
heavy baryons associated to these reactions are in the ground state. Using diquarks as
elements, these baryons are composed of a diquark and a heavy quark with the interaction
of these two constituent particles. In detail, Ag and Z¢ in the final states includes a non-
strange and a singly strange S diquark, while ¥ and E’Q in the initial states consist of a
non-strange and a singly strange A diquark. Therefore, the constituent heavy quark Q is
steady along these strong decays, whereas a constituent diquark changes from A to S and
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Baryon JP Mass (MeV)  Full width (MeV) Decay mode
A, 1/2% | 2286.46 + 0.14 (No strong decay)
YFT(2455) 1/2% | 2453.97 4+ 0.14 1.89170 03 S = At
SF(2455)  1/2F | 24529404 (< 4.6) s+ 5 Ar®
»0(2455)  1/2% | 2453.75 £ 0.14 1.837015 Y0 — A~
YF+(2520) 3/2F | 251841707, 14.7870%0 YEFE 5 Aot
¥1(2520)  3/2% | 2517.54+2.3 (< 17) Yt — Aon®
»0(2520)  3/2% | 2518.48 4+0.20 15.370 % ¥ 5 Ao
=hy 1/2% | 2467.71 +0.23 (No strong decay)
=0 1/2% | 2470.44 4+ 0.28 (No strong decay)
=t /2t | 2578.2+0.5 (No strong decay)
=0 1/2% | 2578.7+0.5 (No strong decay)
E1(2645)  3/2% | 2645.10 £ 0.30 2.14 +0.19 2t o 20t 0
=0(2645)  3/2+ | 2646.16 & 0.25 2.35 + 0.22 =0 =0 7=
Q. 1/2% | 2695.2+1.7 (No strong decay)
0.(2770)  3/2T | 2765.9 4+ 2.0 (No strong decay)
Ay 1/2% | 5619.60 + 0.17 (No strong decay)
IS 1/2% | 5810.56 & 0.25 50+0.5 N7 — Ayt
22 1/2+ . . .
o 1/2%+ | 5815.64 + 0.27 5.3+ 0.5 Sy — Ay
5t 3/27 | 5830.32 £0.27 9.4+0.5 ST = Apmt
2;0 3/2+
S 3/2% | 5834.74 4 0.30 10.4 4 0.8 ST Ay
=3 1/2% | 5791.9+0.5 (No strong decay)
=, 1/2t | 5797.0+0.6 (No strong decay)
5;)0 1/2+ e e
=, (5935)  1/2* | 5935.02 %+ 0.05 (< 0.08) g, = B a=©®
20(5945)  3/2F | 5952.3 + 0.6 0.90 £ 0.18 20 - 3, Vrt©
=, (5955)  3/2T | 5955.33 +0.13 1.65 + 0.33 2, =2
O, 1727 | 6046.1£1.7 . -
QZ 3/2+ R

Table5.1 Experimental values of masses and decay widths of singly heavy baryons
in the ground state from PDG [12].

it is the remarkable variation under these reactions. Moreover, the interaction between
a diquark and a heavy quark also changes due to the change of a diquark. In this work,
we express this diquark-heavy-quark interaction with the wave function ¢p_;, where the
subscript D = A, S and J = 1/2,3/2 denote the constituent diquark and the total spin
of singly heavy baryons, respectively. About the total spin of baryons in the initial state,
Y and E'Q, there are two types as J = 1/2,3/2 due to the A diquark with spin 1. On the
other hand, the total spin of baryons in the final state, Ag and Zq, are fixed to J = 1/2
because of the S diquark with spin 0. From here, we define symbols for baryons in the
initial state as Ag(= ¥, =(), and also in the final state as Sg(= Ag,Zq), where the
symbol A and S are from a diquark inside those baryons. The diagram for these decays
is described in Fig. 5.1.

Now we found that ¥ — Aqgm and Z; — ZEgm decays, totally expressed as Ag —
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7 (pion)
A
A diquark S S diquark
q . o ' q
R, \Y/
|¢A,;]8(8:1/2,3/.2)> |¢s J 1/2)>
Heavy quark @) Heavy quark @

Figure5.1 The diagram for the one pion decay of a singly heavy baryon from the
perspective of a diquark, including the wave function |¢p,s) in between a diquark
and a heavy quark. G is the coupling constant for diquarks and a pion.

Sqm, are generally represented by the one pion decay of diquarks changing from A to S.
Therefore, we need to consider the couplings between S and A diquarks mediated by a
pion. According to Eqs. (2.75) and (2.78), The Lagrangian for this interaction is given
by

Lasvsn = —V2Gy | A (07 7)S]g = Ay (0u7) S = Aty Bur) S
— iGo |:A{d 1 (O )S[su} Al (Oum )S[ds]] (5.1)

\/—GZ A{us}(a )S[su {ds}(a ™ )S[ds]]

where only the pion components in the pseudoscalar meson field 7 are extracted by Eq.
(2.77). For diquark fields in this Lagrangian, we have rewritten the representation of
supscripts from numbers to flavors as

L (VA A A Sia]
Al = 7 Aty V240 Ay | Si= | Se | - (5.2)
Ay My V24 Stud
For the other, G 2 are the new coupling constants represented by the linear combination
of parameters g; o in the interaction Lagrangian Eq. (2.73) as

Gi1 =g+ Ag2, Ga=g1+ go. (5.3)

About G, the coefficient Ag beside g5 is the third components of the effective quark
mass matrix in Eq. (2.43). Repeatedly speaking, this constant A, is used for the VEV
of ¥ field with considering the explicit chiral symmetry breaking as in Eq. (2.44), and it
represents the flavor SU(3) symmetry breaking due to the heavier s quark mass than the
other u, d quarks. From Eq. (5.1), we can find that G; and G are the coupling constants
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for ¥g — Agm decay and E’Q — Hom decay, respectively. For the convenience, we express
the absolute value of those coupling constants as |G| synthetically, meaning

\/§G1 (EQ — AQ?T:t’O)
G| = ¢ G (B = Eqn™) . (5.4)
G2/V2 (E = Eqn”)

The dynamics of these one pion decays of singly heavy baryons can be described by the
Lagrangian Eq. (5.1) from the perspective of diquarks. However, not only a constituent
diquark but also a constituent heavy quark and a diquark—heavy-quark interaction give
features of singly heavy baryons. With the diquark-heavy-quark picture, the state of
singly heavy baryon |Dg) with its momentum ﬁDQ and energy Fp,, is represented as the
product of a diquark state |D) with pp and Ep, and a heavy-quark state |Q) with pg and
Eq, superposed by the relative wave function ¢p ;, written as

3
Pa(Pog: 1) = \2B0q [ (5 55000) % g = Plpo, 50 IR, 50))55)

In this expression, there are the integral with respect to p’ which shows the relative mo-
mentum of two constituent particles. Using the mass of diquark and heavy quark, Mp
and Mg, the momentum of constituent diquark and heavy quark are expressed with this

relative momentum p’ and the baryon’s momentum Pp,, as

N Mp +MQ

— 5 5 M — 5

—

%)

so that both diquark and heavy-quark states depend on p with keeping the momentum
conservation rule as pp + pg = ﬁDQ. Those momenta are also represented in Fig. 5.2.
For the other symbols, sp and sg in diquark and heavy-quark state kets stand for the
spins of diquark and heavy quark, respectively.

Kis
ﬁﬂ' //,
A
MA - ot MS — —
A B+ S =S Py, 4p
A MA+MQ 4Q p/{' MS—l—MQ SQ p g
TrY B \Q/ —
Ag ¢4 (D) s =X +D) Sq
D »
M — = M — -
Q —QPAQ —D —QPSQ _p/ Q
MA+MQ MS+MQ

Figure5.2 Kinematics of Ag — Sgm decays as in Fig. 5.1, including the momenta of
particles expressed with the momentum of baryons Pp,, and the relative momentum

7 and p’. P denotes the pion momentum.
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About the energies of diquark and heavy quark, they are expressed in the relativistic
way as Ep = /|pp|?> + M3 and Eq = /|pg|? + M3, respectively. Since the momenta

pp and pg depend on the relative momentum, we can say that these energies also depend
on the relative momentum p. On the other hand, the energy of baryon written as Ep, =

\/ ]ﬁDQ |2 + M%Q with the mass of baryon M%Q is independent of p’ while the momentum

obeys to the conservation rule as ]3AQ = ﬁSQ + pr. Also, the normalization of states of
singly heavy baryon and its constituent diquark and heavy quark are also defined in the
relativistic way as

<ID£2 (PIDQv Jé)Q)rDQ (PDQ7 JDQ)) = QEDQ <2W)36(ﬁ/DQ - ﬁDQ)aJ’DQ Jpg
(D' (pp. $p)[D(pp, D)) = 2Ep(21)*5(p' p — PD)dsty 51 (5.7)
(Q' (0, 50)|Q(Pq: 50)) = 2Eq(2m)*6(1 g — §0)ds,sq;

so that the factors such as /2Ep,, vV2Ep, and /2Eq are included in Eq. (5.5). On the

other hand, the normalization of wave functions is given as

3 3./ N
[ G toasP =1 [ Giglostdl =1 5

for both initial and final states. Here the symbol of the total spin J is omitted from ¢g
since it takes only J = 1/2. About the relative momentum in these wave functions, p and
p7 , they are different from each state but are connected with the recoil momentum x as
X = p7 — p, which is also shown in Fig. 5.2. In particular, when the Ag baryon is at the
rest frame as ]3,4@ = 0, we can define it as

Mg 3 Mq

————Pg, = ————— i, 5.9
Ms + Mg Sq Ms-i—MQp (5.9)

X =

with confirming the momentum conservation rule, ﬁSQ + Pr = ﬁAQ = (0. Also, in this
system, the magnitude of the pion’s momentum p; can be derived from the energy con-
servation rule as

Mag=/MZ, + [Fal? + \/MZ, + 7]

\/[MI%Q — (MSQ —|—M7r)2} [MEAQ — (MSQ — Mﬂ)2
QMAQ

= |px|= , (5.10)
which is described only by the masses of baryons and pion, Mp, and M.

Keeping above in mind, we then calculate the decay amplitude M which appears in the
elements of S-matrix for a scattering or decay process. The S-matrix for the Ag — Som
decay is expressed with the interaction Lagrangian in Eq. (5.1) as

/d4x(SQ(PSQ, JSQ)F(pﬁ)|Z'£A_>S7T|AQ(PAQ, JAQ»; (5.11)

by the first order perturbation. According to Eq. (5.1), all of the terms in this Lagrangian

are expressed as Qquq} (Opm)S [qu], and they are represented with diquarks and pion state
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kets by

(S(ps, 55)7(po)IGAL, ()07 (2)}S]. 1 (2) A, 54))
= —G(pr)u€"(pa, sp)ePstrn—ra)z, (5.12)

in the form of plane wave. Here €, (p4, s4) denotes the polarization vector from the spinor
sector of A diquark. Therefore, each term of Eq. (5.11) are calculated from Eqs. (5.5)
and (5.12), and those decay amplitude is given by

/ d'2(Sq(Psq, Js)m(pe)liGAY, \ (2){0,m(2)} ST (2)|A(Pag, Ta))
QVEAQESQ/ TP+ 5601 5)
1
“VEiEs

EALE d3
M= g \/%E:Q/(27:;3¢*s(>?+ﬁ)¢A,J(ﬁ)(pw)u6’2(pA,SA). (5.13)

As a consequence, the decay width of Ag — Sgm two body decay is given with the
amplitude in Eq. (5.13) as

(pr)u€s (P, 54) x (2m)* 6™ (ps + pr — pa),

[P |
Q

j——
3 > |M|2], (5.14)

sa=—1

with taking the spin average for A diquark.

About the decay amplitude M, if the momentum p’4 is fixed to some value and does
not relate to the relative momentum p, the integral in Eq. (5.13) only involves to the wave
functions ¢& (X +p) and ¢4 ;(p). At this time, the decay width in Eq. (5.14) is expressed
as

|QPM%¢ESQ 2

Y / 1 o (-0 + 55 0| 619

where we defined the inner product (¢g|da.s) = [ 2 (%)3 95, (X + P)dag (P) for wave func-
tions, and used the summation of the polarization vector expressed as

['[Aq — Soml=

l plaph
> €4 (passa)éi(pa,sa) = =g + =75 (5.16)
A

s=—1

To give the decay width from Eq. (5.15), we define the expectation values of the relative
momentum p and its square, which are the same as those of p4 at the rest frame of Ag
baryon. Therefore, in the present work, these expectation values can be calculated by the
wave function of Ag baryon as

S (5.17)

3
= [ Srleasol =0, o= [ 2L
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In this way, the squared momentum of the S diquark is evaluated as |ps|?> = (p?) + | |?
from the momentum conservation rule, ps + pr. = pa = p. Therefore, the energies of
diquarks are represented by

/ M ||
EA:MA 1+U124, ES:MS\/1+M2 A+ Mg, (518)

where the squared velocity v% is defined as (p?) = M3v%. Moreover, this expectation
value is also applied to the ps appeared by Eq. (5.16), in which the integrand in Eq.
(5.15) becomes as

v , PaP - _
(o (- + PR o), | = 4 B2 P oo, G19)
A

with the energy of pion E, = /M2 + |p:|?. About Eq. (5.19), we note that the terms
proportional to cos 6 are truncated because of [ dQ2cos@ = 0, whereas [ dQcos? 0 = 47/3.
Finally, by substituting Egs. (5.18) and (5.19) into Eq. (5.15), we obtain the decay width
formula with v%:

F[AQ — SQﬂ'] =

2167 M, 3E4Es SIEAIIL '
At this time, the energy of Sq baryon is expressed as Es, = /|Px|? + MgQ with [p| in
Eq. (5.10).

Now we can give values of coupling constant G from Eq. (5.20). For this calculation,
we need the masses of pion and singly heavy baryons. The experimental data for those
baryons are summarized in Table 5.1, and the observed pion masses are shown as m,+ =
139.57 MeV and m,+ = 134.97 MeV in PDG [12]. For the others, the diquark—heavy-
quark potential model is requested as for the inputs of diquark and heavy-quark masses,
and also for the diquark—heavy-quark wave functions used in the expectation value (p?)
and the inner product |(¢g|¢a.s)|.- For these inputs, we use the Y-potential defined in
chapter 4, where its potential parameters and masses of heavy quarks are summarized in
Table 4.1. About the values of S and A diquark masses, they are already summarized in
Table 4.2, where we use the values given by solving the Schrédinger equation with the
Hamiltonian Eq. (3.1) including the Y-potential term. Also, the relative wave functions
¢s(p) and ¢4 s(p) can be obtained by this solution. From Eqgs. (4.3) and (4.4), the
detailed form of Y-potential in this work is expressed as

A2
V(r) = —% +Ar+Co + (sp - SQ)MZC]QQ e (5.21)
Here the spin-orbit and tensor potential terms are neglected, since we only consider about
the ground state of singly heavy baryons and thus there are no effect by the S-wave orbital
angular momentum. As a summary, the Y-potential parameters and particle masses for

this strong decay calculation are summarized in Table. 5.2, which correspond to values in
Tables 4.1, 4.2, and 4.3.

5.1.2 Numerical results of coupling constants

In this subsection, we determine the values of coupling constants g; 2 in the effective
interaction Lagrangian (2.73). These parameters are used for the absolute value of the
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Y-pot. parameters Masses (MeV)

a 0.06(GeV)/p || Myq(0T) | 725
A(GeV?) 0.165 || M,s(0T) | 942
C.(GeV) —0.831 | Mpn(17) | 973
Cy(GeV) —0.819 || M,(1%) | 1116
A(GeV) 0.691 || M, 1750
Ke 0.8586 || M, 5112
Kb 0.6635

Tableb.2 Parameters of the Y-potential model and masses of diquarks and heavy
quarks related to the decay width calculation of Ag — Sgm reaction. g in the
parameter « is the reduced mass of diquark—heavy-quark two-body system. (See
chapter 4 for the determination of these values.)

coupling constant |G| in the formula (5.20), and these are represented by the coupling
constants of strong decays, i.e., Gy for ¥g — Agm decay and G for E’Q — Eqm decay as
in Eq. (5.4). According to Eq. (5.3), the parameter g; o are expressed with G2 as

g = M g = G -G, (5.22)
As—1 As—1
Hence, the parameters g; » can be quantified by the translation of values of G 2, which
can be given from the decay width formula (5.20).

To compute the values of G 2, we use the observed decay width and masses of singly
heavy baryons in Table 5.1. Moreover, we use the Y-potential model for the masses of
constituent diquark and heavy quark, and also for the wave functions between a diquark
and a heavy quark, which are summarized in Table. 5.2. In concrete, each G; and G5 is
given as follows:

(i) The value of G are determined by the experimental data of the 7% emission decays

of ES) baryons. About the 7° emission decays, they only give the upper limit of
the decay width, so that they are not considered.

(ii) The value of G is determined by the experimental data of the 7% and 7° emission
decays of Zf, baryons with the total spin J = 3/2. The decays of Zf, baryons with
J = 1/2 are not considered, because there are no available data in PDG [12] '

The numerical results of GG; » are summarized in Tables 5.3 and 5.4 with corresponding
reactions and those decay widths, respectively. The main values of these parameters
are evaluated from the averaged experimental data, and those errors are also estimated
by the errors of experimental masses and decay widths of correlated baryons and pions.
Neglecting the errors, we can find that both of these parameters are in the range between
20 and 30, which are about 21 < G; < 27 and 24 < G5 < 30 in detail. The range of error
is about 6 for both G; and G5, and G is rather smaller than Gs.

We then take the average of parameters G 2 from Tables 5.3 and 5.4 without considering

*1 In particular, the =/, baryons with J = 1/2 are not heavy enough to decay to the ground state of
=c baryons with one pion emission.
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Baryon Jr Decay mode  Decay width (MeV) G,
YF+(2455) 1/2F | SFT = At 1.89750% 21.1677-92
»0(2455)  1/2t | X0 = Ao 1.83707 20.9279-53
$FT(2520) 3/2F | ZFFF o At 14.787530 25.9370%2
30(2520)  3/2% | B0 - Ao 15.3704 26.37 1057
A 124 | SF = Ayt 50+0.5 21.93%12)
%, /2% | %) = Ay 5.3+0.5 21.12%119
it 3/2% | S5 = At 9.4+05 23770 5%
3 3/2 | O5T = Ay 10.4+0.8 23.887 102
Table5.3  The coupling constant 1 determined from the decay widths of Xgo —
Agm™ decays.
Baryon Jr Decay mode  Decay width (MeV) Go
Ert S B 2.14 +0.19
=5(2645) 3/27 [ =0T = 1.3270-12% 26.737145
25t — 2l 0.8270 05"
E)0 = B 2.35£0.22
=0(2645) 3/2" [ EC0 — Elw- 156170 13% 27.077135
220 — 200 0.7910 08
ES0 = Epr 0.90 £0.18
=0(5945)  3/2+ Ebo — gyt 0.5075-95% 24.767533
EQ*O — 2970 0.4175-08%
E,S T — Sy 1.65+0.33
=, (5955) 3/2F Eb_ — E07~ 1.13 +0.23* 29.557338
By~ =g, 0.52 £+ 0.10*
Table5.4 The coupling constant G2 determined from the decay widths of 2 — En
decays, where the spin-parity of E’Q are all J© =3 / 27, The values with the asterisk
* are the partial decay widths predicted in this work.
those errors. For (1, the isospin averages are given by
1/2) _ 1
Gi( /2) = 5 <G1|Zj+(2455) + G1|E(c)(2455)) ~ 21.04 5
1
1 (5.23)
G =1 (Gulsy +Galy, ) = 2153,
1
Gy = 1 (Gl + Gl ) = 2382,
and the spin averages are given as
1 /. _
G5 =< (G2 +26{0) = 2445,
; (5.24)
G =2 (é’{“/ 2 4 9Gh/ 2>> ~ 23.06 ,

for charm and bottom sectors, respectively. As the same, we can take the isospin average
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for G5 as

1
G5 = 2 <G2’5j(2645) + G2‘58(2645)> ~26.90,
: (5.25)
b _
G3 = 3 <G2|Eg(5945) + G2|5;(5955)> ~27.16 .

Using these averaged values in Eqs. (5.24) and (5.25), and also Ay approximated in Eq.
(2.43), the parameters g; o are evaluated by Eq. (5.22) as

(9, 95) = (30.56, —3.66), (g7,93) = (33.28,-6.12), (5.26)

for each heavy-quark sector. From these values, it is obvious that the magnitude of g
is much smaller than g;, which comes from the little difference between G; and G5. In
concrete, the absolute value of the ratio of gs to ¢; is evaluated to be |g5/gf| ~ 0.12 and
195/g%] ~ 0.18 for the charm and bottom sector, respectively. With this little effect of
g2 term, we can also make the conclusion that the chiral U(1)4 anomaly induced by the
interactions between scalar and vector diquarks meditated by two mesons are small 2.

Baryon (JT) Mass G1 Decay mode Decay width
(cal.) (exp.)
(MeV) (MeV) (MeV)
yH(/2%) 2452.9+0.4 21.04775 [ ¥F = Ax® 2057055 (< 4.6)
YiH(3/27) 25175423 26.157038 | ot o A0 15427110 (< 17)
»9(1/2%) 5809.88% 2153715 | XY — Ay 5.1077270 .
¥:0(3/2%) 5829.31*%  23.827088 | w0 5 A0 9751077

Table5.5 Our predictions of 7° emission decay widths of g baryons. The mass
with the asterisk * is the calculated value from Y-potential. For the decay width,
(cal.) and (exp.) represent our predictions and experimental data [12], respectively.

Baryon (J©) Mass Go Decay mode Decay width
(cal.) (exp.)
(MeV) (MeV) (MeV)
=0 = Sy 0.14+0.04
=0(1/2%) 5934.16* 27161398 | 29 - =, 7t (No strong decay)
=0 = =070 0.14+0.04
=, = Sm 0247058 (<0.08)
=, (1/27)  5935.02£005 2716735 | 5, — Ejr 0.17500; e
=, =5, 0.0700

Table5.6 Our predictions of m emission decay widths of =} (1/2") baryons. The mass
with the asterisk * is the calculated value from Y-potential. For the decay width,
(cal.) and (exp.) represent our predictions and experimental data [12], respectively.

For the application of these coupling constants, we give the predictions for decay widths
which is not explicitly known in experimental ways as in Table 5.1. Firstly, Table 5.5

*2 The same conclusion is also obtained from the other chiral effective model based on the decay of
singly heavy baryon itself [3, 127-129].
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indicates the prediction of ¥ — Agn® decay widths, where the isospin averaged values
in Eq. (5.23) are used for G;. For the non-observed masses of ¥; baryons, we have used
the values predicted by the diquark—heavy-quark two body calculation with Y-potential,
whose values are round to two decimal places and are more detail than those in Table
4.4. As a result, since the predicted widths for ¥ and X** are below the experimental
upper limits, our predictions are consistent with the experiments for the singly charmed
baryons. Secondly, Table 5.6 are the prediction for the decays of Zj baryons with spin-
parity JP = 1/2%. Here we used the isospin averaged value for the coupling constant G,
and the non-observed E;O mass is replaced to the theoretically predicted value from our
diquark—heavy-quark two body calculation with Y-potential, whose value is round to two
decimal places in more detail. However, about the E;_ — =pm decay, the predicted width
from our model, 0.24 MeV, is about three times larger than the experimental upper limit,
0.08 MeV. For this satisfaction, the coupling constant G5 needs to be less than 15.61. If
the same, the decay width of E;O — E,()O)W(O) may become smaller than our prediction 0.14
MeV, which would be less than 0.045 MeV by inputting G5 < 15.61.

5.2 Chiral symmetry restoration

The spontaneous chiral symmetry breaking is the QCD effect from the chiral condensation.
In the ordinary vacuum state, the VEV of scalar meson takes a finite value as (Gq) # 0,
so that the chiral symmetry breaking occurs and it brings about the effective masses for
light quarks. However, at high temperature and/or high baryon density, the matters in
the QCD scale is expected to move in the phase where the chiral symmetry is restored.
In terms of the chiral condensate (gq), this value approaches toward zero as (gq) — 0 by
the transition to the chiral symmetry restored phase.

Previously, we have made the chiral effective model of diquarks based on the SU(3)
linear sigma model, and applied to the mass spectrum and strong decays of singly heavy
baryons. Here, the chiral condensate (gq) is the same as the VEV of ¥ field in the linear
sigma model. It is of great interest and importance to study how diquarks change by the
order of chiral symmetry breaking, because diquarks are expected to exist in the wide
phase from low to high baryon density within the low temperature.

In this section, we consider the change of diquarks, especially the non-strange diquarks,
from the variation of chiral condensation in the present chiral effective model. After
this, we apply the relation between non-strange diquarks and chiral condensation to the
Yo — AQﬂ'i decays. For this work, we define the parameter x multiplied to the VEV of
Y} field in the vacuum state as

(£) = 2(2) e = @ x diag(fr, fr fs) (0 <z < 1), (5.27)

Changing the factor z restricted to 0 < x < 1, we can express the phase transition as x = 1
corresponding to the ordinary vacuum state with the broken chiral symmetry, while x = 0
corresponding to the chiral symmetry restored phase with high temperature and/or high
baryon density. In more detail, according to Ref. [130], the chiral condensate (gq) starts
to decrease rapidly at the cross-over temperature, and becomes z ~ 0.4 at a temperature
of 200 MeV. From the viewpoints of density, Refs. [28, 29, 130] show the reduction of
chiral condensate (Gg) by the increase of density, where its value takes about x ~ 0.7 for
the nuclear density 0.17 fm=3.
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5.2.1 Diquark masses toward chiral restoration

At first, we discuss the mass formulae of diquarks as functions of . From the multiplicated
x to the VEV of ¥ field, the non-strange diquark masses in Eqgs. (2.48), (2.64) and (2.66)
are given by

s ms

Maa0%) = [ m2g — (@22 + 5 ym3, — a2m3,, (5.2)
fr = gsfx

_ 2 s Ms 2 2,2

Muq(07) = [mgy + (5~ + ——)mg, + 22mis, (5.29)
e 9stx

My, (17) = \/m%/o + 22(mi,, + 2mi.,), (5.30)

Mua(17) = \/mg + 22(—m3, +2m3,), (5.31)

where the parameters in Lagrangians (2.40) and (2.57) are already given as in Table 4.2.
Here we use the values from Y-potential as follows in the units of MeV?2,

(Mo, m§1,mS,) = ((1119)?, (690)*, —(258)?) , (5.32)
(Mg, miyy, miyg) = ((T08), —(757)%, (T14)%) . (5.33)

Note that these are given from the spectrum of singly heavy baryons in the ordinary vac-
uum state (z = 1). In the present work, we assume that these parameters are independent
of the chiral condensation parameter x. For the other physical numbers, we use the values
fr = 92.1 MeV, f, = 128.1 MeV, m, = 93.1 MeV, and g, = 27/v/3 quoted from Refs.
[12, 109, 110], which give the value As = 5/3 defined in chapter 2.

According to Eqgs. (5.32) and (5.33), the chiral invariant masses of non-strange diquarks
in this work are given as mgg = 1119 MeV and my g = 708 MeV for S/P and A/V diquarks,
respectively. This indicates that the mass of non-strange S diquark could be about 400
MeV heavier than that of A diquark in the chiral symmetry restored phase. This is in
the opposite situation compared with those diquark masses in the ordinary vacuum state,
where the non-strange S diquark is about 200 MeV lighter than A diquark. Therefore,
if these diquark masses change continuously by the phase transition parameter z, there
may some crossing points in 0 < x < 1 where the non-strange S and A diquark masses
are equal.

Now we show the figure of non-strange diquark masses in the function of x, in which
Egs. (5.28) — (5.31) are illustrated as in Fig. 5.3. From the definition of x, the right-
hand side near to x = 1 shows the ordinary vacuum state, while the left-hand side with
approach to x = 0 indicates the chiral symmetry restored phase. With the change of =
from 1 towards 0, we can see the increasing mass for S diquark, while the other masses are
decreasing. This increase of S diquark mass at high temperature with chiral symmetry
restored condition is also predicted in Ref. [131].

As we predicted from the chiral invariant mass, the masses of S and A diquarks are
inversed when the chiral symmetry is restored, and its cross section is in between 0.6 <
x < 0.7. This behavior of the S and A diquark masses towards chiral restoration implies
the significant change of the properties of singly heavy baryons with approach to the
finite temperature and/or baryon density. It may also affect the appearance of color
superconductivity in high density matter, where the A diquark becomes stabler than the
S diquark from the viewpoints of each mass.
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Figure5.3 Dependence of the non-strange diquark masses on the chiral condensation
parameter x.

For another point of Fig. 5.3, the inversion of masses by the chiral symmetry restoration
also occurs between S and V diquarks, because A and V are degenerate to the same mass
with its value myo = 708 MeV at x = 0 phase. On the other hand, however, the S and
P diquarks are not degenerate to mgg = 1119 MeV at x = 0, and they have the mass
difference with about 100 MeV. This is due to the contribution of the strange quark mass,
confirmed by the mg; term in Eqs. (5.28) and (5.29). In other words, the remaining U (1) 4
anomaly effect in the mg; term disturbs its degeneration. Thus if the U(1)4 symmetry
also restores in x = 0 phase, these diquarks are degenerate with the chiral invariant mass
mgo = 1119 MeV. Note that, in this work, we assume to be intact about the U(1)4
anomaly effect under the chiral symmetry restoration z — 0.

5.2.2 Strong decays toward chiral restoration

Taking into account the relation between chiral condensation and non-strange diquark
masses expressed as Egs. (5.28) — (5.31), we then consider about the variation of ¥ —
Aqgm decays under the chiral restoration. In this reaction, the masses of Ag and ¥
baryons in the ground state change because of the constituent S and A diquarks. Besides,
not only diquark masses but also the coupling constants G 2 are in functions of parameter
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s ms
Gr=oit (xfﬂ T gt
Here we use the value of g1 2 in Eq. (5.26) for each heavy quark sector, so that the coupling
constant G; for X — Agm decays becomes the spin averaged value at x = 1 phase as
in Eq. (5.24). About this coupling constant G, its value increases with the transition to
chiral symmetry restored phase x — 0, since the constant gs is given to be negative as in
Eq. (5.26). Therefore, the ¥ — Agm decay width proportional to the squared G; would
slightly increase with only considering this coupling constant.
With the masses of S and A diquarks and the coupling constant (G; dependent on the
chiral condensation parameter z, we compute the variation of Yo — AQWjE decay width

)92, G2 = g1+ xgs. (5.34)

in the function of x. In Figs. 5.4 and 5.5, the x dependence of Ag and ES) baryon
masses and the decay width of ¥ — Ag7™ reactions are depicted within the range of
0.80 < z < 1.00. From these figures, we can see that the Ag becomes heavier while the
2, becomes lighter, whose behaviors are the same as S and A diquark masses inside them.
As a consequence, the mass differences between Ag and ¥f, become smaller, and finally
become insufficient to emit one pion. In accordance with the change of these baryon
masses, the decay widths monotonically decreases and finally vanishes before the partial
chiral restoration at = 0.80. The threshold of x where the strong decay becomes to be
prohibited is estimated to be about 0.96, 0.86, 0.92, and 0.89 for each initial X., X%, ¥,
and X} baryon state, respectively.

In this calculation, we have neglected the variation of pion mass, which also depends
on the change of chiral symmetry breaking. According to Refs. [132-136], the mass
of pion is on the rise with approach to the finite temperature and/or density, since the
NG boson nature declines from light pions when the magnitude of spontaneous chiral
symmetry breaking is suppressed by x — 0. In this situation, the threshold of x where
the Yo — AQ7TjE decay stops may move nearer to x = 1 side, because baryons in initial
and final states, ¥ and Ag, need those sufficient mass difference to emit this heavy pion.
However, Refs. [132, 135, 136] insist that there are no big change of pion mass when a
temperature is lower than 200 MeV and a density is lower than the nuclear density, which
corresponds to 0.7 < x < 1.0 from the viewpoints of chiral condensation according to
Refs. [28, 29, 130]. Therefore, the increase of pion mass is almost negligible in the range
of 0.80 < < 1.00, so that the change of ¥g — Ag7m® decay widths in Figs. 5.4 and 5.5
are good approximations.

This suppression of Xg — AQWjE decay by the partial chiral restoration is possible to
examine in an experimental way, because recent particle accelerators can make the high
temperature enough to achieve in the chiral symmetry restored environment. According
to Refs. [130, 137], the cross-over temperature is about 160 MeV and the VEV of chiral
condensate (qq) starts to decline around here, while most experiments can realize higher
temperature [138] “?. If this theoretical implication is confirmed to be correct experi-
mentally, we can estimate that the masses of non-strange S and A diquarks inside those
baryons are getting closer with the chiral symmetry restoration.

*3 The highest recorded man-made temperature is about 5.5 trillion degrees Celsius (9.9 trillion degrees
Fahrenheit), and is about 500 MeV. This temperature was achieved at CERN’s Large Hadron
Collider (LHC) in 2012.
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Chapter 6

T tetraquarks with diquark picture

In this chapter, apart from the research of singly heavy baryons, we investigate about
the Tyq tetraquark bound states introduced in chapter 1 with employing diquarks and
diquark—heavy-quark potentials established in previous chapters. As described in Fig.
1.9, Tgg tetraquarks can be considered as the three body system including two heavy
quarks and one anti-diquark. Therefore, we can compute those masses by GEM for three
body calculation [118, 119] as explained in the last section of chapter 3.

Before the calculation, we start from the introduction of T tetraquarks with broadly
speaking of the history of exotic hadrons. Since the quark model was established [7-9],
QCD have been developed as the theory of strong interaction between quarks meditated by
gluons. In ordinary, quarks and anti-quarks as building blocks of hadrons gather together
with only the number of two or three. As in Fig. 1.1, these conventional hadrons are
called as baryons with three-quark configuration and mesons with the quark-antiquark
paired structure. However, QCD also allows some exotic color-singlet hadrons such as
compact multiquark states, hadronic molecules, glueballs, and so on.

Tetraquarks are one of the group of exotic hadrons, which are composed of two quarks
and two antiquarks as “ggqq”. The candidates of tetraquarks are newly observed one
after another from this century. In 2003, the first candidate of tetraquarks is observed by
the Belle Collaboration [139], and is named as X (3872). After this, another candidates
of tetraquarks are also discovered as in Ref. [140, 141]. All of these tetraquarks are ex-
pected to have the “ccqq” composition, and are introduced such as the charmonium with
resonance-like state and charged charmonium structure. Moreover, the LHCb collabo-
ration have discovered many kinds of charmonium-like tetraquarks for the past decade
[142], as described in Fig. 6.1. Starting from X (3872), these ccqq tetraquarks including
the charmonium-like pair are also called “hidden-charmed tetraquark”.

Recently, at the European Physical Society conference on High Energy Physics (EPS-
HEP) in July 29, 2021, the LHCb Collaboration reported the discovery of new tetraquark
called “T.L” [143, 144]. About this tetraquark, values of the binding energy relative to
D*+ D two-meson threshold and the decay width were firstly determined as —273461 keV
and 410+ 165 keV with the Breit-Wigner profile [143], and are updated as —361 £ 40 keV
and 47.84+1.9 keV with the unitarized Breit-Wigner profile [144], respectively. For another,
the quantum numbers of T}, such as the isospin, total spin, and parity are assumed to
be I(JF) = 0(17). The most characteristic point of this discovered T.f, tetraquark is that
they are composed of two charm quarks and two light anti-quarks as “ccqq” composition,
which is different from the hidden-charmed tetraquark as ever observed. Hence this is the
first discovery of a doubly “open-charmed” tetraquark.

On the theoretical points of view related to the T., the early studies of exotic hadrons

cc)

including two heavy quarks as “QQgqq” have been started in the 1980s [145-150]. Af-
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ter these previous works, many researchers attempted to the study of doubly heavy Tgq
tetraquarks with many kinds of approaches, such as quark-level models [151-203], chromo-
magnetic interaction models [204-213], QCD sum rules [214-233], lattice QCD simulations
[234-253] and so on. To summarize conclusions of these theoretical researches, most of
them predict the existence of the compact doubly bottom T, tetraquarks which do not
bring about the strong decay reaction. This means that there are stable Ty, tetraquarks
below the strong-decay threshold, such as the non-strange Ty, ;4 tetraquark below the
BB* two-meson threshold and the singly anti-strange Ty,.5s tetraquark below the B,B*
threshold. On the other hand, there are no doubly charmed T, tetraquarks with the com-
pact structure which are predicted to be stable. For the bottom-charmed T, tetraquarks,
those predictions are divided whether it is stable or not.

Exotic hadrons with multiquark configurations are often considered from the perspec-
tive of substructures such as mesons or diquarks. For the theoretical researches of Tig
tetraquarks, there are two types of cluster: One is the system of hadronic molecule struc-
ture with two heavy-light mesons as “(Qq) — (Qq)” [159, 163, 176, 191, 193, 236, 250].
The other type of system have diquarks as substructures, such as the interaction of a
heavy-diquark and an anti-diquark as “(QQ) — (¢q)”, or the three body system with a
heavy-diquark cluster as “(QQ) — g — ¢” [167, 168, 175, 180, 199, 201, 205, 210, 250].
Although our method for Ty tetraquarks are similar to these diquark-like system, the
unique point is that only two light anti-quarks are forming an anti-diquark substructure
as “Q — Q — (q7)"-

To discuss these stable states of Ty tetraquarks, we only consider S or A anti-diquark
as a component. This is because we only need to consider these tetraquarks in the lowest
ground state. For the excited states of Tyq tetraquarks with another constituent anti-
diquark and/or quantum numbers, see Ref. [4]. Moreover, we neglect the color 6 anti-
diquarks which cannot define from our chiral diquark model in the present research.
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6.1 Potential model

In order to calculate the mass of Tyq tetraquarks including a color 3 anti-diquarks, we
solve the Schrédinger equation for the Hamiltonian in Eq. (3.13), written as

2
b
HT - Q EQ: D <Mk * 2]&]{) B Kc‘m' + VQlﬁ(rl) + VQzﬁ(’rz) + VQ1Q2 (T3)'

Thus we need to define two types of potential models: One is about the interaction between
two heavy quarks, Vg, @,, and the other one shows that between a heavy quark and a color
3 anti-diquark, V. 5. For these potentials, we consider the strength of color-Coulomb
interaction expressed as (A; - A;) by the Gell-Mann matrices. At first, about the Vi, ¢,
potential, two heavy quarks inside T tetraquarks takes the color 3 representation in this
work, so as to be color singlet with connection to a color 3 anti-diquark. At this time, the
color strength with the color structure 3 ® 3 = 3 is expressed as (AEQl) . A§Q2)) = —8/3.
On the other hand, the mesons with quark—anti-quark pictures have the color structure

3 ® 3 =1, so that its factor takes the value as ()\Z(-Ql) : )\g-Q_z)) = —16/3. Therefore, these
are summarized as

{(A§Q1) Ay = 8/3 (@ — Q with color 3® 3 = 3) 61)

(AQv -AE-QQ)) = -16/3 (Q—Q withcolor 3®3=1)

As the same, about the V; 5 potential, the value of (A; - A;) for between a heavy quark

and an color 3 anti-diquark takes (/\z(-Qi) : )\gﬁ)) = —8/3 with the total color 3, while
its factor for between a heavy quark and a diquark inside singly heavy baryons takes

()\Z(-Q") : AE-D)) = —16/3. Therefore, these are summarized as

{(AEQ” AP = -8/3  (Q — D with color 33 = 3) 62)

AP APy = 16/3 (Q - D with color 3@3=1)

From Eqs. (6.1) and (6.2), both the structure 3 ® 3 = 3 and 3 ® 3 = 1 have attractive
color-Coulomb interactions at the ratio 1 : 2. As a consequence, if all potential terms such
as the color-Coulomb potential and the color confinement potential are generalized to the
form proportional to (A; - A;), we can define the relation of these potentials as

Varas (1) = 5 Vs (1), Voun(r) = 5Van(r). (63)

Hence, we can make Vg, q, and Vi, 5 by halving the potential of heavy mesons with QQ
picture, V, ,, and that of singly heavy baryons with diquark-heavy-quark picture, Vgp.

From Eq. (6.3), we then determine the potentials of heavy mesons and singly heavy
baryons for potential terms in Eq. (3.13). About the diquark-heavy-quark potential for
singly heavy baryons, we use the Y-potential which we have applied to calculate the energy
spectrum and decay width of those baryons in previous chapters. However, since we only
consider the ground states of T tetraquark, we neglect the spin-orbit term and tensor
term as

2
RQ A_e—Ar

8
Vop(r) = —=—+Ar+Co + (sp- Q) Wi ig

(6.4)
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Also, for the definition of potential V(, 5,, we apply the model which is called “AP1”
potential in Ref. [122]. This is expressed with the color-Coulomb term, confinement
term, spin-spin term, and constant term as

s e

3MQ1MQ2ﬁ 7“8’

_B
vo A 2Mg, Mg,
MQI + MQ2 .

The parameters in these potentials Egs. (6.4) and (6.5) are summarized in the left side of
Tables 6.1 and 6.2, respectively. For the masses of constituent quarks, we use those values
from the AP1 potential in Ref. [122], which are summarized in Table 6.2. Therefore,
about the Y-potential, we adjust the constant shift term to the new values C’é,b from C
in Tables 4.1 and 5.2, so as to apply the same heavy quark masses in AP1 potential. On
the other hand, the right side of Tables 6.1 and 6.2 show the comparison of theoretical and
experimental hadron masses. About Table 6.1, though the constant shift have changed
from C. to C’éb, we can verify that the updated Y-potential for Tihg tetraquarks also
satisfies the baryon masses in the ground state. Moreover, the mass comparison in Table
6.2 indicates that the meson masses from AP1 potential are more accurate for doubly
heavy mesons with QQ configuration than the other singly heavy mesons with Qg picture.
Therefore, this AP1 potential is proper to compute the interactions of two heavy quarks
inside T tetraquarks.

As a summary, we can calculate the Schrodinger equation for the Hamiltonian Eq.
(3.13) by the potentials in Egs. (6.3), (6.4), and (6.5). Repeatedly speaking, We only use

VQ1Q2(r) = —% NIV e (so, - SQz)
(6.5)

Masses (MeV)
Parameters (Y-pot.) | Baryons  Y-pot. (exp.) [12]
a 60/p | A, (1/27) 2284 2286.46
A (GeV?)  0.165 | X, (1/2+) 2451 2453.54
C' (GeV)  —0.900 | ¥, (3/2+) 2513 2518.13
C! (GeV)  —0.913 | Z. (1/2%) 2467 2469.42
e 0.8586 | Z. (1/2+) 2581 2578.80
K 0.6635 | =/ (3/21) 2639 2645.88
A (GeV) 0.691 | Q. (1/2%) 2699 2695.20
Q. (3/2%) 2752 2765.90
A, (1/27) 5619 5619.60
Sy (1/2F) 5810 5813.10
Sy (3/2+) 5829 5832.53
=, (1/2F) 5796 5794.45
= (1/27) 5934 5935.02
=l (3/2%) 5952 5953.82
O (1/2%) 6046 6046.10
Oy (3/21) 6063

Table6.1 Parameters of the Y-potential in Eq. (6.4), and the calculated masses of
ground-state singly heavy baryons compared with the experimental values in Ref. [12].
For the parameters, p in the parameter « is the reduced mass of two interacting
particles, and the value of C.; are tuned from those in Tables 4.1 and 5.2. For the
quark and S, A diquark masses, we use the value summarized in Tables 4.2 and 6.2.
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Masses (MeV)

Parameters (AP1) Mesons — AP1 [122] (exp.) [12]

& 0.4242 | D(0) 1881 1868.04
X (GeV?/3) 0.3898 | D*(17) 2033 2009.12
C' (GeV) ~1.1313 | D4(07) 1955 1968.34
3 1.8025 | D*(17) 2107 2112.20
A (GeVB-1) 15296 | B(0™) 5311 5279.44
B 0.3263 | B*(17) 5367 5324.70
M, (GeV) 0.277 | Bs(07) 5356 5366.88
M, (GeV) 0.553 | B*(17) 5418 5415.40
M. (GeV) 1.819 | n.(07) 2982 2983.90
My (GeV) 5206 | J/y(17) 3103 3096.90
B.(07) 6269 6274.90

m(07) 9401 0398.70

Y(1°) 9461 9460.30

Table6.2 Parameters and quark masses of the AP1 potential in Eq. (6.5), and the
calculated masses of ground-state heavy mesons compared with the experimental
values in Ref. [12].

S or A anti-diquark with color 3, whose masses are summarized in Table 4.2 and we use
those values given by Y-potential. We then compute the lightest Tihq tetraquark masses
Mr,,, for each quark component, and compare with those lowest strong-decay threshold
My to give those binding energies defined as Mr,, — Miy.

Furthermore, we explain the partial spin by two heavy quarks inside a T tetraquark,
sqQq. For Ti. and Ty, tetraquarks in the lowest ground state, the quantum number s
and spp is restricted to s.. = sp, = 1 because of the Pauli principle between two same
heavy quarks. However, for T, tetraquarks, there are no restrict by the Pauli principle,
so that the quantum number s., can take both 0 and 1. Hence, we consider two types of
T.p tetraquarks with different partial spins, s., = 0 and 1.

6.2 Existence and structure of Ty tetraquark bound states

In this section, we show the computed masses of Tyq tetraquark ground states based on
each meson-meson threshold. The stability of Tq tetraquarks against strong decays are
also discussed by comparing with other previous researches based on various theoretical
methods. Moreover, for the bound states of T tetraquarks in our research, we also
calculate the root-mean-square (RMS) distances between two constituent particles from
those density distributions, and predict the structures of those tetraquark bound states.
At first, we show the binding energies of the lowest states for each Ty tetraquark, as
summarized in Table 6.3. About the states of tetraquarks, we can find that the lowest-
lying Tog tetraquarks with strangeness S = 0 or +1 have a S anti-diquark, since S
diquarks are lighter than A diquarks as Table 4.2 and it also affects to Tiyg tetraquark
masses. However, the Tgg.ss tetraquarks including two strange anti-quarks have an A
anti-diquark for those constituents, because there are no S diquark with two s quarks.
About the numerical results of binding energies represented in the right side of Table 6.3,
we can find the stable states for non-strange and singly anti-strange Ty, tetraquarks, whose
values of binding energies are negative and are written as boldface characters. For both
two types of thresholds, the Tj,, .4 tetraquark ground state is below the B — B* threshold
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Tetraquark  Anti-diquark State Threshold Binding energy (MeV)
Toiaq D sl  I(J") | M —M  type-exp type-AP1
Tynad S 1] 0o1t) | B-B* —115 —189
Tob:ris S ]  1/2(1%) | By — B* —28 —59
Toy;ss A 1] 0(0%) | B, — B, 180 203
Toccnd S 1] 0(17) | D—-D* 86 47
Tecins S 1]  1/2(1%) | D, — D* 166 153
Tec;ss A 1] 0(0%) | Dy — D, 439 466
Topad S 0] o0ty D-B 81 32
Tebnis S [0] 1/2(07) | D - B, 170 165
Tep;ss A [0] 0(1*) | D, — B 281 292
Topad S [1] 01%) | D-B* 56 -3
Tev;ns S 1] 1/21%) | D- B! 143 124
Teb;ss A 1] 0(07) | Ds— B, 335 360

Table6.3 The binding energies of the ground states of Tpg tetraquarks with con-
stituent S or A light anti-diquark clusters. The values of thresholds are based on
two types, as “type-exp” from the experimental masses of mesons in Ref. [12], and
as “type-AP1” from the theoretical masses of mesons given by the AP1 potential in
Table 6.2.

more than 100 MeV, so that it is more stabler than the Ty,.5s tetraquark ground state
whose binding energy is around —50 MeV. For the other, the non-strange T, tetraquarks
with its partial spin s, = 1 is the bound state with the trifle binding energy —3 MeV.
However, this result is in the basis of D — B* threshold with type-AP1, and it is not
the bound state based on type-exp. Hence it is insufficient from our work to determine
whether this T, ;7 tetraquark ground state is stable or not.

Unlike the experimental data in Refs. [143, 144], there are no bound state for T,
tetraquarks in Table 6.3. Although it seems to be a contradiction, this implies that the
observed T, tetraquark is in the construction of D° — D** meson molecule-like structure,
which can be also inferred by its little binding energy with only about 300 keV. Therefore,
the T, tetraquark ground states calculated with our anti-diquark picture is much different
from this experimentally discovered T, since an anti-diquark configuration is far apart
from the D — D* molecule states. This indicates that Tgq tetraquarks with an anti-
diquark cluster in Table 6.3 are all irrelevant to the molecule-like Ty, and they are near
to the compact states with quarks and anti-quarks. As a summary, our result shows that
some Ty, tetraquarks are stable with compact quark and anti-diquark states, but 7. and
T, are mostly not.

For the comparison with other theoretical researches, we introduce the list which rep-
resents the stability of low-lying Toq tetraquark states from some other previous works.
Those results are shown in Table 6.5, in which most references indicate the existence
of stable state for non-strange T}, ;4 tetraquark, and also for singly anti-strange Typ,ns
tetraquark secondly. For the other tetraquarks with strangeness S = 0 or 41, there are
various results and those existence of stable states cannot be determined obviously. For
doubly anti-strange tetraquarks Tpg.ss, we can find them to be unstable for the most
part.

Finding the existence of stable Ty, tetrquark with strangeness S = 0 and +1, and also
the stable non-strange Ty, tetraquark with s., = 1 based on type-AP1 threshold, we then
discuss those structures from the density distribution between two constituent particles.
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This two-body density distribution is given by the wave function appear by the three-body
calculation, expressed as

VM (’rw Rc) = Z Z CC,ﬂ
c B

(6.6)
% (165 (re) 0L (R @ [[xa/2(@1)x1/2(@2)]sg0 X (D)]

SQQﬁ} JM

Here x;/2 and xs, stand for the spin term of a heavy quark and an anti-diquark in this
wave function, respectively. The index S denotes the assembly of quantum numbers which
associates to this expression, shown as 8 = {v, N,l, L, A, s¢q, sgop}- The index c denotes
the channel number of Jacobi coordinates described in Fig. 3.2. In the wave function,
T, stands for the relative coordinates between two particles in each channel, so that the
two-body density distribution is given by

p(re) = /dfcdRc\wJM(rc,Rc)F, (6.7)

where r. = |r.| and 7. denote the distance and the angular parts of coordinate ., respec-
tively. Therefore, we can draw the density distribution between two heavy quarks with
channel ¢ = 3, and that between a heavy quark and an anti-diquark with channel ¢ =1, 2.

In Figs. 6.2 and 6.3, the density distributions between two constituent particles inside
stable tetraquarks are depicted in the form of functions r2p(r). In detail, Fig. 6.2 rep-
resents for both non-strange and singly anti-strange Tj;, tetraquarks, and Fig. 6.3 is for
the T, tetraquark with sgg = 1. From Fig. 6.2, we can see that two bottom quarks
(b — b) are nearer than between a bottom quark and an anti-diquark (b — D) for both Ty,
tetraquarks with strangeness S = 0 and +1. Also, for the density distribution between
the b — D pair, its distance of non-strange T} tetraquark seems to be broader than that
of singly anti-strange one. These results come from the suppression of the kinetic energy
which is inversely proportional to the reduced mass of two interacting particles, so that
its effect decreases by the increase of two particles masses. Same influence of this kinetic
energy is confirmed for the density distribution of stable Ti; tetraquark in Fig. 6.3, where
two interacting particles are approaching by the increase of their masses.

For the distance of two constituent particles, we also calculate the RMS distances from
each density distribution p(r), given by

NG \/ ( / rzp<rc>rzdrc) / ( / p<r6>r2drc). (6.8)

These numerical results for stable tetraquarks are summarized in Table 6.4. As we pre-
dicted from density distributions in Figs. 6.2 and 6.3, the distance of two particles be-
comes nearer as those masses become heavier. In particular, about the non-strange Ty, ;4
and T, .4 tetraquarks, we can compare those RMS distances between two heavy quarks
(Q1 — Q2) with other theoretical results in Refs. [179] and [183] which are given by the
four body calculations with quark model. In each previous work, the distance between
two bottom quarks inside the Ty, ;4 tetraquark bound state is given by 0.285 fm in Ref.
[179] and 0.34 fm in Ref. [183], in which our result is 0.30 fm and is between these values.
Also, about the distance between a charm quark and a bottom quark inside the low-lying
T,p.5q tetraquark state, it is calculated as 0.357 fm and 0.65 fm in Refs. [179] and [183],
respectively, so that our result 0.41 fm is in between these results. However, we note that




Chapter 6 Tpq tetraquarks with diquark picture

4.0 : . .
b— ? (Tbb:ucz) -
3.5¢ b—D (Typga) —
b _P (Tbb;ns ____
3.0 b—D (Tbb;ns) 1
Tz.s [ ]
&
=—=2.0} ]
=
~1.5) ]
~
1.0} ]
0.5} ]
0-9.0 05 1.0 15 2.0

distance 7 [fm]

Figure6.2 Density distribution between two bottom quarks (b — b) and between a
bottom quark and an anti-diquark (b— D) inside the stable Tj, tetraquarks. The solid
lines and dashed lines are for the strangeness S = 0 and +1 tetraquarks, respectively.
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Figure6.3 Density distribution between a charm and a bottom quarks (¢ — b) and
between a heavy quark and an anti-diquark (¢ — D, b — D) inside the low-lying
non-strange T, tetraquark with s, = 1, which is stable in the basis of type-AP1
threshold.
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Tetraquark State RMS distances 4/ (r?) (fm)
TQle;fiG [SQQ] I(JP) Q1 — Q2 Q1 — D Q2 — D
Thpad 1 o1t | 030 056 056
Tyoms 1] 1/20%)| 030 053 053
Topnd ] o(*)| 041 061  0.58

Table6.4 RMS distances of the Tgg tetraquarks having negative binding energies.

the state of lowest T, ;7 tetraquark in Ref. [179] is not the bound state and its spin-parity
state is I(J¥) = 0(0%), which is different from ours and Ref. [183]. Moreover, the RMS
distance between two bottom quarks in the singly anti-strange Typ.s tetraquark can be
compared with the result in Ref. [179], though its tetraquark is not a bound state accord-
ing to this previous work. Its numerical result is given by 0.284 fm, which is similar to
our calculated value 0.30 fm. Furthermore, we can find from our work and Ref. [179] that
the RMS distance between two bottom quarks inside the lowest states of non-strange and
singly anti-strange doubly bottom tetraquarks, T, ;4 and Typ.ns, are not much different.
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Reference Te Ty Tep

C
(Constituent light anti-quarks) ud ns 38 ud N8 35 ud ns 38
Quark-level models
Lipkin (1986) [117] ND S
ZouZou et al. (1986) [148] S S S
Carlson-Heller-Tjon (1988) [150] S S ND
Semay—Silvestre-Brac (1994) [152] ND S S ND
Pepin et al. (1997) [155] S S
Janc-Rosina (2004) [159] S S
Ebert et al. (2007) [161] US US US| S US US| US US US
Zhang-Zhang-Zhang (2008) [162] Us Us S Us
Vijande-Valcarce-Barnea (2009) [163] S S
Yang et al. (2009) [164] ND S
Feng-Guo-Zou (2013) [165] S S S
Karliner-Rosner (2017) [166] Us S ND
Eichten-Quigg (2017) [167] Us USs Us S S Us Us Us Us
Park-Noh-Lee (2019) [170] US s s Us
Deng-Chen-Ping (2020) [171] S Uus Us S S Us S Uus Us
Yang-Ping-Segovia (2020a) [174] S S S
Tan-Lu-Ping (2020) [178] S S S
Lii-Chen-Dong (2020) [179] Uus Us US S Uus Us | US Us US
Braaten-He-Mohapatra (2021) [180] Us Us Us S S UsS Us Us Us
Yang-Ping-Segovia (2020b) [181] Us Us Us
Meng et al. (2021) [183, 108, 203] S s s S
(This work) (2022) [4] Us Us US S S UsS | ND US US
Chen et al. (2022) [194] S Us S Us Us Us
Praszalowicz (2022) [196] UsS UsS S S
Wu-Ma (2022) [199)] ND S
Song-Jia (2023) [201] US US US| S US US| US US US
Chromo-magnetic interaction models
Lee-Yasui (2009) [205] S S S S S Us
Luo et al. (2017) [207] S S Us S S Us S S Us
Cheng et al. (2020) [209] ND US
Cheng et al. (2021) [210] Us Us USs S S UsS | ND US Us
Weng-Deng-Zhu (2022) [211] S ND US S S ND S ND ND
Guo et al. (2022) [212] S S Us S S ND S S Us
Liu-Zhang-Jia (2023) [213] UsS S S
QCD sum rules
Navarra-Nielsen-Lee (2007) [214] ND S
Du et al. (2013) [216] Uus US S S S
Chen-Steele-Zhu (2014) [217] ND S
Wang (2018) [218] ND ND s s
Wang-Yan (2018) [219] ND ND ND
Agaev et al. (2019) [220] S
Agaev-Azizi-Sundu (2020) [222] ND
Agaev et al. (2020, 2021) [224, 227] S
Wang-Chen (2020) [226] S
Lattice QCD
Francis et al. (2017) [242] S S
Francis et al. (2019) [245] S S S
Junnarkar-Mathur-Padmanath (2019) [246] S S Us S S ND
Leskovec et al. (2019) [247] S
Hudspith et al. (2020) [248] S S Us S
Mohanta-Basak (2020) [249] S
Padmanath-Radhakrishnan-Mathur (2023) [253] S

Table6.5 The stability list of doubly heavy tetraquarks from other theoretical stud-
ies. The symbols “S”, “US”, and “ND” stand for “stable” (below the threshold),
“unstable” (above the threshold), and “not determined” (not conclusive within the-
oretical uncertainties), respectively. Similar summary is shown in Ref. [210].



91

Chapter 7

Summary

In this present research, we have mainly studied about the chiral effective model of di-
quarks, where diquarks in this model are composed of two light quarks such as up (u),
down (d), and strange (s). Chiral effective model is a significant way to explain the
spontaneous chiral symmetry breaking, which is caused by the chiral condensation and
induce the dynamical generation of light quark masses. Also, some chiral effective model
can represent the mechanism of chiral symmetry restoration with approach to the envi-
ronment with high temperature and/or high density. On the other hand, diquarks are
often applied to the building blocks of hadrons since the quark model has been proposed.
Diquarks are also expected to come out in the color superconducting phase in forms of
diquark condensates. Hence, diquarks are the important subject in a wide field of physics.

For the chiral effective model of diquarks, we have applied the SU(3) linear sigma model
[112-114]. Three types of chiral effective Lagrangians are discussed in this work: The first
Lagrangian Lg is for spin 0, scalar (S) and pseudoscalar (P) diquarks with color 3, which
is previously created in Ref. [87]. The next one Ly is for vector (V) and axial-vector
(A) diquarks which have the color 3 and spin 1. Lastly, the effective Lagrangian Lg_y
is considered for the interaction between these spin 0 and 1 diquarks. In the effective
Lagrangians Lg and Ly, the dynamical generation of diquark masses from the chiral
symmetry breaking is represented by the finite VEV of scalar meson field. In particular,
the Lagrangian for spin 0 diquarks Lg derived the reversed mass relation between non-
strange and singly strange P diquarks, and the Lagrangian for spin 1 diquarks Ly derived
the generalized Gell-Mann—-Okubo mass formula for A diquarks [116, 117]. On the other
hand, the effective Lagrangian Lg_y expressed the interaction between two diquarks with
different spins meditated by mesons.

Singly heavy baryons, including one heavy quark such as charm (c¢) and bottom (b), are
expected to form a diquark picture with the remained two light quarks. Assuming those
baryons as the diquark—heavy-quark two body systems, we have applied them to give
parameters in the chiral effective Lagrangians with using GEM [118, 119] as the method
of two body calculation. Quoting the numerical results for some singly heavy baryons
from other references such as experimental values [12] and quark model calculation [121],
we have numerically derived the parameters in effective Lagrangians, and also the effective
diquark masses and the coupling constants related to the energy spectra and the strong
decays of singly heavy baryons.

After the forms and parameters in these chiral effective Lagrangians are determined,
we have applied the chiral effective model of diquarks with diquark—heavy-quark two
body calculation, so as to analyze the singly heavy baryons from the perspective of those
energy spectra and strong decays. The theoretical results of mass spectra represented the
prediction of non-observed mass data, and there were various features appearing from our
chiral effective model of diquarks. Also, the chiral effective model of diquarks induced the
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interesting prediction between the one pion emission decays of singly heavy baryons and
the environmental change from the viewpoints of chiral condensation.

For the additional research, we have investigated about the doubly heavy Tpo
tetraquarks with the diquark cluster, which can be regarded as three body systems
composed of two heavy quarks and one anti-diquark. Applying the diquark—heavy-quark
potential model constructed for the singly heavy baryons with diquark—heavy-quark
systems, we have computed the masses of Tyq tetraquarks with using GEM for the
three body calculation. Although the given results of those tetraquark bound states
were different from the recently observed T.% tetraquark [143, 144] due to the different
hadronic structures, we have found the non-strange and singly anti-strange Tj;, tetraquark
bound states which are stable against strong decays. Similar results are also predicted
in previous theoretical researches with various approaches. For more works about the
Tqq tetraquarks which are stable or uncertain, we have given those structures from the
density distribution between two constituent particles.

The contents in this dissertation are summarized in Refs. [1—4]. In detail, Ref. [1] shows
the research about the spectrum of Ag and Z¢ baryons, which applies the chiral effective
model of S and P diquarks in Ref. [87]. Likewise, Ref. [2] describes the spectrum of
singly heavy baryons, developed by the additional V and A diquarks in the chiral effective
model and also by the updated diquark—heavy-quark potential model. On the other hand,
Ref. [3] is about the strong decays of singly heavy baryons from the perspective of chiral
effective diquark model, and Ref. [4] explains the Ty tetraquarks with an anti-diquark
picture.
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