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Abstract

U(1)r,-r, gauge symmetry is one of the possibilities of the extension of the Standard Model
(SM). Models extended by the U(1)r, 1, gauge symmetry contain a corresponding new gauge
boson and have often been discussed in the context of the muon anomalous magnetic moment
(muon g — 2). However, the U(1)r, 1, gauge symmetry can play other important roles and
is attractive even without the muon g — 2. In this thesis, we focus on both the U(1)z, 1,
gauge boson and the U(1), 1, gauge symmetry itself and discuss how they affect the neutrino
and dark matter (DM) sectors. First, we discuss relations between neutrino parameters and
structure of the neutrino mass matrices derived from the U(1)r, 1, gauge symmetry in the
minimal gauged U(1)r,—r, model, and find that the neutrino CP phases and the sum of the
neutrino masses are determined as functions of the neutrino oscillation parameters, regardless
of the U(1),r,-breaking and Majorana mass scales. Second, using the above results, we point
out that the successful non-thermal leptogenesis and inflation can be realized simultaneously
in the minimal model. Third, we find that if the U(1)r, 1, gauge symmetry is broken at the
electroweak scale, the U(1)z, 1, gauge boson can successfully contribute to the muon g — 2 and
determination of the light DM abundance simultaneously. Moreover, we explore the indirect
detection of such a light DM by neutrino observations and obtain the upper limits from the

future HyperKamiokande (HK) sensitivity to the DM annihilation cross section.
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Notation and units

Notation
In this thesis, we use Greek indices of vectors and tensors as four dimension space-time coordi-

nates, and Latin ones as three dimension spatial coordinates as follows :

/’L7V7p7"‘:O)172737
ik, ..=1,2,3.

Moreover, we use the following Greek indices of matrices and fields to distinguish flavors as

follows :
a, B, ... =€, 1, T .

As the metric of the flat Minkowski space, we apply the time-like convention :

" =(+1,-1,-1,-1) .

Units
Unless noted otherwise, we use the natural units for the physical units of measurement. In the
natural units, the speed of light ¢, reduced Planck constant %, and Boltzmann constant kg are

set equal to unity :

c=h=kp=1.



Chapter 1

Introduction

The Standard Model (SM) of particle physics is a successful model that has been verified by a
lot of experiments and eventually established by the discovery of the Higgs boson at the Large
Hadron Collider (LHC) in 2012. Although the SM provides explanations to a lot of phenomena
related to particle physics, there are unsolved problems. One of them is the muon anomalous
magnetic moment (muon g — 2). Generally, charged particles have magnetic dipole moment [
which is the physical value defined in terms of its spin 5§ as follows:

i=9(5)3, (1.1)

where ¢ is the gyromagnetic ratio called g-factor, and m and g = +e is the mass and electric
charge of the given charged particle, respectively. From the classical Dirac equation, the g-
factor is exactly 2. However, quantum loop corrections deviate the g-factor from 2, and this
deviation is represented by the parameter a; = (g—2)/2 and called anomalous magnetic moment.
The muon g — 2 has been precisely measured by several experiments for over half a century,
and the Brookhaven E821 experiment has given the experimental value [1-3]. On the other
hand, theoretical prediction from the SM has also been calculated vigorously [4-15] (see also
Ref. [16]), and it is known that there is the existence of the long-standing discrepancy between

the experimental and SM predicted values at more than 3o level.

To explain this discrepancy, a lot of extensions of the SM have been proposed. One promis-
ing solution of them is an extension of the SM gauge sector by an Abelian U(1)r, r,  gauge
symmetry. In models with U(1)r, 1, gauge symmetry, muon (tau particle) and mu (tau)-type
neutrino have U(1)r, ., charge +1(—1), and the other SM particles have no charge. In this
extended model, an extra U(1)L, 1, gauge boson interacts with muon and contribute to the
muon g — 2 at one-loop level. If the mass of the U(1)r, r, gauge boson is O(10-100) MeV
and the gauge coupling constant is O(10™4), the discrepancy of the muon anomalous magnetic
moment can be explained without conflicting severe experimental bounds. The review of the

U(1) L,—L, gauge symmetry and its gauge boson is shown in Section 2.1.



Besides the muon anomalous magnetic moment, the SM has long-standing unsolved prob-
lems. Representative examples of them are dark matter (DM) and the baryon asymmetry of the
Universe (BAU). The existence of the DM is considered to be certain by various cosmological
and astrophysical observations, such as those of the galaxy rotation curves [17-21] and cosmic
microwave background (CMB) [22-26]. There are various candidates for the DM, including
particles and non-particles. When the DM is elemental particle, it is required to have no elec-
tromagnetic charge and be non-relativistic to avoid experimental and observational constraints.
Moreover, it should be stable or live longer than the age of the Universe in order not to de-
crease the abundance until the present. Because of the discovery of neutrino oscillation [27], it
is known that neutrinos certainly have masses, and, comparing their masses and temperature
estimated by that of the CMB, at least two of neutrino generations are non-relativistic. Then,
among the SM particles, only neutrinos satisfy the above conditions. It is clear, however, that
neutrinos can not be the candidate of DM because of the bounds on the sum of neutrino masses
and failure of the structure formation of the Universe [28, 29]. Therefore, the SM has no can-
didate for DM and many new particles have been proposed as alternative candidates. One of
the most promising and attractive candidates is Weakly Interacting Massive Particles (WIMPs).
WIMPs appear in various motivated models, such as supersymmetric model [30], universal extra

dimension model [31], and so on.

WIMPs are also attractive from the viewpoint of the DM production mechanism. WIMPs
interact weakly with the SM particles and have been in thermal equilibrium in the early Universe.
They are produced through interactions with the SM particles. With the cooling of the Universe,
the ratio of the interaction rate to the Hubble expansion rate decreases, and then the interactions
eventually freeze out. After that, with the expansion of the Universe, the DM number density
decreases, and then the observed relic abundance of DM is realized. This kind of production
scenario is called thermal freeze-out. When the DM mass is around the electroweak scale, the
observed relic abundance indicates that the coupling strength between DM and SM particles is
around the strength of the electroweak coupling. Such a realization of the DM relic abundance
is called WIMP miracle. A lot of experiments have been performed to search WIMP DM
with electroweak scale mass. However, there is no indication of DM detection, and for example,
XENONIT experiment [32-34], which is one of the world’s leading direct detection experiments,
gives the most stringent constraint on the DM-nucleon scattering cross section. In order to
avoid the severe constraints from direct detection experiments, alternative candidates of DM

are explored.

U(1)r,-r, gauge symmetry, described above, provides an escape route for DM from severe
constraints from direct detection experiments. If DM has the U(1)z, . charge, after breaking of
the U(1)r, 1, gauge symmetry, the remaining accidental global U(1) symmetry can warrant the

DM stability, depending on the DM U(1), 1, charge, as explained in section 7.2. Moreover,



DM can annihilate into the SM p and 7-type particles through the U(1)r, r, gauge boson,
if kinematically allowed, and the observed relic abundance is realized. For direct detection
experiments, because U(1)z, 1, gauge boson couple to neither nucleon nor electron at tree level,
DM-nucleon and DM-electron scattering cross sections are suppressed, and severe constraints can
be avoided. On the other hand, the DM annihilation into p and 7-type SM particle, especially
neutrinos is allowed, and thus there is a possibility of indirect detection by neutrino telescope,
such as Superkamiokande. The feasibility of both DM relic abundance and muon g — 2, and
the bound on the DM annihilation cross section by the neutrino observations are discussed in

Chapter 7, and this discussion is based on Ref. [35].

Baryon asymmetry of the Universe is also one of the unsolved puzzles. The SM includes
both particles and antiparticles, and CPT invariance is conserved. Starting on the discovery of
positron by C. D. Anderson in 1932, various antiparticles are observed. However, these particles
are secondary cosmic rays and not primary ones which exist since the early Universe and come
from outside the Earth’s atmosphere. Standard big bang nucleosynthesis (BBN) scenario and
observed abundance of light elements suggest baryon-antibaryon asymmetry in the Universe.
The current observed value of the baryon asymmetry with 1o error from the CMB observations

by Planck satellite is given by [25]
Qph? = 0.02233 £ 0.00015 , (1.2)

where Qp = pp/p. is the density parameter of baryon, and pp and p. are the baryon en-
ergy density and critical density, respectively. h is the Hubble parameter expressed in units of
100 km/s/Mpec. If this baryon-antibaryon asymmetry has been generated before the inflation,
it has been diluted with expanding the Universe, and the observed asymmetry cannot be ob-
tained. Therefore the asymmetry should be generated after the inflation, and various scenarios

that explain generations of the baryon-antibaryon asymmetry, called baryogenesis, are proposed.

Leptogenesis [36] is one of the promising baryogenesis scenarios. In this scenario, lepton-
antilepton asymmetry is generated by some mechanism and converted into baryon-antibaryon
one through sphaleron process [37]. So far many kinds of leptogenesis scenarios are proposed, and
each scenario has its production mechanism of lepton asymmetry. The most well-known example
is the generation of lepton asymmetry by decays of heavy right-handed neutrinos. Introducing
right-handed neutrinos into the SM, neutrinos can form Dirac mass terms. Moreover, if right-
handed neutrinos have much heavier Majorana masses than the Dirac masses, the lightness of
neutrinos can be explained naturally by seesaw mechanism [38-41]. In this way, the right-handed

neutrinos and their Majorana nature are attractive and searched for a long time.

U(1)r,-z, gauge symmetry also affects leptogenesis. In the minimal model extended by
U(1)r, -1, gauge symmetry and right-handed neutrinos, matrices of neutrino Dirac and Ma-

jorana masses are severely restricted, and this restriction gives relations between parameters



relative to neutrinos. Therefore, this model can predict neutrino Dirac and Majorana CP phases
with less ambiguity. Moreover, because of the restriction of neutrino parameters including Dirac
and Majorana CP phases, there is the correlation between the Dirac CP phase and the sign of
baryon asymmetry generated through leptogenesis scenario appears. We discuss the restrictions
of neutrino parameters in Chapter 5 and the baryon asymmetry generated through leptogenesis

scenario in Chapter 6, and these discussions are based on Refs. [42-45].

This thesis consists of two parts. Part I is the review part and consists of three chapters.
In Chapter 2, we give reviews of theoretical foundation, such as right-handed neutrinos and
its Majorana nature (Sec. 2.2) and U(1)r, 1, gauge symmetry (Sec. 2.1). In Chapter 3, we
give reviews about WIMP dark matter and thermal freeze-out mechanism. In Chapter 4, we
summarize leptogenesis scenario. Part II consists of three chapters. In Chapter 5, the relations
between the structure of the neutrino mass matrix and the neutrino parameters are discussed.
In Chapter 6, non-thermal leptogenesis in the minimal gauged U(1)r, 1, model is discussed,
assuming an inflation model. In Chapter 7, the Dirac fermion DM in the U(1)r, 1, model and
indirect search by neutrino telescopes are discussed. Chapter 8 is lastly devoted to the summary
and conclusion of this thesis. In Appendix, we collect some supplemental materials to support
our understanding. In this thesis, Chapter 5, 6, and 7 are based on Refs. [42-44], [45], and [35],

respectively.
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Chapter 2

Foundation

In this thesis, we discuss how U(1)r, 1, gauge symmetry affects dark matter and leptogenesis
scenarios, following the author’s works [35, 42—45]. In this chapter, we give the review of the
U(1)r, -z, gauge symmetry and relation with the muon g —2, firstly. After that, we summarize
the experimental constraints on the U(1)r, r, gauge boson. Secondly, we review the right-

handed neutrinos and Majorana natures.

2.1 U(1)r,-r, gauge symmetry

Extensions of the gauge sector in the SM have been tried, as one of physics beyond the SM,
in various context for a long time (see Refs. [46-49] for early examples). U(1)r,—r, gauge
symmetry is one of the examples and motivated by the discrepancy of the muon anomalous
magnetic moment. Under this gauge symmetry, muon uy, g and mu-type neutrino v, have the
U(1)r,-r, charge +1, tau particle 72,z and tau-type neutrino v; have the U(1)r, . charge
—1, and the other SM particles have no U(1)r, 1, charge.

2.1.1 Gauge anomaly cancellation

When an extra gauge symmetry is added to the gauge sector of the SM, it is pretty important
whether new symmetry causes gauge anomaly. The existence of the gauge anomaly destroys
renormalizability and unitarity of S-matrix, and then it leads models to lose predictive power.
The SM is the chiral gauge theory, and there is a danger that it includes the gauge anomaly in
nature. But, in the SM, anomalies from the quark and lepton sectors, miraculously, cancel each
other nontrivially. However, as we mentioned above, when U(1)r, 1, gauge symmetry is added

to the SM gauge sector, we have to confirm the anomaly cancellation.

The SM is the chiral gauge theory, and the left and right-hand fermions transform differently

12



under the gauge transformation. For the SU(2);, gauge transformation,
Uy (z) = V() =U(z)¥(x), VYg(z)— Vi(x)=Vg(z), (2.1)

where W gy is the SU(2),, doublet (singlet) of the SM left (right)-handed fermion, and U (z) =
expligC®(z)T%] is the Hermitian matrix of the SU(2) gauge transformation with the gauge cou-
pling constant, g, parameter of the transformation, (*(z), and generator matrices of the SU(2),
T In the classical theory, the action is invariant under the above transformation. However,
at the quantum level, the effective action included in the one-loop contribution of fermions is
not necessarily invariant under the chiral gauge transformation. In fact, the gauge invariance is
violated by the triangle diagram of fermions at the one-loop level. This violation of the gauge
invariance is intrinsic and cannot be removed by adding local counterterms to the action. This
kind of violation is called gauge anomalies. For the above triangle diagram, the gauge anomaly

is given by
A% =3t (ta {tb, tC}) N (t“ {tb,tC}) = Agbe — Agbe, (2.2)
fL Ir

where fr(g) is the SM left (right)-handed fermion, #* is the generator matrix associated with the
gauge boson which couples to fermions at an apex of the triangle, and we omit the coefficient in
Eq. (2.2). When left and right-handed fermions have the same charges, A%¢ = %’C, and then
the anomalies are canceled.

The left and right-handed fermions transform in the same way under the U(1)z, ., gauge
transformation when the right-handed neutrinos with three lepton flavors, vg , are introduced,

and then there are five triangle diagrams which we have to confirm the anomaly cancellation as

follows :

(i) U(I)LH_LT - gravity - gravity (ii) U(l)LH_LT - U(I)LH_LT - U(l)Lu—LT
(it)) UL L,—2, - UM L,—z, - Uy (iv) UM)L,—, - Uy - Uy
(v) SU2)L - SU2)L - U(D) L, —L,

13



In (i) ~ (v) cases, the gauge anomalies are given by

(i) > [Y'era) +Y'(era) = Y (Via) + V' (VRa)] =0, (2.3)
a=e,u,T
(ii) > [ Y(era) + Y (era)® = Y (v1a)® + Y (vra)?] =0, (2.4)
a=e,u,T
[ 1 1
(iii) — (=2 )Y (er.a)* + (=1)Y(era)? — | == | Y (Vpa)? + 0 x Y/ (vRa)?| =0,
2(2) (ena)? + (DY lena)? = (=3 ) V(00 40 % V' (0ma ]
(2.5)
i 2 2
w > |- <—;> Y/(en) + (—1)2Y"(ena) — <—;> Y/ (v1,0) + 0% x Y’(VR@)] 0,
a=e,u,T L
2.6)
(v) > [Y(era) = Y'(vpo)] =0, (2.7)
a=e,u,T

where Y'(f) is the U(1)g,_r, charge of fermion f. Here, we should emphasize that the above
gauge anomalies cancel even if the right-handed neutrinos are not introduced. Moreover, we
note that, in Chapter 7, we consider the Dirac fermion DM with non-zero U(1)r, 1, charge,
and this DM transform vector-like under the U(1)r, 1, gauge transformation for the anomaly

cancellation.

2.1.2 Kinetic mixing
Here, we show the Lagrangian relative to the U(1), 1, gauge boson X :

Lint = —gx XA(B7 0 — YN + 00,7 WL — VLo Vs (2.8)
1 1
Liin = —EFAPFAP - ZXAPXAP , (2.9)

where F? and X** are the field strengths of the SM photon and U(1) L,—L, gauge boson, re-
spectively, and gx is the gauge coupling constant of U(1)r, .. As mentioned in the former
subsection, the electron and quarks have no U(1)r, 1, charge, and therefore X does not in-
teract with them directly. However, the muon and tau particle have both U(1)r, 1, and SM
electroweak charges in the gauged U(1), 1, models. Therefore, the models have the gauge
kinetic mixing € of X and the SM photon v at low scale, although we set € to be zero at some

high scale. As shown in Fig. 2.1, the gauge kinetic mixing is generated at one-loop level and is

given by
€A €z
L= —?F,\pXAp — ?Z,\pXAp , (2.10)
2
€gx m
€4=—15 g <m%) , (2.11)

14



Figure 2.1: Kinetic mixing between the U(1)r, r, gauge boson and SM photon induced by
muon and tau particle loop.

where FA? and Z** denote the field strength for photon and Z boson, respectively. Besides, e

is the electromagnetic charge, and m,(;) is the muon (tau particle) mass.

We will take into account this one-loop level mixing in this thesis. To get the canonically
normalized gauge fields, we shift the photon field as A, — A, + €4X,, for |e4| < 1. This shift
induces the interaction of X to the electromagnetic current € 4e X Mng, which is crucial for DM

direct detection. Similarly, the mixing with the Z boson is given by

2

1 . 9 egx m
=—|— 0 In(— 2.12
“z ( g o W) 1272 cos Oy sin Oy " <m3> ’ (2.12)

with the Weinberg angle 0y, Shifting Z,, — Z,, — ezm% /m%X,, and X, — X, + €zZ, to get
the canonically normalized gauge fields, we find the Z boson couples to L, — L, current and the

X boson to the neutral current,

EZyL;L_LT = _gXEZZngu,LT 5 (213)
2
m

Lxne = —2—ezm XX, T8 (2.14)

cosby ~m7,

for mx < mz. In Chapter 7, the U(1)r, ., gauge boson is assumed to be much lighter than
the SM Z boson. Therefore, the effect of the mixing ez is suppressed by m§( /mQZ, and thus
we neglect it in the following discussion. In Appendix A.1, we show the detail about the gauge

kinetic mixing and canonical normalization.

2.1.3 Muon anomalous magnetic moment

Muon anomalous magnetic moment is one of the most important motivations for the U(1) Lu—L,
models. The latest experimental value of the muon g — 2 is given by the Brookhaven E821
experiment [1-3]. On the other hand, the vigorous efforts have given the precise theoretical

values, and the discrepancies of the muon g — 2 between the experimental and theoretical values

15



are given by

(260 + 79) x 1071 [11]
280.2 4+ 73.7) x 10711 [12
Ay =as® —aM =] ¢ ) ) (2.15)
(279 + 76) x 10~ [16]
(261 +79) x 1071 [50]

The differences among the above values in Eq. (2.15) are mainly derived from the estimations

of the hadronic vacuum polarization.'

New physics can contribute to the muon g — 2 and explain the long-standing deviation. To
do so, new physics have to couple to muon. U(1)p_r, which is the well-known Abelian gauge
group, is one example. However, the U(1)p_1 gauge boson has couplings with the electron
and quarks, and then experimental constraints on the gauge coupling and gauge boson mass
are much severe. Therefore, U(1)p_1 gauge boson can not explain the muon g — 2 discrepancy
without conflicting with the experiments (for example, see Ref. [52]). On the other hand, the
U(1)L, L, gauge boson can avoid the constraints from the various experiments because it has
no coupling with the electron and quarks. Therefore, the U(1)z, -1, gauge boson can explain

the muon g — 2 discrepancy, avoiding the experimental constraints.

The U(1)L, -1, gauge boson contributes to the muon g — 2 through the one-loop diagram
shown in Fig. 2.2. 2

The one-loop contribution of the U(1)r, 1, gauge boson is given by

Ag¥ — & 1 . Zmixz(l — )
keoogr Sy a?m2 4+ (1 —x)mi
% X

(2.16)

where gx is the U(1)z, 1, gauge coupling constant, and mx is the mass of the U(1)r, ., gauge
boson. In Fig. 2.3, the parameter region in the myx-gx plane which explains the muon g — 2

anomaly is shown.

The dark (light) red area corresponds to the 1lo(20) favored region of the muon g — 2 and
realizes Aa;\ = (268476) x 10~ [50]. The light brown area and dark brown dashed line corre-
spond to the experimental constraints by CHARM-II and CCFR measurements of the neutrino
trident production vN — vNputu~ [53-55], respectively. The dark gray area corresponds to the

'The BMW Collaboration [51] gave the new result of the determination of the hadronic vacuum polarization,
based on the lattice calculation, and its value is significantly larger than the above values on Eq. (2.15), based
on the phenomenological input. If this value is adopted, the deviation between the experimental and SM values
reduces.

2The U(1)z, -1, gauge boson interacts with the SM muon and has a gauge mixing with the SM photon as
shown in Fig. 2.1. However, there is no contribution to the muon g —2 by a tree diagram which is described by the
gauge interaction and gauge kinetic mixing with the photon. This is because, as shown in Appendix A.1, the SM
photon is defined as a massless eigenstate after redefining gauge bosons mixed with each other and removing the
gauge kinetic mixing. Therefore, the SM photon has no mixing with a mass eigenstate X and the he U(1)r,- 1,
gauge boson contributes to the muon g — 2 at one-loop level.
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X
o4 o4

Figure 2.2: One-loop diagram which contributes the muon g — 2. X denotes the U(1)r, 1,
gauge boson.

T

bound from Borexino measurement of the interaction rate of the mono-energetic 862 keV "Be
solar neutrino [56-58]. The region above the solid blue line corresponds to the experimental
constraints by BABAR search for ete™ — ptp~ X with a subsequent decay X — ptu~ [59].
Besides the experimental constraints, there are some astrophysical bounds on the U(1)r, r,
gauge boson. The light gray area corresponds to the astrophysical constraint by the white dwarf
(WD) cooling induced by the plasmon decay via the off-shell U(1)z, 1, gauge boson [60, 61].
Lastly, the yellow area and dashed line correspond to the bound from the effective neutrino
number Neg. The X boson mainly decays into a pair of neutrinos for mx < 2m,. The life-
time is much shorter than the time scale (7gpy ~ 1sec) of BBN in the parameter space that
we are interested in. If the X boson is light enough, the X boson can be in equilibrium with
the neutrinos after the neutrino decoupling (7" ~ 1 MeV). Then, it is possible to increase the
effective neutrino number Ngg. Since the X boson is already non-relativistic at the BBN, it
does not contribute directly to Neg. It can decay into neutrinos, however. The decay releases
the energy into neutrinos, reheating the neutrino temperature. Following [62], we estimate the
contribution to Neg and obtain the lower mass bound mx = 6MeV for e4 = 0. When we
include the effects of the non-vanishing kinetic mixing, the lower bound becomes 10 MeV for
€4~ 7.2 x 1079 corresponding to gx = 5 x 10~%. For further details of the contribution to Neg
and the cosmological implication of the light U(1), 1, gauge boson, see e.g. Ref. [63]. We

conservatively use mx = 6 MeV as the lower mass bound in this thesis.

The allowed region which explains the muon g — 2 discrepancy can be searched in future
experiments. For example, the E949 [64, 65]-like experiment has a potential to test the above
region by searches for single muon tracks from the decays of stopped charged kaon (K+ —
pt +v,+X, X - vw) [66]. Besides, NA64 experiment can probe the above region through
u+N — p+ N+ X, X — inv. process [67, 68]. Also, the Belle-II experiment [69] also does
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Figure 2.3: Constraints on the U(1)r, 1, boson and muon g — 2 favored region. Dark (light)
red area corresponds to the 1o(20) favored region of the muon g — 2, respectively.

by missing energy search from the mono-photon process (eTe™ — vX, X — inv.) [70] and
the X-bremsstrahlung one (ete™ — pTp~X, X — inv.) [71]. Moreover, a new experiment
carried out at the Fermilab [72, 73] is trying to measure the muon g — 2 discrepancy precisely
and reduce the experimental uncertainty. The J-PARK will also carry out another experiment
using the newly developed novel technique [74, 75]. Lastly, we note that SHiP experiment at
the CERN Beam Dump Facility [76, 77], which is one of future beam dump experiments, can
also prove U(1)p, 1, gauge boson. However, the U(1)r, 1, gauge coupling constant which
SHiP can search is much smaller that that which can explain the muon g — 2 [52]. Also, the
U(1)L, L, gauge boson interacts with quarks through the gauge kinetic mixing. However, this
interaction is quark flavor-diagonal and does not have a significant effect on B and K meson
physics. Therefore, there is no substantial constraint on the U(1)r, r, gauge boson. We
note that, in Refs. [78, 79], U(1)L,r.-charged vector-like heavy quarks are introduced, and the
relation between the U(1), 1, gauge boson and B — K*u* p~ anomaly reported by LHCb [80].

2.2 Right-handed neutrinos and Majorana nature

Neutrino is one of the irregular particles in the SM matter contents. One major difference from

the other SM fermions is the absence of the right-handed part. As a result, neutrinos cannot
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have the Dirac mass terms and must be massless in the SM. However, starting with the report
in Neturino 1998 that the neutrino oscillation has been observed by the Super-Kamiokande
experiment [27], various experiments have observed the neutrino oscillation and it is clear that
the neutrinos are massive. This fact indicates the necessity of extension of the SM in order to

give masses to neutrinos. *

Right-handed neutrinos give a simple solution for the above problem of the neutrino masses.
These particles beyond the SM are singlet fermions under the SM gauge group, SU(3).x SU(2) x
U(1)y. Therefore, they have no danger of the gauge anomaly. Moreover, the neutrinos are
neutral fermion, and then there is a possibility that they are Majorana particles. If they are,
these new particles may possibly solve various problems that the SM is facing. In this subsection,
we give a brief review of the Majorana nature of the neutrinos and their effects on the beyond
SM physics.

2.2.1 Majorana nature

Neutrinos have been discovered by F. Reines and C. L. Cowan in 1953 [81, 82]. After that,
various experiments are trying to observe this particle. If neutrinos are Dirac fermion, the
degree of freedom is four because there are neutrino and antineutrino, and left-handed and right-
handed. However, currently, only left-handed neutrino and right-handed antineutrino have been
observed, and therefore, we come across the possibility that neutrino and antineutrino are the
same because neutrinos are neutral. Such particles, which are the same as their antiparticles, are
called Majorana particles, and they have been proposed by E. Majorana [83]. In this subsection,
we give a short review of Majorana particles and neutrinoless double beta decay, which is one

of the phenomena specific to Majorana particles.

(O Majorana particle and Majorana mass

Majorana particle is a particle that is identified with its antiparticle, that is, charge conjugate

of the particle. Charge conjugation of particles v is given by

*b
)= ( ‘SZ ) = ( v > — in? = CyT (2.17)
n € fi)

b

where €, € are the completely antisymmetric tensors of rank 2 with ejo = €'2 = 1, and &,, n®

3In the SM, the neutrino masses can be realized by the Weinberg operator M, = cag(Lao - H)(HT - Lg)/A
with cop being a dimensionless constant, A the cutoff scale, and H = i02H". However, this operator is non-
renormalizable, and the extensions of the SM are necessary to construct UV complete models.
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are two-component spinors. v* is the gamma matrix given by

= (( 0 ("M)a”) , (2.18)

U“)ab 0
with
ot =(1,—01,—09,—03), " =(1,01,09,03) . (2.19)

Matrices of dimension two, o; (i = 1 ~ 3), are well-known Pauli matrices and given by

0 1 0 —2 1 0
01:< ), UQ:(. >, 03:< ) (2.20)
10 1 0 0 -1

C is the matrix of dimension four, which has the following characteristics :

cl=ct=cT=-c¢, (2.21)
[C,7s] =0, (2:22)
CyaC™t ==, (2.23)

with v5 = i7°y'y2+3. Majorana particle satisfies 1) = ¢, and thus

*b a ab g% &a n*beba
Ca=1"€a, N* =€V = Y= o = , (2.24)
ab ¢ a
€ 56 n
is given. When right-handed neutrinos are introduced, neutrinos also can have the Dirac mass

terms. Moreover, if neutrinos are Majorana particles, the following Majorana mass terms can

be formed

1 \TC 1 a * *Q -
—5Mr)agNaNg + h.c. = —5 {(MR)aﬁfa,ae *¢a — (MR)4sEe Edz,igb} , (2.25)

where «, 8 = e, u, 7 are the index of lepton flavors, and a,b = 1,2 is that of spinors.

(O Neutrinoless double beta decay

It is much important to confirm whether the neutrino is Majorana or Dirac fermion. This
is because the neutrino sector perhaps can solve various problems that the SM is facing if
the neutrino is Majorana fermion. Up to now, the most promising way to confirm it is the

observation of the neutrinoless double beta decay.

It is known that some radioactive elements undergo beta decay through the weak interaction

as follows :

(A, Z) — (A, Z+1)+e + 7, (2.26)
(d—u+e +1)
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Figure 2.4: Relation between the atomic number Z and mass, based on the Bethe-Weizsacker
formula [84]. The blue (red) line corresponds to the case that both atomic and mass numbers
are even (odd). In the setup of this figure, the element with Zy — 1 has smaller binding energy
than that with Zy — 2. Therefore, the mass of the element with Zy — 1 is heavier than that of
the element with Zy — 2, and the beta decay is prohibited. On the other hand, the element with
Zy is lighter than that with Zy — 2, and therefore, the double beta decay can occur, and the
difference of the binding energies @) is brought by emitted electron and neutrino.

where A and Z are mass and atomic numbers of the radioactive element, respectively.

However, among such radioactive elements whose mass and atomic numbers are even, some
kinds of elements have higher binding energy than the daughter elements, as shown in Fig. 2.4,
and therefore their masses are lighter than that of the daughter elements.” In this case, unstable
elements with (A, Z) cannot undergo beta decay, which shifts atomic number by one. If the
element with (A, Z + 2) has larger biding energy and is lighter than that with (A4, Z), as shown

in Fig. 2.5a, double beta decay with neutrino emission (2v(3), which shifts the atomic number

“The Bethe-Weizsiicker formula [84] is based on the liquid drop model and describes binding energy between
nucleons. For elements with A < 30, the binding energy B(A, Z) is given accurately by five terms as follows :
Z(Z - 1) (A—22)?

2
B(A,Z) =avA—asA3 —ac e —aa 1

+58(A, Z) . (2.27)

In Eq. (2.27), the first term is known as volume term and comes from attractive forces by the strong interaction
between neighboring nucleons. The second term is known as the surface term and corresponds to the correction
due to the weakness of the binding energy of nucleons on the surface. This term is necessary because nucleons on
the surface neighbor fewer nucleons than interior ones. The third term is known as the Coulomb term and comes
from Coulomb repulsive force between protons.

Mass of nucleon is written in terms of the binding energy as follows :

m=2Zmp+ (A—Z)m, — B(A, Z) , (2.28)

where m, my, and m,, are the nucleon, proton, and neutron mass, respectively.
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(a) Double beta decay with neutrino emission (2v50) (b) Neutrinoless double beta decay (0v3()

Figure 2.5: Feynman diagrams of two types of double beta decay. When neutrino is a Majorana
particle, neutrinoless double beta decay can occur.

by two, can occur as follows :
(A, Z) — (A, Z +2)+2¢ + 20, . (2.29)

This process is a second order process of the weak interaction, and the amplitude is suppressed
by the Fermi constant, G, squared. As a consequence, the half-life is very long, and, for

example, in *8Ca case, is given by TIZ/”2 = [6.4f8:g (stat.) 53 (syst.)] x 109 yr [35].

Moreover, if neutrino is a Majorana particle, as shown in Fig. 2.5b, neutrinoless double beta

decay (Ovff3) can occur as follows :
(A, Z) — (A, Z +2) + 2 . (2.30)

This process is not only second order of the weak interaction, but also suppressed by the inter-
action vertex, represented by a cross in Fig. 2.5b, (mgg) /¢ < 1 €V /100 MeV, where (mgg) is
the effective Majorana neutrino mass, and ¢ is the typical scale of nuclear energy. On the other
hand, in the Ov33 process, no neutrino is emitted, and therefore, the phase space factor is larger
than the 2v35 process. The daughter elements are much heavier than emitted electrons and
neutrinos, and then they are at rest. Thus the difference of the binding energy @) is distributed
to the electrons and neutrinos. In the 2v33 process, the emitted neutrinos take away a part of
7@, and the energy spectrum of the emitted electrons is continuous, as shown in Fig. 2.6. On
the other hand, in the (OvS3) process, neutrinos do not take away energy, and thus the energy

spectrum has a sharp peak at £ = Q. Therefore, by preparing a large number of radioactive
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Figure 2.6: Energy spectra of emitted electrons in 2v85 and Ov33 processes. This figure shows
the characteristic of the energy spectrum, and the scale of the vertical axis is not correct.

elements that are prohibited from undergoing the beta decay, and confirming whether there is
a sharp peak at F = @ in the energy spectrum of the emitted electrons, we can search for the

Majorana nature of the neutrinos or, at least, the existence of new physics [86].

The effective Majorana neutrino mass (mgg) is a parameter which characterizes the half-time

of OvB8 process and given by

2

<mﬂ6> = |(MV)ee| = = ’mlcfscfz + m2C%3512€m2 + m35%3€i(a3726) , (2.31)

Z m; (UpMns )2

where (M,),, is the (e, e) element of the mass matrix for the light neutrinos, and m; (i = 1,2, 3)
is the mass eigenvalues of the light neutrinos. As is described in detail in subsection 2.2.3, UpnNs
is the unitary matrix, so-called Pontecorvo-Maki-Nakagawa—Sakata matrix (PMNS matrix) [87,
88] and characterized by the mixing between three lepton flavors, sin6;; = s;;, cos;; = ¢;j, one
Dirac CP phase, §, and two Majorana CP phases, ag3.” Using the effective Majorana neutrino

mass, the half-life of (Ov33) process, Tlo/”2, is given by [50]

= 2 (msp)”

(Tlo/”z> = G | MR, |* =5 (2.32)
me

where G is the phase space volume, and Mf\]]’fv[ is the nuclear matrix element. Among these

parameters, the theoretical values of the nuclear matrix element have large uncertainties coming

from the uncertainty in nuclear models.

Recently, various experiments are performing to observe the neutrinoless double beta decay,

but they have not detected® , and then these experiments give severe bounds on the half-life and

SWhen neutrinos are Dirac particles, the Majorana CP phases do not exist. Moreover, even for the Majorana
neutrinos, if two (not three) right-handed states are introduced, only one Majorana CP phase exists.

5The HEIDELBERG-MOSCOW experiment claimed that they had observed neutrinoless double beta de-
cay [89-91]. The detail of their claim is that they detected 0v8f process of "°Ge at the 60 significance level and
obtained Tl()/”Q(mGe) = (2.23%531) x 10% [year]. However, many researchers are doubtful about, for example,
treatments of data [92-95], and there is no consensus on the discovery of the 0v33 process.
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effective Majorana neutrino mass. In Tab. 2.1, we show the experiments which are performing
and planning and their sensitivities. Moreover, for reference, the KamL AND-Zen experiment,

which gives the most stringent bound, is also described at the bottom of the table.

Experiment Isotope  Sensitivity of (mgg) [meV]  Experimental period
KamLAND-ZEN 800 [96]  130Xe 40 < since 2019
KamLAND2-ZEN [97] 136X e 20 < since 2027
SNO+ [98] 130T 55-133 for 5 years, since 2017
LEGEND-200 [99] Ge <75 for 5 years, since 2021
LEGEND-1000 [99] Ge <24 for 10 years
CUORE [100] 130T 50-130 2017 ~ 2022
CUPID [101] 130T 6-15 for 10 years
NEXT-100 [102, 103] 136X e 80-160 for 3 years, since 2021
SuperNEMO [104] 82Ge 50-100 for 5 years
nEXO [105] 136X e 5.7-17.7 for 10 years
KamLAND-ZEN [97, 106] !36Xe 61-165 finished

Table 2.1: On-going and planned experiments and their sensitivities of the effective Majorana
neutrino mass. The uncertainties of (mgg) come from the uncertainties of the nuclear matrix
elements.

2.2.2 Seesaw mechanism

There is no doubt that neutrinos are massive because of the observation of the neutrino oscil-
lation. By the precise measurements of the neutrino oscillation, we know two neutrino mass
squared differences, but do not know absolute values of the neutrino masses. The recent
cosmological and astrophysical surveys give the severe constraint on the sum of the neutrino
masses Y m,, < 0.15 eV for normal ordering [107]. 7 These results indicate that neutrino
masses are much smaller than the other SM fermions with O(MeV-GeV) masses. If neutrinos
are Dirac fermions and only renormalizable mass terms are considered, the neutrino masses are
originated from the Dirac Yukawa terms, and this fact indicates the existence of a large hierarchy

among the Yukawa coupling constants of the SM fermions.

Seesaw mechanism [38—41], discussed in this subsection, gives natural explanation for the
mass hierarchy of the SM fermions. So far, various kinds of seesaw models have been proposed,

and they are characterized by new fields introduced. In this subsection, we introduce the type-I

"The Planck Collaboration gives the stronger bound on the sum of the neutrino masses : Y. m,, <
0.12 eV (95% C.L.) [25]. To obtain this value, they assumed degeneracy of the neutrino masses. In Ref. [107], the
neutrino mass squared differences are taken into account, and a more conservative bound is given.
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seesaw model, which plays an important role in Chapter 6.

O Type-I seesaw model

In the type-I seesaw model, right-handed neutrinos are introduced, and neutrinos are as-

sumed to be Majorana particles. The neutrino mass matrix is written by

1 . 0 Mp 9
~Lom =5 (1, (N >T)< r )( )
= %xpf/\wy , (2.33)

where 1/% = (VL,er VL, l/Lﬂ-)T and N7 = (N, Ny, N)T are left-handed and right-handed neutri-
nos, respectively. Mp and Mg are the Dirac and Majorana mass term, respectively, and both
are 3 by 3 matrices. Among them, the Majorana mass term, (N)T MzN¢ is a lepton number

violating operator (AL = 2).

Here, we assume that the Majorana mass is much heavier than the Dirac mass, that is
(©)as = MpMphas <1, (2.34)

where «, 8 are indices of flavors. Diagonalization of the neutrino mass matrix gives the mass
eigenvalues for the active and heavy neutrinos. First, we block-diagonalize the neutrino mass
matrix in terms of the left-handed and right-handed parts by a unitary transformation of W.
The block-diagonalization is realized by an approximate orthogonal matrix, ¢, which satisfies
UUT =uUTu =1+ 0(6%), as follows :

v 0
Ty = | M ) O(O*Mp) , (2.35)
O3x3 My
1 —ipeT ©
U= 3x3 2 , (236)
—0T 13- 4070
M, = -MpMzM% (2.37)
1
MN:MR—Fi(MR@T@—F@T@MR)ZMR, (2.38)

where M,,, and My are the mass matrices for the active and heavy neutrinos. As shown in
Eq. (2.37), the mass matrix for the active neutrinos is suppressed by the inverse of the masses
for the Majorana masses, and then the lightness of the masses for the active neutrinos can be
realized without pretty small Dirac Yukawa couplings. This type-I seesaw model is represented

by the Feynman diagram in Fig. 2.7.
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Figure 2.7: Feynman diagram which realizes lightness of the active neutrinos in the type-I seesaw
model.

2.2.3 Flavor mixing and mass hierarchy of neutrinos

When the right-handed neutrinos are introduced in the SM, the neutrinos can form the Dirac
mass terms and have masses. In general, the flavor eigenstates of the neutrinos and charged
leptons are different from the mass eigenstates, and then the flavor mixing appears in the charged
current of leptons, just like the flavor mixing in the quark sector. Moreover, by the observations
of the neutrino oscillation, the mass squared differences of the neutrinos are measured precisely,
but the absolute masses are unknown. In this subsection, we give a brief review of the flavor

mixing in the lepton sector and mass ordering of the active neutrinos.”

(O Mass hierarchy

The absolute masses of the neutrinos are bounded by astrophysical observations, but the
precise value is unknown. Omn the other hand, the squared mass differences of the neutrinos
are precisely measured by observations of neutrino oscillation. The observations of solar and
atmospheric neutrinos imply the existence of three mass eigenstates of neutrinos. Among two
eigenstates implied by the solar neutrinos, the mass of the lighter (heavier) is defined by mq(ms),
and the squared mass difference from the solar neutrinos is written as Am2, = Am3; = m3—mj3.
Moreover, a mass of third mass eigenstate is defined by mg, and the squared mass difference

from the atmospheric neutrinos is written by Amatm = Am§2(31) = m% — mg(l). We know

Am?2, < |Am2,,|, and the followng parameters, Am? and ém? are often used :
Am? = Am3, — Am3,/2 = m3 — (m3 +m3?)/2 , (2.39)
om? = Am3, = m3 —m? . (2.40)

dm? is positive by definition of m; and ms, and Am? may be either positive or negative. As

8This kind of topic is written in detail in, for example, Refs .[50, 108].
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Figure 2.8: Mass hierarchy of neutrinos. The left shows the normal ordering (NO), and the right
shows the inverted ordering (10O).

shown in Fig. 2.8, when Am?

> 0, namely m; < mo < mga, such a mass hierarchy is called
Normal Ordering (NO). On the other hand, when Am? < 0, namely m3 < m; < ma, such is

called Inverted Ordering (IO).

O Flavor mixing

Interactions between the SM gauge bosons and leptons come from the kinetic terms of the

leptons as follows :

. g . g ;. . _
LKinetic 2 —€J$Au - m]ﬁczu - m(]ﬁjwj +JécW# ) > (2-41)

where j., jnc, and jcc are the electromagnetic, neutral, and charged currents, respectively, and

they are given by

gy = —eyte (2.42)
jne = Py Prv + ey*(2sinbw — Pre (2.43)
joc = 28" Prv (2.44)

with the elementary charge, e, the gauge coupling constant of SU(2)z, g, and the Weinberg
angle, Oy. A*, ZF and W** denote the SM photon, Z boson, and W boson, respectively.
In Eqgs. (2.43) and (2.44), Pr/p = (1 F 75)/2 is the projection operator which extracts left-

T

handed element. In the above equations, e e, i, 7)7 and vT = (v, Vi v-)T. By the unitary
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transformations of the leptons :

el =Verer, €r=Venren,
V' =V, vy, N =V,gNg, (2.45)

the mass matrices for the leptons in the flavor basis can be diagonalized as follows :

Vj;L 6D‘/é,R = dia‘g(me7 my, mT) ) (246)
VI My, Vi, 1, = diag(mi, ma, m3) . (2.47)

In Egs. (2.45), fields with primes denote that they are mass eigenstates, while those without
primes denote flavor eigenstates. Using the mass eigenstates, the charged current is rewritten

as follows :
‘M*Q_/VTV wol o=l Iy
Jw = 2eLVy Vi'v = 2epUpnnsyv' (2.48)

where Uppyns is the PMNS matrix [87, 88] and characterizes flavor mixing in the lepton sector.

In the neutral current, because V. and Vi, are unitary matrices, no flavor mixing appears.

So far, we derived the PMNS matrix from general mass matrices for the leptons, and, from
here, we consider the lepton mixing in the basis so that the mass matrix for the charged leptons
is diagonal. On this basis, the relation between the flavor eigenstates, v, and mass eigenstates,

v}, of the neutrinos is given by the PMNS matrix as follows :

Vo = Z (Upmns)aivy (=€, p,T) . (2.49)
i=1.2,3

The mass matrix for the active neutrinos is diagonalized by the PMNS matrix as follows :

Upyins My, Upnins = diag(my, ma, ms) . (2.50)

Next, we discuss the degree of freedom in the PMNS matrix. Generally speaking, when there
are N generations, there are N? degrees of freedom in the PMNS matrix because the PMNS
matrix is unitary. The breakdown of the degree of freedom is composed of N (/N — 1)/2 mixing
angles and N(N + 1)/2 phases. When the neutrinos are Dirac particles, 2N — 1 phases can be
removed by phase redefinition of the lepton fields. Therefore, the PMNS matrix eventually has
N(N — 1)/2 mixing angles and (N — 1)(N — 2)/2 CP phases. On the other hand, when the
neutrinos are Majorana particles, the Majorana mass terms are not invariant under the above
phase redefinition. Thus, only the redefinition of the charged leptons is allowed, and N phases
can be removed. There are N(N — 1)/2 remaining phases, and therefore the PMNS matrix
eventually has N(N — 1)/2 mixing angles and N(N — 1)/2 phases for the Majorana case. In

the SM, there are three lepton generations, namely electron, muon, and tau particle, and the
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parameter mass ordering Best fit lo 3o

6m?2 /1075 eV? NO,IO 7.39 7.19 — 7.60 6.79 — 8.01
|Am?2/1073| eV? NO 2.528  2.497 — 2.557  2.436 — 2.618
10 22510 -2.541 — -2.480 -2.601 — -2.419

sin? 612/107* NO,IO 3.10 2981 — 3.230 2.75 — 3.50
sin? f13/10 2 NO 2.237 2172 — 2.303  2.044 — 2.435
10 2.259 2194 — 2.324  2.064 — 2.457

sin? f3/10~ NO 5.63 5.39 — 5.81 4.33-6.09

10 5.65 5.43 — 5.82 4.36 — 6.10

5/° NO 221 193 — 260 144 — 357

10 282 257 — 305 205 — 348

Table 2.2: Values for the neutrino oscillation parameters we use in this paper. We take them
from the NuFIT v4.1 result with the Super-Kamiokande atmospheric data [109, 110].

PMNS matrix has three mixing angles and three CP phases. Among three CP phases, the one
CP phase which exists both in the Dirac and Majorana cases is called the Dirac CP phase. On
the other hand, the two CP phases which are added in the Majorana case are called Majorana
CP phases.

The PMNS matrix is characterized by the above mixing angles and CP phases and written

as follows :
V (Dirac)
Uppyns = ) , (2.51)
VP (Majorana)
—id
C12C13 512€13 513€
V= —siaca3 — c12523513€"°  c1aca3 — S12523513€"  s23C13 ; (2.52)
i i
512823 — C12€23513€"°  —C12523 — S12C23513€"  C23C13
1
a
P= i , (2.53)
pes
s

where s;; = sin;; and ¢;; = cos ;; with the mixing angle, 612,023, and 613. J and g3 are the
Dirac and Majorana CP phases, respectively. In Eqs. (2.51)~(2.53), we follow the convention of
the Particle Data Group [50], where 0 < Am3; < [Am3,| with Am; = m7 —m7. In Tab. 2.2,
we show the recent global fit, NuFIT v4.1 [109, 110].
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2.3 Standard Cosmology

The history of our Universe described by the standard cosmology is dynamic. The Universe
is expanding since its birth, and the temperature is cooling with its expansion. Such behavior
is described by general relativity (GR). In this section, we give a brief review of the standard

cosmology that is one of the bases of Chapter 6 and 7.

2.3.1 Space-time of the Universe
The standard cosmology is based on the following fact :

e The Universe is spatially almost homogeneous and isotropic on large scales, and there is

no special location and direction in the Universe.

This notion is called cosmological principle and confirmed by various observations. This principle
is satisfied when we see at enough large scale. On the other hand, at the small scales, the Universe

has various structures, for example, galaxies, stars, and so on.

Homogeneous and isotropic space-time is described by the Friedmann-Lemaitre-Robertson-
Walker metric (FLRW) metric. Hereafter, we apply the natural unit, and because the Universe
has no special direction, we use the polar coordinates, (z%, 2!, 22, 23) = (¢, 7,0, $). The FLRW

metric is given by

ds? = g, datdz” (2.54)
a(t)®

:1 = -
900 » 911 1— K2

g2 = —a(t)’r®, gs3 = —a(t)’r*sin6®, g =0 (u#v), (2.55)

where a(t) is the so-called scale factor that depends on the time and characterizes the size of the
Universe. K is the spatial curvature and can be taken to be —1,0, and +1. When K = +1(—1),
the space-time of the Universe is non-Euclidean and has non-zero curvature. When K = 0, the

space-time is flat, and the CMB observation indicates our Universe is K ~ 1 [25].

The space-time is characterized by the Christoffel symbols of the second kind, and they are
defined by

1 9gpn  Ogun  Og
po— N1 x99 vA _ 99vp
=3 (4 2 - %) 230

Under the FLRW metric, the Christoffel symbols are calculated as

, a . . a
Iy =10 =TI =T4=0, IY= L 9ii = Hgij, T =Tg; = 55@' = Hdy; ,

;k:gzz <agk’z+ag] o g]k) ’ (2'57)

xJ xk Xt
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where "= d/dt is the time derivative of the scale factor, and d;; is the Kronecker delta. H(t) =
a(t)/a(t) is the Hubble parameter and characterizes the expansion rate of the Universe. The
Hubble parameter depends on the time, and the present value of H(t) is called the Hubble
constant, Hy. The recent observations of the CMB [25] give

Hy=6744+0.5kms ' Mpc!. (2.58)

In terms of the Christoffel symbols, the Riemann curvature tensor, Ricci tensor, and Ricci scalar

are defined by

A arﬁ” 8]‘121/ A T0 A TP
Ry, = ot — =1+ S TN, =TT, (2.59)
p p
Ru =Y Rp, (2.60)
R=> g"Ru . (2.61)
uv

Using the results in Egs (2.57), non-zero Ricci tensor and Ricci scalar are calculated as

a a _a® K
Roy = —3a, Rij = — {a + 2? + 2@2} 52‘j , (2.62)
a a® K
R=—-6—+—5+—, . 2.63
{a taT a2} (2:63)

Mass and energy distributions in the Universe are characterized by the energy-momentum
tensor, T*”. In the FLRW space-time, the Universe is homogeneous and isotropic, and then

the energy-momentum tensor is described in terms of the energy density, p, and pressure, p, as

follows :
p 0 0 O
0 — 0 O
TH — b (2.64)
0 0 —-p O
0 0 0 -—p
2.3.2 Evolution of the Universe
The evolution of the Universe is described by the Einstein equation :
1
R, — §Rg,w — Agy = 87GT),, , (2.65)

where G is the gravitational constant and 7}, is the energy-momentum tensor. The third term
in the left-hand side of Eq (2.65) is the cosmological constant term. From the (0,0) component

of Eq. (2.65), the Friedmann equation is obtained as

L\ 2
81G K
2= (%) =% - = 2.
(2) =" -5 (2.66)
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where pp = —A/87G is the energy density originated from the cosmological constant. From the

(,7) component of Eq. (2.65), the following equation is obtained :

a A7G
o= . 2.
" 3 (p+ 3p) (2.67)

These two equations originated from the Einstein equation determine the relationship between
the dynamics of space-time and energy distribution. From Eq. (2.67) and the derivative of

Eq. (2.66) with respect to time, ¢, we obtain
p=-3H(p+p), (2.68)

and this relation is also derived from the time component of the conservation law of energy and

momentum :
VMT“” =0, (2.69)

where V, is the covariant derivative and defined by

aa)i 2“ +y (FQVX”“ + PQVX“) . (2.70)

V. XM=

In Egs. (2.66) and (2.67), there are three independent variables, a,p, and p, and then it
is impossible to solve these equations. By determining what occupies the energy density of
the Universe, namely, giving the relation between the energy density and pressure, the above

variable can be calculated. In the Universe, there are three kinds of energy component as follows :

O Radiation
Radiation is the relativistic component of particles in the Universe, and a representative example

is a photon. The radiation satisfies the following equation of state (EOS)

1

=p. 2.71
p=3p (2.71)

From Eq. (2.69), the energy density of the radiation satisfies the following time evolution with

the expansion of the Universe :
pr o< a”t . (2.72)

O Matter
The matter is the non-relativistic component of particles in the Universe, and a representative

example is a baryon in the present Universe. The matter satisfies the following EOS

p=0. (2.73)
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From Eq. (2.69), the energy density of the matter satisfies
oM o< ad . (2.74)

(O Dark energy
Dark energy is a kind of energy components and contributes to the acceleration of the expansion

of the Universe. The dark energy satisfies the following EOS

p=-—p. (2.75)

From Eq. (2.69), the energy density of the dark energy satisfies the following time evolution

with the expansion of the Universe :

pA = const . (2.76)

Substituting the obtained energy density of each component for Eq. (2.66), the behavior of

the scale parameter as a function of the time can be calculated as follows :

t
a(t) < ¢ t

[radiation dominant]

[matter dominant] . (2.77)

[N

exp(Hot) [dark energy dominant]

The radiation, matter, and dark energy components of the energy coexist in the Universe.

The fraction of these components is parametrized by the density parameters as

Q=2 G=rmA), (2.78)
Pc

where p. == 3H?/87G is called the critical density, and from Eq. (2.66), the density parameters
satisfy

K

(2.79)

According to the recent result by the Planck collaboration [25], the non-relativistic matter
and dark energy occupy about 68% and 32% of the energy density in the present Universe,
respectively. The fraction of the relativistic radiations is O(107°) and pretty small. This is
because, as shown in Egs. (2.72) and (2.74), the energy density of the radiation decreases more
rapidly with the expansion of the Universe than that of the non-relativistic matter. The sum
of ., Q,,, and Q, is pretty close to one. Therefore, the curvature term is negligible, and
the curvature of the Universe can be considered to be flat. Moreover, the above result of the
energy components in the present Universe and time evolution of them imply the existence of

the radiation and then matter dominant eras.
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2.3.3 Early Universe and thermodynamics

In the previous subsection, we discuss the evolution of the Universe and confirm that the Universe
expands with the time evolution, as shown in Eq. (2.77). Thus, the early Universe was much
smaller and hotter than the previous one. Particles in the early Universe interact with each
other, and the higher the temperature is, the more the interaction rate is. In the early radiation
and matter dominant eras, the Hubble parameter also increases as going back in time. However,
the former increases more rapidly and, at a certain time, exceeds the latter. Such a comparison
between the Hubble parameter and interaction rate is important to judge whether a given
particle interacts with other ones or not. Gamov’s criterion gives one of the simplest standards

for judgment of whether a given particle is decoupled or not as follows :

(2.80)

I'int > H in thermal equilibrium
Tint < H decoupled

From Gamov’s criterion, it is certain that particles interact with each other and are in the

thermal equilibrium in the early Universe.

Particles in the thermal equilibrium have a common parameter which characterizes their
states, namely, temperature, T, and they obey the following Fermi-Dirac or Bose-Einstein dis-

tribution functions for the fermion or boson case, respectively :

1

fw.T) = SE T L] (2.81)

where plus (minus) in the denominator is for fermion (boson), and p, E, and u are the spatial
momentum, energy, and chemical potential of the particle, respectively. The thermodynamical
intensive variables are calculated by integrating the distribution function over the particle mo-
mentum with some weight. The number density, energy density, and pressure of a given particle

are given by

3

n(T) = g/(;f;gf(ﬁ, T), (2.82)
3

o1) =g | %E(ﬁ)ﬂﬁ T), (2.83)
3 2

WD) =g [ ok S IGT) (2.84)

where ¢ is the internal degrees of freedom for the particle. The temperature dependence of
these values varies according to whether the particles are fermion or boson, and relativistic or

non-relativistic.

When particles are relativistic, the relation, m < T, is satisfied. If the chemical potential is

negligible compared to the temperature, the number density, energy density, and pressure of a
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given particle are given by

3¢(3) 73 .
12297 [fermion]
n(T) = 3(3)2 X : (2.85)
59T [boson]
w2 :
o(T) = 225gT*  [fermion] (2.86)
g—;gT4 [boson]
1
p(T) = 350(T), (2.87)

where ((z) is the Riemann zeta function.

When particles are non-relativistic, the relation, T' < m, is satisfied. Regardless of whether

the particles are fermion or boson, the above variables are given by

n(T) = g (2’:) et (2.88)
p(T) = (m + 2T> n(T) , (2.89)
p(T)=n(T)T < p(T) . (2.90)

As shown in Egs. (2.85) ~ (2.90), the thermodynamical variables of non-relativistic partcles
are much suppressed by exponential factors. Thus, relativistic ones dominate most of these
variables, and the non-relativistic ones do not give a significant contribution to them. Neglecting
the non-relativistic component, the total energy density of the Universe is given by the sum of
contributions from all kinds of relativistic particles :

7T2

9T, (2.91)

p(T) = pr(T) =

where g, is the effective relativistic degrees of freedom given by

M= Y gote X g (292)

ipE€boson i ¢ Efermion
with g;, ., being the internal degrees of freedom for the particle iy(y). In Eq. (2.92), the thermal
equilibrium between photon and particle 4y is assumed, and the temperature of i) is taken
to be the same value as that of photon. However, even though particles are relativistic, if they
are decoupled from the thermal bath, generally their temperature is different from that of the

photon. In that case, the effective relativistic degrees of freedom is given by

(M) = > g <2>4+; > g (TT>4 (2.93)

ipEboson iy €fermion

Next, we discuss the time dependence of temperature. In the previous subsection, we derived

Eq. (2.68) corresponding to the energy conservation law. This equation leads to the following
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equation :

0— % (d(pa®) + pd(a?)) = % (dU + pdV)

1
=dS+ Z i dN; | (2.94)

with the internal energy of the Universe, U, comoving volume, V = a?

, entropy, S, number
of particle ¢, N;, and chemical potential of i, ;. Therefore, if the numbers of particles are
preserved or the chemical potentials are negligible, the entropy in the comoving volume is also
preserved. Even if it is not the case, if particle reactions are in chemical equilibrium, the sum
of p;dN; vanishes, and the entropy is also preserved. By substituting Eq. (2.94) for Eq. (2.93),

the entropy density is calculated as

S(T) 4p(T) 2x*
3

s(T) = o(T) = =

37 Eg*S(T)Ti*, (2.95)

where g, is the entropic effective degrees of freedom defined by

T\, 7 i, \°
gxs(T') = ' Z Gin \ + ] Z iy \ 77 ) (2.96)
ipEboson iy €fermion
During the expansion of the Universe, if the entropic effective degrees of freedom does not

change, the entropy is preserved because of the above discussion, and then the evolution of the

scale factor is described as
2 3 3 -1 L
S(T) = EQ*S(T)T a(T)” = const = a(t) x T~ x t2 . (2.97)
At the end of this subsection, we see the temperature dependence of the Hubble parameter in
the radiation dominant era for the discussion in the next subsection. By substituting Eq. (2.91)
for Eq. (2.66), we obtain
2 3 72
g (T)\2 T -1
HT)=(—) — xt ", 2.98
@)= (o) (2.98)
with Mp = 1/v87G =~ 2.4 x 10'8 GeV being the reduced Planck mass. Therefore, the Hubble

parameter decreases with the expansion in the radiation dominant era.

2.3.4 Decoupling of Neutrino and Photon

In the early Universe, particles frequently interact with each other, and they are in thermal
equilibrium. With the cooling of the Universe, the interaction rate drops, and the particles are
decoupled from the thermal bath. In this subsection, we review the decoupling of neutrino and

photon in the thermal history of the Universe.
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Neutrino is one of the SM particles and interacts with other ones through weak interaction.

The rate of the weak interaction is roughly given by
I, ~GiT1% (2.99)

with Gy ~ 107° GeV~2 being the Fermi coupling constant, which gives the typical strength of
weak interaction. Comparing Eq. (2.98) and (2.99), the decoupling temperature of neutrino is
calculated as T}, gec ~ 1.5 MeV. After decoupling, a neutrino with energy, F, and momentum,

P, propagates as a free particle in the Universe, and, by redshift, its momentum decreases as

N a(tdec) —
p(t) - a(t) (tdec) ) (2100)

where tge. is the time at the neutrino decoupling. Because neutrinos do not interact with other

particles, the number of them is preserved, and the number density of neutrinos decreases as
n(t) oc a(t)® with the expansion of the Universe. Therefore, for ¢ > t4ec, the distribution function

of neutrinos is described by
1
exp <%> +1

0. 70) = 1 (0 tta) T ) = (2.101)
where T),(t) = (a(tgec)/a(t)) Tgec is the neutrino temperature after decoupling. When the tem-
perature falls below the electron mass, electrons and positron annihilate through the following
process : e + e~ — 2v. At that time, they inject entropy into the photon and change the
temperature of the photon. Before the annihilation of the electron, the temperatures of photon
and neutrino are the same : T, = T}, where the subscript, b(a) denotes before (after) the dis-
appearance of the electron, respectively. After the disappearance, the temperatures of neutrino

satisfies T}, qaq = Tgec@(tdec) = Tpap. Moreover, from the entropy conservation, we obtain

GespTyay = gusaToag | (2.102)
with
8 T, ’ TI/b 3 8 43
vs.b = = — : =24+ _-{4+2 =—, 2.1
9xs,b g'y'f'?{ge <Tb> +9V<Tb +7{ + X3} 4 ( 03)
8 (Tup)° 8 Tya\® 21 (T,a\°
roa = 2 D) o S xoxgx [ 2e) =94 () | 2.104
Gxs,a g’y+7gu<Ta> +7>< X 3 X T +4 T, ( 04)

and three in the neutrino term of the above equations comes from the number of neutrino flavors.
Combining these relations, we lastly see the relation between the temperatures of photon and

neutrino after the annihilation of the electron as follows :

4\ 3
Tya = <11> T, . (2.105)
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Using Eq. (2.105), the energy density of neutrinos is written in terms of that of the photon

as

D) = £ x N (1) D) (2.106)

with Neg is the effective number of neutrino species and equal to be three when neutrinos were
decoupled instantaneously in the early Universe. Some previous works [111-115] give the precise
calculations without assuming instantaneous neutrino decoupling and with considering neutrino
oscillation, and they predict the different evolution of momentum spectra of neutrinos from
that in the naive calculation. Therefore, the effective number of neutrino species deviates from
three and is given as Neg gy = 3.046 [112]. The relativistic energy density of the Universe is

parametrized in terms of Neg sy as follows

ol

pe(T) = p(T) . (2.107)

7 4
1+ - x N, —
+8 X INeff SM X <11>

However, if there are extra radiation components beyond the SM, extra factors are added into
Eq. (2.107), and it is useful to parametrize the extra contributions by AN.g being deviation of
Neg,sm from the SM value as follows :

ol

pr(T) = |1 +g X (Nefr,sm + ANegr) X <4> py(T) . (2.108)

11

If there are extra particles beyond the SM that couple to neutrinos, and they decouple from
the thermal bath after the neutrino decoupling, extra particles inject entropy into neutrinos and
heat the neutrino temperature. Therefore, AN.g deviates from ANcgsnv. The recent Planck
result of the CMB observation gives Neg = 3.117073 (95% C.L., TT+lowE-+lensing+BAO), and

extra particles are constrained by comparing the Planck result and theoretical prediction.

After neutrino decoupling and BBN, photon eventually decouples from the other particles.
In the early Universe, electrons exist as plasma and interact with photons through a coupling
process between the electron and proton : p + e «+ 'H + «, called recombination of hydrogen.
The number densities of electron, proton, and hydrogen atom in thermal equilibrium are given
by

3
T\? i
ng = gi (Trzl;_ > e T‘L (i:€7p7H) ) (2109)

where g;, m; and p; denote the internal degrees of freedom, mass, and chemical potential for

particle ¢. The condition for chemical equilibrium is written by

He + hp = [LH - (2.110)

38



From Eq. (2.109) and (2.110), we obtain

3
9H mel\ 2 B
Ny = —MNeNn er , 2.111
Py (") @.11)
B=m¢+my—myg=136¢eV . (2.112)

Moreover, from the conservation laws of electromagnetic charge and baryon number, n. = n,
and n, +nyg = ny, with ny being the baryon number density. With the cooling of the Universe,
electrons couple to protons in the plasma and form hydrogen atoms. The ionization fraction

Xe = np/ny is calculated by the following Saha formura [116, 117] :

Sl

1—Xe _ 4\/54(3)% < T )2 eT | (2.113)

X2 7
with 7, = np/ny. From Eq. (2.113), the ionization fraction fall much below one around 7' ~
4000 K = 0.4 eV. In the derivation of Eq. (2.113), the thermal equilibrium is assumed, however

Mme

with proceeding recombination of hydrogen, p+e > 'H 4+ process is driven out of equilibrium,
and Eq. (2.113) is improper in such a condition. According to the precise analyses, the ionization
fraction near recombination time (800 < z < 1200) is given in terms of the redshift, z(¢) =

(a(tp)/a(t)) — 1 with the present time ty, as following fitting formula [118] :

X 2.4 1()_3 1 i 120 800 1200 2.114
(2) =~ 2.4 x QTh(moo> (800 < » < 1200) (2.114)

where Qy = py/pc is the baryon density parameter.

For T < 3000 K, photons interact with electrons through the Thomson scattering, and
electrons do with baryons through electromagnetic interaction.” Therefore, photons indirectly
couple to baryons, and they behave as a mixed fluid. Because of gravitational gradient originated
from inflation, this fluid accumulates in a dense region, and the density gradient consequently
increases. On the other hand, the denser number fluid density is, the stronger pressure of the
fluid is, and then such a pressure propagates in the fluid as oscillation, which is called the
baryon acoustic oscillation. With the decreasing of free electrons, the Thomson scatterings
between photons and electrons become rare, and around for 7" ~ 3000 K, the optical depth of
Thomson scattering becomes one. Then photons stream without scattering with electrons, and
such photons are observed now as CMB. The baryon acoustic oscillation is recorded as density

fluctuations of baryon and photon and has been observed in CMB.

?See also Ref. [119].
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Chapter 3

WIMP Dark Matter and Thermal
Freeze-out Scenario

Dark matter (DM) has only quite weak interaction with the SM particles and affects visible
matters through gravitational potential. The existence of dark matter firstly has been proposed
by F. Zwicky in 1933 [120, 121]. He applied the virial theorem to the Coma Cluster and the
estimated value of the total mass. By comparing it to the value estimated from the brightness
and number of galaxies, he concluded the existence of missing mass. Moreover, starting with V.
C. Rubin’s work [19], distributions of rotation velocities of various galaxies have been observed,
and they indicate the existence of missing mass. After these pioneer works, various observations
indicate the existence of DM up to the present time. So far, CMB observations by the Planck
satellite give the most precise value of the DM energy density in the Universe, and DM makes

up 32% of the total energy density.

There is no candidate in the SM, and various types of DM are proposed from the perspective
of the other BSM physics. For successful DM scenarios, it is important how DM is produced,
and the observed relic density is realized. Weakly Interacting Massive Particles (WIMPs) are
one of the attractive candidates and give a simple solution to the DM production, so-called
thermal freeze-out mechanism. In the last several decades, many kinds of WIMP models are

discussed, and great efforts have been underway to detect WIMPs.

In this chapter, we give a short review of WIMP dark matter and thermal freeze-out scenario.
First, in Section 3.1, we show how thermal relic abundance of WIMP is calculated in the thermal
freeze-out scenario. In Section 3.2, we introduce one of the DM models, called secluded DM, and
discuss differences from other DM models. In Section 3.3, we give a review about DM search

and current bounds from direct and indirect detection experiments.
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3.1 Thermal Freeze-out Mechanism

In this section, we give a short review of the thermal freeze-out mechanism and an analytic

formula of thermal relic abundance of DM, which appears in Chapter 7.

First, we show a rough story of the thermal freeze-out scenario. In the early Universe,
DM is relativistic and in thermal equilibrium with the SM particles, and, from Eq. (2.85), the

behavior of its number density is proportional to T3 o a 5.

At a temperature where DM
becomes non-relativistic, the behavior of DM number density changes and obeys Eq. (2.88).
DM, however, interacts with the SM particles in the thermal bath and decreases with the
expansion of the Universe. When the interaction rate with the SM particles, iyt is equal to
be the Hubble parameter, H, the time interval of interactions reaches the age of the Universe,
and the reactions is driven out of equilibrium. Then, the interactions freeze out, and the DM

number density decreases by the expansion of the Universe and is proportional to a 3.

To obtain a quantitative value of DM number density, we introduce the Boltzmann equation
which describes the statistical behavior of a thermodynamic system. As shown in Appendix B.1,
the Boltzmann equation for DM number density is given as follows :

dnpwm
dt

+ 3HTLDM = - <0'annvrel> (n2DM - (n%lM)z) ) (3'1)

where npy (np)) is the (equilibrium) number density of DM and (0annvrel) is the DM annihi-
lation cross section. The DM relic density can be obtained by solving Eq. (3.1) numerically. In
general, a solution of Eq. (3.1) can not be obtained analytically. However, by assuming (o annvrel)
to be constant, and applying sudden freeze-out approximation [122], we can estimate the DM

relic density.

Firstly we use an useful expression of DM number density, Ypy = npm/s, instead of n.
In the expanding Universe, DM number density, npw, is not invariant even if the DM number
does not change. This is because npy is proportional to cubic scale parameter, a~3. On the
other hand, the ratio of DM number density to entropy density, Ypu, is invariant as far as the
change of DM number and entropy production does not occur because the entropy density is
also proportional to cubic scale parameter, a3. Using Ypu, the Boltzmann equation for DM

number density in Eq. (3.1) is rearranged as follows :

dyi Tann |/ You 2
* 2°DM _ _ DM 1), (3.2)
You dz H |\,

where © = mpy/T is a new parapeter, instead of time, and T'pp, = nquM (CannUrel) 1s the rate

of DM annihilation process. During I'ann(z) > H(x), DM is in thermal equilibrium and Ypu
is almost equal to be Y{53;. When the annihilation rate decreases with the decreasing of DM

number density and reaches the Hubble parameter as follows : I'ann(2) = H(z) at = ¢, DM is
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Figure 3.1: Time evolution of the ratio of the DM number density to the entropy density for
mpym = 100 GeV. The DM annihilation cross section is varied to be 3 x 10724 (red), 3 x 10726
(blue, canonical value), and 3 x 1072® ¢cm?/s (green). Black dashed line corresponds to Ypm
when the annihilation process is in thermal equilibrium.

suddenly driven out of thermal equilibrium. And then the ratio, Ypys is frozen at the value when
the annihilation process is driven out of thermal equilibrium. The parameter at the freeze-out,

x ¢, is approximately calculated as

zy =1In(y) + In(In(y)) , (3.3)
45
Yy~ ﬁgDTMMplmDM (Canntrel) (3.4)
V 4r gz

and typically xy ~ 20-30. The DM relic density is eventually obtained by

45g* Zf
=4/ . 3.5
82 Jxs <Uannvrel> MPmDM ( )

Instead of the ratio, Ypy, the DM number density and density parameter are obtained by

YpMm

=00

1
gi Ty
n =2.2x10° , 3.6
DAL gxs Mpmpwm <O'annvrel> ( )
Qpaoh? = 1.07 x 10° o s
(g*s/g* )MPmDM <O'ann7)rel>
o1 3 x 10726 cm?/s . (37)
. <Uannvrel> £ '

Typical value of annihilation cross section which realizes the observed DM relic abundance is
(Canntrel) ~ 3 x 10726 ¢cm?3 /s, and called canonical value. In Fig. 3.1, we show time evolution
of the ratio of the DM number density to the entropy density, Ypm, for mpy = 100 GeV. The

red, blue, and green solid lines correspond to the results for (oannvrel) = 3 X 10724, 3 x 10726
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Figure 3.2: The SM and DM sectors connect each other via a mediator.

(canonical value), and 3 x 10728 ¢cm3 /s, respectively. The black dashed line corresponds to Ypu
when the annihilation process is in thermal equilibrium. Fig. 3.1 shows us that Ypy follows
the equilibrium value during annihilation process is in equilibrium, and then is frozen when
annihilation is driven out of equilibrium, namely, z = x; ~ 20-30. Moreover, as shown in

Eq. (3.5), the ratio decreases as the DM annihilation cross section increases.

3.2 Secluded Dark Matter

There is various pieces of evidence of DM existence, and a lot of experiments have been performed
to search WIMP DM with electroweak scale mass. However, although great efforts have been
devoted to DM detection, DM has not been observed directly yet, and only strong bounds on the
interaction between DM an SM particles are obtained as discussed in the following Section 3.3
If DM is WIMP and produced through the thermal freeze-out mechanism, DM generally needs
a sizable connection to the SM sector via a mediator to be generated thermally and annihilate
to realize the observed DM relic abundance, see Fig. 3.2. On the other hand, such a connection
leads to sizable scattering cross section with nucleons and threatens WIMP DM models with
the severe constraints from direct detection experiments. Therefore, simple WIMP DM models
are facing severe difficulties, and there have to be some tricks to avoid a strong connection to
the SM sector.

Secluded DM [123-125] is one of attractive possibilities to avoid the experimental difficulties.
One of the differences between standard WIMP DM and secluded DM is a way to annihilate
into the SM particles. For the usual WIMP case (mpy < Mmeq With mpeq being mediator
mass), DM annihilates into SM particles via virtual mediator like the left panel of Fig. 3.3.
In this case, annihilation cross section is proportional to g%MggM with gpy(sm) being coupling
between DM (SM) and mediator, and scattering cross section with SM particles also has the
same dependence. Therefore, couplings, gpai(sn), to realize the DM relic abundance leads to
large scattering cross section. On the other hand, for the secluded DM case (mpm > Mimed),
another annihilation channel like the right panel of Fig. 3.3 opens. In this case, DM annihilates
into on-shell mediators, and then those mediators decay into the SM particles. The annihilation

cross section of this process is proportional to g%M, and thus this process is dominant if gpyy is
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Figure 3.3: WIMP annihilation processes for mpy < mpmeq (left) and mpy > mipmeq (right,
secluded DM).

much larger than ggp. On the other hand, scattering cross section with the SM particles also
is proportional to g%MggM as the standard WIMP models. Therefore, even if the annihilation
cross section is large, the scattering cross section can be small to avoid the severe constraints

from the recent direct detection experiments.

3.3 Dark Matter Searches

A lot of experiments are performed to detect signals from DM in various ways. These experiments
are classified roughly into the following three types, as shown in Fig. 3.4. The first is called
direct detection. A lot of DM passes through the earth and some of them scatter with target
particles elastically. Direct detection experiments are trying to detect recoils of target particles.
The second is called indirect detection. In the Universe, especially in the center of the galaxy,
huge amount of DM are crowding, and some of them annihilate into SM particles. Indirect
detection experiments are trying to detect cosmic rays from DM annihilation. The third is
collider searches of DM. By collision of SM particles, DM is produced through the inverse
process of DM annihilation. Produced DM goes away without any signal, and missing energy is
a clue of DM.

In this section, we give a brief review of DM searches and show the present constraints on
DM. Although there are many kinds of DM models, we discuss fermion DM and vector mediator

in this section because they have something to do with the following Chapter 7.

3.3.1 Direct Searches

Dark matters have no electromagnetic charge, and then it is quite difficult to detect them.

However, if they scatter with target particles in the detector and recoil targets are detected,
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Figure 3.4: Rough classification of WIMP DM searches. Direct detection experiments detect
recoils of target particles by elastic scatterings between DM and target particles. Indirect de-
tection experiments detect cosmic rays produced by DM annihilation. Collider experiments
produce DM directly and detect missing energy taken away by DM.

we can detect DM. This idea firstly has been proposed in 1985 by M. W. Goodman and E.
Witten [126]. After this proposal, various experiments have been trying to detect recoils by
scattering with DM for several decades. There are many kinds of detectors, and according to

the mass range of DM, suitable matters are chosen as targets in detectors.

For detection of DM with electroweak scale mass, nuclear recoils are mainly used. This is
because spin-independent (SI) scattering cross section between DM and nuclei is proportional to
squared mass number, not the mass number, as shown in the following discussion. We consider

the following interaction between DM and nuclei via vector mediator :

Lint = PV (9o, X + G0ux¥8) UXp + > F" (95,.x + 950.x75) F X (3.8)
fesM

where ¢ and X are fermion DM and vector mediator, respectively, and g; is vector (axial)

v(a), X
coupling between mediator and particle i. We notice that the Coefﬁcient(s,) Giy(a),X are model
dependent, and Gpa(uy, X = 0 for Dirac (Majorana) fermion DM. The above interactions lead
to X mediated elastic scattering between DM and nucleon, and there are two types of elastic
scattering cross sections. One is the spin-independent (SI) cross section. SI scattering cross

section of DM and nucleon is given by [127-129]

(per nucleon) _ M?/m pr + (A - Z)fn 2
SI T A ’

(3.9)

where A and Z are the mass and atomic numbers, respectively. [, is the reduced mass of DM
and nucleon, and defined by fi, = mymy,/(my +my,). For much heavier DM than nucleon, the

reduced mass is approximated as fiyy, ~ my,, on the other hand, for much lighter DM, f1y,, = my.
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Table 3.1: Spin fraction of proton and neutron carried by quark [131, 132].

proton neutron
A, | 0.78+0.02 —0.48+0.02
Ag | —0.48+0.02 0.78£0.02
Ag | —=0.15+£0.02 —-0.154+0.02

fp and f, are the effective coupling constants of Yppp and Yrpan, respectively, and calculated
by

Gy, X Iy, X
fo= 225 (200 x + 9a0x) o= 705 (Guax + 204, %) (3.10)
X mx

with my being the vector mediator mass. Because of the condition that DM avoids falling into
the center of the galaxy, the averaged velocity of DM is about 230 km/s ~ 10~3¢ with ¢ being
the speed of light. The de Broglie wavelength of DM is O(1) fm for mpy ~ 100 GeV, which
is the same scale as nuclei. Therefore, the SI scattering cross section of DM and nucleus is

enhanced by the coherence of all nucleons in the nucleus and given by

2
O_éa}I ~ AQ (/;g;A) O_gl)er nucleon) 7 (3'11)
Yn

with jiy4 being the reduced mass of DM and nucleus with the mass number A. In particular, in
the limit of f, = f,, the SI scattering cross section is proportional to the squared mass number,

A?, and moreover, for m,, < Am, ~ my, A4,

The other type of elastic scattering cross section is spin-dependent (SD) one. SD scattering
cross section of DM and nucleon is given by [126-128, 130]

2

i 4,&2” .
aé% ~ Y Z heAg| IN(INn+1) (i=p,n), (3.12)

s

q=u,d,s

where Jy is the angular momentum of the nucleus, and it is equal to be 1/2 for free proton or

neutron. hy is the effective coupling constant of zﬁ’y“’yg,zp(j’yu%q and given by

hy = Jbadee (3.13)
e m2
A

Ag is the fractional quark-spin coefficient, and for free proton and neutron, equal to be the spin
fraction of the nucleon carried by quark, A,. These values are shown in Tab. 3.1. For nucleus

with mass number, A, the fractional quark-spin coefficients, )\, are more complicated and given
by

AP (S,) + A® <5n>} : (3.14)
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where (S,) and (S),) are the respective expectation values for the proton and neutron group spin
contents in the nucleus, and the detail is shown in Ref. [30]. The values of (Sp) and (S,) depend

on models' , and we do not discuss the detail here.

Next, we show the current bounds and prospects from the direct detection experiments. In
Fig. 3.5, we show the recent and projected bounds on the SI elastic scattering cross section of DM

and nucleon. The regions above the solid, dashed, dotted, and dot-dashed lines, and red shaded

10_30-4--7--\--\-*-\-r ........ T T T T T T T
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Figure 3.5: Recent constraints on the spin-independent elastic scattering cross section of DM
with nucleon by XENONIT [32], XENONIT (Migdal) [34], XENONIT (ionisation only) [33],
XENONnT [135], PandaX-II [136], LUX [137], DEAP-3600 [138], PICO-60 [139], CDMSlight-
R3 [140], CRESST-III [141], NEWS-G [142], DAMIC [143], EDELWEISS [144], Super-
CDMS (@Soudan) [145], DarkSide-50 [146], SuperCDMS (@SNOWLAB) [147], LUX-ZEPLIN
(LZ) [148], DarkSide G2 [149], DARWIN [150], and DAMA [151, 152]. The gray shaded region
shows the neutrino floor [153].

'For example, concrete values of (S,) and (S,) are given in Ref. [133, 134].
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one are excluded or will be proved by XENONIT [32], XENONIT (Migdal) [34], XENON1T
(ionisation only) [33], XENONnT [135], PandaX-II [136], LUX [137], DEAP-3600 [138], PICO-
60 [139], CDMSlight-R3 [140], CRESST-III [141], NEWS-G [142], DAMIC [143], EDELWEISS [144],
SuperCDMS (@Soudan) [145], DarkSide-50 [146], SuperCDMS (@SNOWLAB) [147], LUX-
ZEPLIN (LZ) [148], DarkSide G2 [149], and DARWIN [150]. In Fig. 3.5, the DM local density
is assumed to be ppy = 0.3 GeV/cm?®. The regions inside the olive-colored rings are allowed at
at 90% confidence level by DAMA /Nal [151] and DAMA /LIBRA [152] collaborations. These
collaborations claimed that they had detected annual modulated events and discovered DM
by more than 100 kg highly radiopure Nal(Tl) scintillators, and finally at a significance of
9.30 [154]. However, although their high statistics data, such regions are excluded by other non-
Nal(T1)-based direct detection experiments, as shown in Fig. 3.5. So far, several direct detection
experiments, for example, COSINE-100 [155], SABRE [156], ANAIS [157], PICO-LON [158], and
so on, are trying to verify the results of DAMA/RIBRA by Nal(T1) scintillators, which are the
same way as DAMA /RIBRA. Searching regions of lower scattering cross section of DM is quite
difficult. The gray shaded region shows the neutrino floor [153]. In the sun, a lot of high energy
neutrinos (E, < 15 MeV) are produced by decays of B originated by the proton-proton chain.
These solar neutrinos induce coherent elastic scattering of neutrino and nucleus, and this kind
of events with nuclear recoil energies below ~few keV becomes background which is difficult to
remove. This difficulty in searching DM is firstly mentioned in Ref. [159], and some kinds of
direct detection experiments, such as Nal-based experiments mentioned above, NEWAGE [160],
NEWSdm [161], and so on, are trying to avoid this difficulty by detections of annual modulated

events or directional sensitivity.

In Fig. 3.6 and 3.7, we show the recent and projected bounds on the SD elastic scattering
cross section of DM with proton and neutron, respectively. The regions above the solid, dashed,
dotted, and dot-dashed lines, and shaded ones are excluded or will be proved by PICO-60 [139],
PICASSO [162], SIMPLE [163], COUPP [164], PandaX-II [165], XENONIT [166], LUX [167],
SuperKamiokande [168], IceCube [169], and DARWIN [150].

Next, we give a review of direct detection experiments based on DM-electron scattering.
Electrons are much lighter than nucleons, and thus lighter DM can give enough recoil energy to
electrons in target nuclei. Assuming the above Lagrangian in Eq. (3.8), scattering cross section
of DM with the electron is given by [170]

2 2 2
O'(e) _ Mwe g¢yge'v

g (qr29f + mQZ’)2

7 (3.15)
where [y = myme/(my + me) is the reduced mass of DM and electron. pref = am, is the

reference momentum transfer with « being the fine structure constant, and is conventionally

used as a reference value.
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Figure 3.6: Recent constraints on the spin-dependent elastic scattering cross section of DM
with proton by PICO-60 [139], PICASSO [162], SIMPLE [163], COUPP [164], PandaX-II [165],
XENONIT [166], LUX [167], SuperKamiokande [168], and IceCube [169].

The recent bounds on the elastic scattering cross section of DM with the electron are
shown in Fig. 3.8. The regions above the solid, dashed lines are excluded by XENON10 [171],
XENON100 [172], XENONIT [33], analyses of XENON10 and XENON100 results by R. Essig
et. al. [173], SENSEI [174], protoSENSEI (@QSurface) [175], protoSENSEI (@MINOS) [176],
DarkSide-50 [177], CDMS-HVeV [178], and DAMIC-SNOWLAB [179].

3.3.2 Indirect Searches

In the thermal freeze-out mechanism, WIMP dark matter is produced thermally in the early
Universe. The produced DM annihilates into the SM particles, and its number density decreases
following Y{i;. This decreasing stops at the point when the annihilation process is driven out
of equilibrium. DM exists all over the present Universe, and its density is not uniform because
of the structure of the Universe and gravitational potential. Generally, DM rich regions are in

matter rich ones, and, for example, the center of the galaxy, Milky Way galactic halo, dwarf
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Figure 3.7: Recent constraints on the spin-dependent elastic scattering cross section of DM
with proton by XENONIT [166], LUX [167], SuperKamiokande [168], SIMPLE [163], PandaX-
IT [165], and DARWIN [150].

spheroidal galaxies, galaxy clusters, and so on. In such regions, DM frequently annihilates into
SM stable particles or unstable ones which subsequently decay into SM ones, and then fly to the
earth as cosmic rays. The larger the DM annihilation cross section is, the more cosmic rays are
produced, and therefore the DM annihilation cross section can be constrained by observation
of cosmic rays. In this subsection, first, we give a short review of the calculation of cosmic ray
flux originated from DM annihilation, and then show the recent observational bounds on DM

annihilation cross section.

In the galactic halo, a huge amount of DM is trapped by gravitational potential, and various
models have been proposed as DM density distribution in the galactic halo. Well-known DM
halo profiles are shown in Tab. 3.2. In the table, rs = 20 kpc is the scale radius, and ps is the
normalization factor of DM density profile such as to satisfy p(r = 8.5 kpc) = 0.4 GeV/cm?®. For
Einasto profile, « is the fitting parameter and taken to be e = 1 ~ 2. All DM density profiles
in Fig. 3.2 are based on sphericity of galaxies, and however, the possibility of non-sphericity is
also explored, for example, [188]. However, in this thesis, we assume isotropic distribution of

DM number density, and therefore p(X) depends only on the distance from the galactic center

(GC).

The production rate of final state particles, f, by DM annihilation at a point X is given
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Figure 3.8: Recent constraints on the elastic scattering cross section of DM with electron by
XENONI10 [171], XENON100 [172], XENON1T [33], analyses of XENON10 and XENON100 re-
sults by Essig, Volansky, and Yu [173], SENSEI [174], protoSENSEI (@Surface) [175], protoSEN-
SEI (@QMINOS) [176], DarkSide-50 [177], CDMS-HVeV [178], and DAMIC-SNOWLAB [179].

The bounds are obtained by assuming f, = f,.

by [50]
drann —\2 dNann
f Pzﬁ(x) f
= ann Ur T R .16
ey~ m2 (Tannrel) dE; (3.16)

where dN }mn /dE denotes the energy spectrum of the final state particle per one annihilation,
and c is equal to 1/4 (1/2) for Dirac (Majorana) DM. The total flux of the final state particles,
for example, photons, electrons, and neutrinos, from the DM halo in the galaxy is calculated by

integrating dI'{"" /dE over the galactic region as follows [50]:

dq)?nn & <Uannvrel> dN?nn

- = J 3.17
dE; — 4n m?  dE; ©°% (3:17)

where Jaq is the so-called J-factor with units of GeV? cm™>, and in the polar coordinate (s, b, 1),

calculated by integrating over the target solid angles in the sky and line of sight as follows [50] :

bmax Imax Smax
JA z/ dbcosb/ dl/ ds py(r(s,b,1))? , (3.18)
bmin lmin 0
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Table 3.2: DM density distributions in the garactic halo based on astrophysical obsrvations,
numerical simulations, and theoretical models.

profile p(r) Ref.
Ts 1
NFW ps (£2) Ty [180]
Isothermal e [21, 181]

pS 1+(T/7”5)2

Burkert Ps (1+r/rs)(%+(r/rs)2) [182]

Moore pe ()" (14 i>71'84 [183, 184]
generalized NFW (gNFW) ps (Z)” W [185]

Einasto Ps €Xp {—% { %) - 1H [186, 187]

where 7 is the distance from the solar system to the point (s,b,[) on the line of sight given by

r(s,b,1) = \/52 + 1% — 257 cosbeosl (3.19)

with the distance from the GC to the solar system, r. Here, we define the direction of the GC
as b =1 = 0°, and the solar system is placed at the origin. The upper limit of the integration

over the line of sight, smax, is given by

Smax (D, 1) = \/Rﬁalo — 12 + 12 cos?beos? I + e cosbeosl (3.20)

with the size of the galaxy halo, Rya,,. For charged particles, such as electron and proton, the
propagation of the produced particles are affected by interstellar radiation and magnetic field
in the galaxy, and the energy spectrum of the flux of the final state particles are practically
not simple as Eq. (3.17). For cosmic neutrino, which is discussed in Chapter. 7, and gamma
rays produced by the annihilation of DM freely propagate in the space because of the weakness
of interaction with other particles. Therefore, Eq. (3.17) gives a better estimation of the total
flux. However, even for the neutrino and photon cases, we have to note that bounds on the
DM annihilation cross section from indirect detection experiments have several astrophysical

uncertainties, for example, J-factor.

Next, we show the current bounds and prospects from the indirect detection experiments.
In Fig. 3.9, and 3.10, we show the recent bounds and future prospects for DM annihilation
cross section from Fermi Large Area Telescope (Fermi-LAT) [189, 190], Cherenkov Telescope
Array (CTA) [191], and High Energy Stereoscopic System (HESS) [192]. We also show the
favored regions based on the assumption, that the observed gamma-ray excess in the inner
galaxy and the GC is derived from DM annihilation, in Ref. [193-195]. However, there are the
claims that this excess can be explained by young pulsars and millisecond pulsars (MSPs) [197,

198]. Moreover, such regions are excluded by Fermi-LAT observations of nearby satellite dwarf

52



-23
10 \H‘ T T T TTTI T T TTTI T T TTTT4

10724

3
(TannVrer) [cm®/s]
)
>

10—26

10 10 10 10
Mpm [GeV]

------- Fermi-LAT [6 year dSph] ----- Fermi-LAT [NFW GC]
—— Fermi-LAT [gNFW GC] —— Daylan et. al. (2014)

10727

— Calore et. al. (2014) —— Abazajian et. al. (2015)
— CTA[NFW] - CTA [Einasto] —— HESS

....... Thermal Relic Cross Section [Steigman et. al (2012)]

Figure 3.9: Recent constraints and future prospects for the DM annihilation cross section,
DMDM — bb, by Fermi-LAT [189, 190], CTA [191], and HESS [192]. Regions inside solid
orange, purple, and brown rings are favored by gamma-ray excess in the inner galaxy and the
GC in Ref. [193-195]. Gray dotted line corresponds to the thermal cross section [196].

spheroidal galaxies, but we show these results for references. The gray dotted lines in Fig. 3.9,

and 3.10 represent the thermal relic annihilation cross section of DM [196].
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Figure 3.10: Same as Fig. 3.9, except that the colored lines show bounds or favored regions for
DM annihilation process as DMDM — 777,
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Chapter 4

Baryon Asymmetry of the Universe
and Leptogenesis

The matter contents of the Standard Model include both matter and antimatter. Because of
the existence of antimatter, the SM satisfies CPT invariance, and antimatter have already been
discovered by various experiments and observations, for example, the observations of cosmic rays.
However, such detected antimatter are secondary cosmic rays, and no detection of antimatter
that exist since the early Universe [199-201]. If there is no asymmetry between baryon and
antibaryon, the same amount of baryon and antibaryon exist in the early Universe. Hence, they
annihilate each other, and the observed baryon density can not be explained. Moreover, if there
are regions where stars and galaxies are formed by antimatter in the observable Universe, the
annihilation of electrons and positrons happens on the boundary between antimatter space and
our matter one, and characteristic 511 keV gamma rays are produced. However, such cosmic
rays have not been detected as of now. Therefore, there is no possibility of existence of the
above antimatter space in the observable Universe [199, 200, 202, 203]. On the other hand,
even if there is matter-antimatter asymmetry before inflation, expansion of the Universe during
the inflation negligibly dilutes it, and the observed baryon-antibaryon asymmetry can not be

explained. Therefore, matter-antimatter asymmetry has to be generated after inflation.

In this section, we first give a brief review of baryon asymmetry and then summarize the
production of baryon asymmetry. Especially, we mention one of the production scenarios of
baryon asymmetry, so-called leptogenesis, and this scenario is important for the discussion in

chapter 6.

4.1 Baryon Asymmetry in the Universe

As mentioned briefly in subsection 2.3.2, non-relativistic matter occupies about 32% of the energy

density in the present Universe, and baryon does only a few percents of them. However, such a
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small amount of baryon, compared to total energy density, gives considerable contributions to

the evolution of the Universe.

4.1.1 Observational Estimation of Baryon Asymmetry

Baryon-antibaryon asymmetry in the Universe is expressed in the following three different ways :

Qbh2 = & y (4'1)
Pc
_np—np
_ 5" "p 4.2
B m— (4.2)
Yap=_B""B : (4.3)
s

where npg(ng) and p, are the number and energy densities of (anti)baryon, respectively. Among
the above three, np and Yap are invariant during the expansion of the Universe because all np,
nj, ny and s are proportional to a(t) > o< T from Eq. (2.85) and (2.95). However, np change in
the early Universe by particle decays and annihilation, while YA p is invariant as long as entropy

production does not occur.

From Eq. (2.85) and (2.95), the ratio of entropy density to photon number density is given
by
s | ges 27
nylo gy 45((3)

and thus the relation between np and Yap is obtained by

—7.04 (4.4)

ng =7.04Yap . (4.5)

Moreover, Qyh? and np have the following relation :

@hQ _ ngmpgh? _ manth
Pc Pc Pc

where mp is the averaged baryon mass, and in Eq. (4.6), we use the proton mass m,, = 938 MeV

QOph? = ng =3.65 x 10"ng , (4.6)

as mpg.

The baryon asymmetry in the Universe is estimated or measured by two independent meth-
ods. One is the BBN, and the baryon asymmetry can be obtained by using the fact that the

abundances of light elements, such as deuterium (D), He, “He, “Li, and so on, depend only on

1

the baryon asymmetry, np, except for the uncertainty of neutron lifetime *. The abundances

!Neutrons contribute to the BBN process through, for example, p+n — D+~ and D +n — 3H + v, and
therefore, the neutron lifetime affects its abundance, consequently the abundace of light elements. Neutron lifetime
is measured by two independent approaches, such as bottle and beam methods. In the bottle method [204-211],
ultracold neutrons (UCN) are storing in bottle, and remaining UCNs are counted after some time. In the beam
method [212, 213], neutron beam is pass through charged particle detectors, and beta decays of neutrons are
detected. The former gives 7, = 879.4 £ 0.6 s (PDG average [50]), and the latter gives 7, = 887.7 + 2.3 s [213].
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of light elements are calculated by solving the nuclear reaction network, which is a system of
ordinary differential equations including the effect of the expansion of the Universe. The baryon
asymmetry can be estimated by comparing the prediction from the nuclear reaction network

and the observed value of abundances of light elements, and the recent analysis gives [50]
58 <np x101°<6.5 (95% CL) . (4.7)

We notice that the lithium constraint is not taken into account because there is a considerable
discrepancy between the favored value of 1z from "Li and the other light elements, and this is

called the lithium problem.

The other way is measurements of the CMB. As discussed in subsection 2.3.4, the fluctuation
of the CMB is produced by that of baryon-photon mixed fluid, and thus the baryon asymmetry
can be obtained by observation of the temperature fluctuation of the CMB. The recent value

estimated by the Planck observation [25] is given by

np = (6.14 4 0.03) x 10719 . (4.8)

4.1.2 Conditions of baryon number production

To produce baryon asymmetry during the evolution of the Universe, it is well-known that the

following Sakharov’s three conditions are satisfied [214] :

(i) Baryon number violation
After inflation, the baryon number (B) density is zero or negligibly small, and thus B-

number violating processes are needed to produce B-number.

(ii) C and CP violation
If C and CP are conserved, probabilities of baryon and antibaryon production are equal.
Therefore, C and CP should be violated, and the frequency of baryon and antibaryon
production should be different.

(iii) Departure from thermal equilibrium
In a thermal equilibrium system, process and inverse process of baryon production occur

with the same frequency, and thus the system should depart from thermal equilibrium.

For the scenarios of departure from thermal equilibrium, some are proposed, and the well-

known examples are as follows :

e Departure from the equilibrium of decay process of heavy particles

— Leptogenesis, GUT baryogenesis
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e Electroweak phase transition

— Electroweak baryogenesis

Among them, the leptogenesis scenario is important for this thesis, especially in Chapter 6, and

therefore we give only a short review of leptogenesis.

4.1.3 Sphaleron process

In the SM, baryon (B) and lepton (L) numbers are conserved at tree level, and currents of B

and L numbers, ji and j7, satisfy
gl =0ujt =0. (4.9)

However, the B and L numbers are violated at the quantum level, and the divergences of their
currents are given by

Oujlp = Ouiy, = ;2\[7@ (gzwﬁyW“’“‘” - g’QBMB’"‘”) : (4.10)
where g(g’) is the gauge coupling constant of SU(2)z, (U(1)y), and Ny is the number of fermion
generation. The field strengths of the gauge fields with a tilde are the self-dual fields of gauge
fields and defined by

~ 1 ~ 1
Waeswr — ieul/pO'WpaO_, BMY — §€/U/P‘7Wpo_ X (411)

From Eq. (4.10), the B and L numbers are not conserved. However, both have the same

divergence, and thus their difference (B — L) is conserved because of d,(j% — j7) = 0. On
the other hand, their sum (B + L) is not conserved, and the divergence of (B + L) current

j§+L = jis + ji is given by

. N ~ , -
auJ§+L = 1671702 <92W5VWGW -9 2BuBW)

— 2N} (9, K" — 9, k") (4.12)
where
92 vpo a a 9 abeyyravysbirsc
Kt = e (Wl,pWU — Setew; WPWU) : (4.13)
g’2
W= 5" By By . (4.14)

Integrating Eq. (4.12) with respective to the coordinate, the left-hand side (LHS) is transformed

as follows :
tf
(LHS) = /t ot / R

_ / P (%1 (ty) — 3541 (t)

=(B+L)(ty) —(B+L)(ti)) =AB+1L). (4.15)
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On the other hand, the right-hand side (RHS) is
ty
(RHS) = / dt / d*x 2Ny (8, K" — 0,k")
ti
= Ny (Nes(ty) = Nes(ti) (4.16)

where Ncg(t) is the Chern-Simons number of gauge field, which is topological invariant value,

given by

2
_ g 3 a a 1 ail bj ck
From Eqgs. (4.16) and (4.16),
A(B + L) = Ny (Ncs(ty) — Nes(ti)) (4.18)

and therefore, (B + L) number is not conserved. This kind of phenomenon appears only when
the gauge symmetry corresponding to the gauge boson is non-Abelian. In non-Abelian gauge
theory, there are infinite degenerate vacuums distinguished by the Chern-Simons number. As
mentioned above, the Chern-Simons number is topological invariant and does not change under
gauge transformation. However, there are, in fact, two processes that change the Chern-Simons
number of vacuums, namely, baryon number. One is the tunneling process, and its transition
probability calculated by semiclassical approximation is given by

Tpumnel ~ € 8 = O(107192) | (4.19)
for Ncs(tf) — Ncs(ti;) = 1. The probability is suppressed exponentially, and thus this process

can be neglected.

The other is sphaleron process [37, 215, 216]. Sphaleron is a classical saddle point solution
which connects two vacuums with different Chern-Simons numbers, and state transitions which
change baryon number occur in the early Universe. Accoroding to Ref. [217] (more accurate
calculation in Ref. [218]), the transition rate par volume after the electroweak phase transition
(T < Tgw) is calculated by

r Eopn\?® \* Eopn (7) m
o (T () et o (1.20)

Where Egp), is the sphaleron energy given by

Egpn(T) =~ sng(T) : (4.21)

with v(T') being the vacuum expectation value (VEV) of the Higgs field. In Eq. (4.20), the

transition rate of the sphaleron process after the electroweak phase transition is also suppressed
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exponentially and very small. On the other hand, according to Ref. [219, 220], the rate before
electroweak phase transition (7' > Tgw) is given by

T
;;’h ~ 250, T* (4.22)

with ay = g?/4n. In this case, the rate has no exponential suppression factor, and thus, baryon
and lepton number violations often occur. From Gamov’s criterion, the sphaleron process is in

thermal equilibrium when

Tew ~ 100 GeV < T < 10'2 GeV . (4.23)

4.1.4 Relation between produced baryon and lepton numbers

In subsection 4.1.2, we give a short review of the condition for the production of baryon number,
and we show the relation between baryon and lepton numbers produced through some mechanism
in this subsection. In the leptogenesis scenario, lepton number is first generated by decays of
heavy right-handed neutrinos, and then some of them are converted into baryon number through

the sphaleron process.

The difference between the number density of particle ¢ and antiparticle i is given by

. - Bk 1 1
M T [0 | BT £1 e(E+m)/T £ 1

1 .
~ ~ETP (for m, |wi| < T), (4.24)

with £ = 1(2) for fermion (boson), and p; being chemical potential of particle i.

In thermal plasma with high temperature, the SM quarks, leptons, and Higgs boson are in
equilibrium through gauge and Yukawa interaction and sphaleron process. Hereafter, we show
relations between chemical potentials of particles in equilibrium (see also Ref. [221]). For gener-
ality, we set numbers of fermion generation and Higgs doublets to be Ny and Ny, respectively
(Ny =3 and Ny =1 for the SM).

Sphaleron process

> (g + 201y 0+ pp0) =0, (4.25)

«

with a being the index of fermion generation.

Yukawa interaction
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/’LdL,a - MdR,,ﬁ - :U’¢O =0 )
Pug,o = Pugs + Hgo =0, (4.26)
Pepo = Heps = Hgo =0 .

Gauge interaction

Pougq = Hdg +HW =0,
Hupo = Hepo T Hw =0, (4.27)
Po— F o — pw =0 .

Using these relations, the densities of baryon B and lepton L numbers, electroweak charge @,

and the third component of SU(2), Q3 are given by

np 15gy _15gy

B = = 447r293*T za: (NUL,Q + Hugp + Hdy , T ,udR,a) An2g, T za: Ay, o + 2MW) ,
(4.28)
_nL _ lbdgy _ 15gy
L= ? 471'29 . Z Hvp o + Hep, a + Hepg, a) B W za: (SMVL,Q + 2uw — M¢0) , (4,29)
n
Q=2
S
15g¢ 2 1
= 47T293*T - {3 X g('u'uL,a +Iu’uR,5) - 3 X g(MdL,a +/u‘dR”B)
4 2Ny
_(/LeL’a + ,ueR,a) - EHW — Nf,%—}
15gf 4Nf+2NH+4 4Nf—|—2NH
= 2 = 24y o — : 4.30
477295* Z { Hup o 2p Lo Nf uw + Nf g0 ( )
n
Qs = Qs
S
15g¢ 1 1 4 Ng
= —0 3 X = — —(Uy, . — - — - — -
47T293*T ~ { 2(/’LuL,a NdL,B) + 2(M L, MeL,a) NfMW Nf (M¢0 + Mg )}
15g¢

S%

with g being the degree of freedom of left and right-handed fermion. Before the electroweak
phase transition (7' > Tgw), both @ and @3 must be zero. The latter condition implies py = 0,
and using the former one, the baryon and lepton number densities are given by

_ 8Ny +4Ny
~ 22Nj + 13Ny

14N} + 9Ny

B-L), L=—_—Jt—"1
( ) 22Ny + 13Ny

(B—L). (4.32)
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For the SM case,

28 o1
B=—(B-L L=——(B-1). 4.

Immediately after inflation, the total (B — L) = 0, and thus, Eq. (4.32) implies a need for

(B — L)-violating process in order to generate baryon asymmetry.

4.2 Leptogenesis

In subsection 4.1.4, we show that not only (B + L)-violating sphaleron process but also (B — L)-
violating one are necessary for generation of baryon asymmetry. In leptogenesis scenario [36],
decays of heavy right-handed neutrinos (RHNs) violate lepton number, and then it is converted
into baryon number. The produced baryon asymmetry is evaluated by asymmetry parameter
€1, defined below. In this section, we give a brief review of leptogenesis, which is important for

the discussion in chapter 6.

First, we show how lepton asymmetry is generated by decays of heavy RHNs and formula
of asymmetry parameter in subsection 4.2.1. In subsection 4.2.2, we give a brief review of the
thermal leptogenesis scenario, in which heavy RHNs are produced in the SM thermal plasma.
We, finally, show non-thermal leptogenesis scenario [222-229], in which heavy neutrinos are

produced by decays of scalars, and this scenario appears in chapter 6.

4.2.1 Asymmetry Parameter

In the leptogenesis scenario, baryon number is generated through the sphaleron process that
is in thermal equilibrium before the electroweak phase transition, and thus, we discuss only
much higher temperature than the electroweak scale (T > Trw ~ O(10%) GeV). In this case,
the electroweak symmetry is not violated, and the SM neutral and charged Higgs bosons ¢ =
(o7, #°)T have the same masses, and the SM gauge bosons have no mass. The light active
neutrinos have no mass, while the heavy RHNs have non-zero masses because of the Majorana

masses.

In the basis where the Majorana mass matrix is diagonal, the Lagrangian relative to neutrinos

are given by
A~ A 1 A A
AL =—=NoN{ (Lo -H) — iMiNiCNiC +h.c., (4.34)

where NV; is i-th mass eigenstate of heavy neutrinos with mass eigenvalue M;, and \;, is neutrino

Dirac Yukawa coupling. N; decays into SU(2), doublet Higgs boson and lepton like N; — ¢+ L,
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(a) tree diagram (b) vertex collection (c) self-energy

Figure 4.1: Diagrams of decays of the SM singlet RHNs contributing to lepton asymmetry. Lep-
ton asymmetry is generated by interference between (a) tree and (b,c)one-loop level diagrams.

and decay rate of this process is given by

Tp, =Y [T(Ni = Lo+ ¢) + T(N; = La + ¢)]

1

T 8

(A3 M; (4.35)

Because of SU(2);, gauge symmetry, the following conditions are satisfied :

P(Ni = va +¢°) =T(N; = e +¢%) = %F(M — Lo+ 9) (4.36)
D(N; = g+ ¢%) =T(N; = ef +¢7) = %F(N,- — Loa+9) . (4.37)

From the Sakharov condition, it is necessary for the generation of lepton number that decay

processes of heavy RHNs are driven out of equilibrium :
I'p, < H|T:Mi . (4.38)

When the lightest mass eigenstate of heavy neutrinos N; is much lighter than the others Ng’g,
only the time evolution of N is important for the generation of lepton asymmetry. This is
because lepton asymmetry generated by decays of ]\7273 for T' > M; is washed out by the
processes involving Ni. For M ~ M 3, the contribution of N273 decay to lepton asymmetry has
to be taken into account. The leptogenesis scenario under such a situation is called resonant
leptogenesis, and the details are not discussed in this thesis. This scenario is discribed in, for
example, Refs. [230-236].

When the temperature goes below M; (T < M), Nj is driven out of thermal equilibrium,
and the lepton asymmetry is generated by interference terms between tree and one-loop level

diagrams of the decay process, shown in Fig. 4.1. The generated lepton asymmetry is expressed
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in terms of the asymmetry parameter €1, which is calculated by [232, 237, 238]

o [P = Lag) = (R0 = Lag")]
. [1“(N1 5 Lad) + D(Ny — La¢* }

o1 1 N J
~ S G j;; [{ (AAD) 1] ( 1) : (4.39)

fz) = \F[l—(x+1)1n< 1)- } (4.40)

€1 =

r—1

Among the terms in the definition of f(x), the first and second terms are originated from
interference between tree and vertex correction diagrams, and the third term is from that between
tree and self-energy ones. For the hierarchical masses M; < Ms3, f(x) is approximately

—2/3v/2, and the asymmetry parameter is given by

3 1
87 ()\)\T)H

m { (AAF)2. Ml. .
2 {()\/\)} (4.41)

4.2.2 Thermal Leptogenesis

In this subsection, we show a rough story of thermal leptogenesis. However, the leptogenesis
scenario discussed in chapter 6 is the non-thermal case, and therefore, we here do not go into

the detail of the thermal leptogenesis scenario.

In the early Universe, heavy RHNs are produced thermally in the SM thermal plasma.
Produced RHNs decay into the SM particles and generate lepton asymmetry. This is the first
step of the thermal leptogenesis proposed in Ref. [36]. However, when the decay process of heavy
RHNSs is in thermal equilibrium, the lepton asymmetry L generated by Ny decays are washed out
by the asymmetry with the inverse sign — L generated by inverse decay and scattering. Therefore,
the decay process should be driven out of equilibrium to avoid wash-out of the produced lepton

asymmetry. From Gamov’s criterion, such a condition is given by

Tp,  _ (A\Dudn/(8r) My (A,
Hlp_p, — 1.66\/g M7 /My — 41.7,/9. M ’

with g, = 106.75 being the degree of freedom of relativistic particles. This condition leads to

K =

(4.42)

the following constraint on the effective mass of the lightest neutrino 7y [239, 240] :

. n 2 v?2 T'p
1= (O — ~41.7 /g — 21
my ( )11]\41 gMpl

<1073 eV . (4.43)
H T=DM

The remained lepton asymmetry after wash-out is given by [119]

Yy = 2L — 2L (4.44)
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where r; is the efficiency factor of lepton asymmetry production and depends on the decay
parameter K in Eq. (4.42). The final baryon asymmetry generated through thermal leptogenesis
is obtained by multiplying Y7, by the sphaleron conversion factor in Eq. (4.33) as follows :

Yg = %YB L= —%YL - —% f;i (4.45)

For K > 1, such a situation is called the ”strong wash-out” regime. In this case, both decay
and inverse decay processes frequently occur, and thus, many RHNs are produced through
the inverse decay process. During T' > Mj, decay and inverse decay processes get in thermal
equilibrium, and the number density of lightest RHN Ny, is equal to be its equilibrium value
N]e\%. When the temperature goes below M7, the processes are driven out of equilibrium, and

(B — L)-number is produced as RHNs decay. The efficiency factor, in this case, is given by [241]

0.01eV\ ! 10\ M
~ 0.02 ( mf > =0.02 (K) . (4.46)

On the other hand, for K < 1, such a situation is called the ”weak wash-out” regime. In

this case, both decay and inverse decay processes are suppressed. Thus, the temperature of the
Universe goes below M; before Ny, reaches its equilibrium value N eoi, and then decay process
is driven out of equilibrium. Therefore, the amount of produced RHNs is less than the strong
wash-out case, and the (B — L)-number generated by their decays is also less. The efficiency

factor, in this case, is given by [241]
2
= <8K> : (4.47)

4.2.3 Non-Thermal Leptogenesis

In this subsection, we give a brief review of non-thermal leptogenesis [222-229], which plays
an important role in chapter 6. In the thermal leptogenesis scenario described in the previous
subsection, heavy RHNs are produced thermally in the SM plasma. On the other hand, in the
non-thermal leptogenesis scenario, RHNs are produced by decays of a scalar field coupled to
RHNs. Produced RHNs are supposed to be out of equilibrium, and thus wash-out effect is not
effective. Therefore, the lepton asymmetry is produced by decays of all RHNs, and it becomes

the final value of generated (B — L)-number without wash-out.
Lepton asymmetry generated in non-thermal leptogenesis scenario is evaluated by the fol-
lowing formula [222-229]

Y= s - S no, NN, Z XBI‘O’—)NN) (61+6])7 (448)
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where o is a scalar which has coupling to RHNs, and Br(oc — NZNJ) is the branching ratio of
o — NzN] process. The final baryon asymmetry generated through non-thermal leptogenesis
is obtained by multiplying the above Y7, by the sphaleron conversion factor in Eq. (4.33) as

follows :

28 28 28 < 71y L
Yp = %YB—L = —79YL = —79 - ? X BI‘(O’ — NZN]) X (EZ‘ + €j> . (449)

The number density of the scalar ¢ is dependent on the dynamics of ¢ in the early Universe, and
generally, this value is calculated by solving the Boltzmann equation, mentioned in section 3.1.
In chapter 6, we assume the above scalar is inflaton, and in this case, the number density of
inflaton is calculated in terms of the inflaton mass and reheating temperature. The detail is

shown in chapter 6.
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Chapter 5

Predictions for the neutrino
parameters in the minimal gauged
U(l)LM—LT model

The neutrino sector is one of the most mysterious parts in the SM, we know that this sec-
tor should be extended because of the observations of neutrino oscillation and the existence of
non-zero neutrino masses. One possibility of extensions of the neutrino sector is introducing
right-handed neutrinos (RHNSs), and it simply explains the neutrino masses. Moreover, if the
neutrinos are Majorana particles, their Majorana nature gives the neutrino sector rich phe-
nomenology, such as neutrinoless double beta decay (subsection 2.2.1), the seesaw mechanism

(subsection 2.2.2), and leptogenesis (section 4.2).

The U(1)r, 1, gauge symmetry also gives interesting phenomenology to the neutrino sector.
Gauge symmetries control interactions between fields in gauge theories, and in the U(1)r, .
case, only the leptons are transformed non-trivially. In the gauged U(1) L,—L, model, some
mass terms in the neutrino sector are forbidden by the gauge symmetry, and the degree of
freedom of parameters in the neutrino mass matrices is less than the case without U(1)r, r..
So far, many previous studies have explored the relations between the mass structures of the
neutrinos in the U(1)z, . models and the observed values relative to neutrinos, for example,
Refs. [42-44, 242-250]. As mentioned above, the U(1)r, 1, gauge symmetry constrains the
neutrino sector and force the neutrino Dirac and Majorana mass matrices to be diagonal and
block-diagonal, respectively. Because of the type-I seesaw mechanism (see Eq. (2.37) of sub-
section 2.2.2), the active neutrino mass matrix is also block-diagonal and cannot explain the
neutrino oscillation data. Therefore, the U(1)r, ., gauge symmetry should be broken, and
one scalar with U(1)r, . charge is introduced for the spontaneous symmetry breaking. There
are several possibilities as U(1),r.-breaking scalar, but only SU(2), singlet with U(1)z, 1.

charge +1 realizes the observed neutrino oscillation and avoids the cosmological constraint on
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the neutrino masses [42, 43]. Introduction of one SU(2)y, singlet scalar is the minimal extension
which is consistent with the existing experimental and cosmological results, and such a model

is called the minimal gauged U(1)r, 1, model.

The minimal gauged U(1)r, 1, model naturally realizes the so-called two-zero minor struc-
ture, namely, two components in the inverse of the active neutrino mass matrix vanish. Re-
lations between lepton flavor-dependent U(1) gauge symmetries and two-zero minor structure
have been discussed, for example, in [244, 245]. And, focusing on less degree of freedom, those
between two-zero minor structure and neutrino parameters have been discussed, for example,
[42—44, 243, 246-252]. Among them, the author’s works [42—44] have exactly analyzed the con-
straints on the neutrino parameters from the two-zero minor structure and obtained the neutrino
CP phases, sum of the neutrino masses, effective Majorana neutrino mass for the neutrinoless
double beta decay, and so on. And we have obtained these parameters as functions of the
neutrino oscillation parameters. In this model, all the neutrino parameters are determined by
the neutrino oscillation parameters. Therefore, this model has predictive power for the effective
Majorana neutrino mass for neutrinoless double beta decay and lepton asymmetry generated by
decays of heavy RHNs.

In this chapter, we discuss the relations between the two-zero minor structure and neutrino
parameters, following Refs. [42-44]. This chapter is organized as follows. In section 5.1, we
introduce the minimal gauged U(1)z,—r, model and derive the relations between the two-zero
minor structure and neutrino parameters. In section 5.2, using the results in the previous section,
we show the predictions for the neutrino parameters, including the effective Majorana neutrino

mass for neutrinoless double beta decay. Lastly, in section 5.3, we summarize this chapter.

5.1 Minimal Gauged U(1);, ;. Model and Neutrino Mass Struc-
ture

In the minimal gauged U(1)r,-r, model, three RHNs are introduced for non-zero neutrino
masses. Moreover, neutrinos are assumed to be Majorana particles to realize the seesaw mech-
anism and leptogenesis scenario. In the U(1)z, r, gauge theory, muon pr, g, mu-type neutrino
vy, and mu-type RHN N, have the U(l)LH_LT charge 41, tau particle 7, g, tau-type neutrino
vr, and tau-type RHN N have the U(1)r, 1, charge —1, and the other SM fields have the zero
U(1)r,-r, charge. We summarize the charge assignment of the field content in the minimal
gauged U(1)r,—r, model in Tab. 5.1. Under this charge assignment, the neutrino Dirac and

Majorana Yukawa mass terms which are invariant under the U(1)r, 1, gauge transformation
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Vi Vr
field L, = s MR, Ny Ly = , TR, N o  others
ML TL

U(1)r, L, charge +1 -1 +1 0

Table 5.1: U(1)r, 1, charges of the field content in the minimal gauged U(1)r, 1, model.

are obtained as follows :

* 0 0 * 0 0
Dirac : Mp=|0 % 0|, Majorana : Mp=|[0 0 x|, (5.1)
0 0 =« 0 * 0

where * denotes no-zero mass component. From Eq. (2.37), the mass matrix for the active

neutrinos is given by

* 0 0
My, ~ -MpMML=10 0 |, (5.2)
0 x 0

This result is interpreted as 612 = 613 = 0 and 23 = 7/2, and these mixing angles are clearly

different from the observed values. Therefore, the U(1), 1, gauge symmetry should be violated.

Here, we introduce one SM singlet scalar o with the U(1)z, r, charge +1. This scalar
develops a vacuum expectation value (VEV), and then breaks the U(1)r, 1, gauge symmetry
spontaneously. Under these charge assignments, the most general renormalizable interaction

terms in the neutrino sector are given by
Ly =—=AN(Le-H) = A\uNy(Ly - H) = ArNZ(Lr - H)
1 1 1
— 5 MeeNENE = My NiNT — o > hapoNENG - 3 > hapo"NSNG+he., (5.3)
a?ﬁ:enu' avﬁ:eﬂ-
where the dots between L, and H denotes the contraction of the SU(2)r indices. hqg is a
symmetric matrix with he, = hye, her = hre, and all other elements being zero. After the Higgs

field H and the U(1), 1, -breaking scalar o acquire VEVs (H) = v/v/2, and (o)," the neutrino

mass terms are written in the flavor basis as follows :

)\e 0 0 Mee he,u <U> heT <G>
Mp=10 X, 0[H, Mg=|hpu(e) 0 M, | - (5.4)
0 0 X her (0) M, 0

As shown in Eq. (5.4), the Dirac mass matrix Mp is diagonal, and then the active neutrino

mass matrix M, is diagonalized by the PMNS matrix, which appears in subsection 2.2.3, as

'We can always take the VEV of o to be real by using U(1)z, -1, transformations.
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follows :
UgMNS MVL UPMNS = diag(ml,mg,mg) N (5.5)

with m; the mass eigenvalues of the active neutrinos. > From Eqgs. (2.37) and (5.5), the following

relation is obtained :
M, ! = Upnns diag(my !, my ', ms ") Upyng =~ —(MpHTMeMp' . (5.6)

We then notice that the (u, ) and (7,7) components of these terms vanish because Mp is
diagonal, and those of Mp also vanishes, as shown in Eq. (5.4). Therefore, we obtain the

following two complex conditions :

1 1 ; 1 )
V2 V2elo2 4~ /2 gios 5.7
my M + mo 2 ms u3€ ’ (5.7)

1 1 . 1 .
7‘/2 7‘/2 [1ep) 7‘/2 ias _ ’ 5.8
my 71 + mo 726 + ms 3€ ( )

where the unitary matrix V,; and the Majorana CP phases g 3 are defined in Egs. (2.52) and
(2.53), respectively. We note that the above conditions are independent of the VEV of the
U(1)r,—L,-breaking scalar (o) and the Majorana mass M, M,,-. This point is much important
and indicates that the following analyses and results shown in section 5.2 are independent of the

scales of the U(1)r, 1 -breaking and Majorana mass.

Regarding the neutrino oscillation parameters as the inputs and solving Egs. (5.7) and (5.8)

for e'*2, '3, we obtain

laz ma iag _ m3
o = M2 pas), e = TRy (o) (5:9)
with
(Vulvq—g + VM3V7—1)V*2 (VH1V7—2 + VMQVTl)VE
Ry(0) = ¢ R3(d) = e | 5.10
20) (VMQVT?’ + VM3VT2)V6*1 30) (Vu2vT3 + VM3V;'2)V6*1 ( )

In Appendix C.2, we give explicit expressions for Re and R3 in terms of neutrino oscillation
parameters. Taking the absolute values of both sides of two equations in Eqgs. (5.9), the ratios
of the mass eigenvalues of the active neutrinos are obtained as follows :

my 1 mg 1
m1 [Ra(8)]” ma1 |R3(9)]

. (5.11)

Here, Ry and R3 depend only on the Dirac CP phase d, except for the neutrino mixing angles,
and satisfy Rj3(—0) = Ra3(d). Therefore, the mass ratios mg3/m; is symmetric under sign

flipofd:0 - =6 (m+d — m—9). In Fig. 5.1, we plot the mass ratios ma/m; and ms/m

*For m1 = 0 (NO) or mz = 0 (I0), the determinant of M, is equal to be zero. Because of the discussion in
Appendix C.1, this case leads to a block-diagonal M, and then conflicts with the observed neutrino oscillation.
Therefore, we assume m; # 0 in this chapter.

71



Ratio

olrt

Figure 5.1: The mass ratios mgy/m; and ms/m; as functions of the Dirac CP phase ¢, from
Eq. (5.11). The bands show uncertainty coming from the lo error in the neutrino mixing
parameters. The thin dotted line corresponds to mg3/m; = 1.

against the Dirac CP phase 0 using Eq. (5.11). The bands show uncertainty coming from the 1o
error in the neutrino mixing parameters. For input parameters of the neutrino mixing angles,
we use sin’ 1o = 3.107015 x 1071, sin® @13 = 2.2377000% x 1072, and sin®fa3 = 5.63103% x
1071 [109, 110] (see Tab. 2.2). It is found that the resultant uncertainty mainly comes from the
error in f#o3. From this figure, we find that when § ~ 7 the observed neutrino mixing angles
are incompatible with the condition m; < mq, and thus these regions are excluded. Moreover,
around 0 ~ 0, 27 we have m; < ms < me, which disagrees with the possible neutrino mass
ordering: either m; < mg < mg or mg < m; < mg [50]. As a consequence, in the region
where a consistent neutrino mass ordering is obtained, the neutrino mass ordering is always
Quasi-Degenerate Normal Ordering with m; < mgo < mg, which is realized around § ~ /2 and
3m/2.

According to the recent global-fit analysis in Ref. [110], the NO is somewhat favored over
10 at ~ 2.50 level. There are quite a few proposed experiments that may determine the neu-
trino mass ordering at more than 3¢ level within a decade [253, 254], such as PINGU [255],
ORCA [256], and JUNO [257, 258]. To confirm NO in these future experiments would be the

first consistency check of our model.

Now that the mass ordering has been fixed, we determine m, and ¢ by using the above
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results. From the neutrino oscillation experiments, we can measure *

om? =m3 —m? , (5.13)

Am?* =m? — (m3 +m?)/2 . (5.14)

These quantities are related to the neutrino mass ratios as

2 1
sm? = m? <m2 - 1> = m? ( - 1> , (5.15)
P\ "\ |R2(0)

om? m2 1
Am2+:m2<3—1>:m2<—1>. 5.16
9 1 m% 1 ’R3((5)’2 ( )

By solving these equations, we can determine m; and §. The observed values of dm? and Am?
are given by ém? ~ 7.39 x 107° eV? and Am? ~ 2.528 x 1072 eV?, respectively [109, 110]. This
means that the right-hand side of Eq. (5.15) is much smaller than that in Eq. (5.16). From
Fig. 5.1, we see that such a hierarchy can be realized only when m3/m3 ~ 1, i.e., |Ro(8)| ~ 1.
With the explicit formula of Ra(d) in Eq. (c.3), this leads to

cot 2912 cot 2923
sin 913 '

cos 0 ~~ (5.17)

When the best-fit values of the mixing angles 6;; are used, this leads to cosd ~ —0.34, which
corresponds to § ~ 0.617 or 1.397. In Eq. (c.5) in Appendix C.3, we give a cubic equation whose
solution gives an exact value of cosd as a function of the mixing angles ;; and the squared mass
differences dm? and Am?. As discussed there, the solution (5.17) approximates the real solution
of the cubic equation (c.5) at O(dm?/Am?) level. By solving Eq. (c.5) numerically, we find
cos 6 = —0.349 for the best-fit values of 0;;, dm?, and Am?, which means 6 = 0.6137 or 1.387,

and justifies the expected accuracy of the approximated formula (5.17).

Before closing this section, let us give a general remark about quantum corrections to the
neutrino mass matrix. If the U(1) L,—L, Symmetry breaking scale is much higher than the
electroweak scale, we expect sizable quantum corrections to the neutrino mass matrix. Such
quantum corrections can be taken into account by using renormalization group equations. Re-
markably, it is found that the two-zero minor structure of M, is preserved throughout the
renormalization group flow [259, 260]. To see this, we first note that below the right-handed
neutrino mass scale, which is around the U(1)r, r, symmetry breaking scale in this model,

right-handed neutrinos are integrated out to give the following dimension-five effective operator:

Leg = %Ca6<La . H)(Lg -H)+h.c., (5.18)

3In terms of the squared mass differences Am2; = m2 —m? and Am2; = m2 —m?, dm? and Am? are expressed
as

1
om® = Am3, , Am? = Am3, — §Am§1 . (5.12)
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where C, has the two-zero minor structure at the right-handed neutrino mass scale. The

renormalization group equation of the Wilson coefficient Cy3 at one-loop level is [261]

e, 3 T K
o _ viv,) (viv,) , 1
Hap = 3272 {( e¥e) CrCYXe)) + 950 (5.19)
with
K =—3g2+2Tr (3Yj Y, +3Y]Y, + YIY,) + 21, (5.20)

where Y,,, Yy, and Y. denote the up-type, down-type, and charged-lepton Yukawa matrices,
respectively, g2 is the SU(2); gauge coupling, and X is the Higgs quartic coupling: Lquart =
—IA(HTH)?. Now recall that the charged lepton Yukawa matrix is diagonal in our model. In

this case, the above equation can readily be solved as follows [262]:
C(t) = Ik () T(t) C(0) (1) , (5.21)

where t = In(u/pp) with pg being the initial scale, and

1rK(t):e>q)LGl7r2 /0 tK(t’)dt’] O T() = exp {—32?; i /0 tYeTYe(t’)dt’] C (5.22)

Note that Z(¢) is a diagonal matrix. Therefore, if Cljul 0)=0C!

TT

(0) =0, then C }(t) = C}(t) =
0, which proves that the two-zero minor structure of the Wilson coefficient C' remains at low
energies. As a result, the two-zero minor neutrino-mass structure in our model is robust against
quantum corrections, even if the U(1)r, 1, symmetry breaking scale is much higher than the

electroweak scale.

5.2 Predictions for the Neutrino Parameters

Using the results obtained above, we now compute quantities relevant to neutrino experiments
with the errors in the neutrino oscillation parameters taken into account. For input values, we
use the values given in Ref. [109, 110], which are summarized in Table 2.2. In particular, we

take the three mixing angles and the two mass squared differences,
9127 9237 9137 (sz, Am2 ) (523)

as input parameters, and evaluate the predicted values of the other parameters, including Dirac
CP phase §, the absolute masses m;, their sum ) . m;, and the effective Majorana neutrino mass

(mgg). The prediction for the Majorana phases as and a3 is also presented in Appendix C.2.

In Fig. 5.2, we plot the Dirac CP phase § as functions of 63 in the red lines. We vary o3 in
the 30 renege, where the 1o range is in between the vertical thin dotted lines. The dark (light)
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Figure 5.2: The prediction for the Dirac CP phase ¢ in the minimal gauged U(1)r,—r, model.
The red lines show the CP phase d against 693. o3 is varied in the 30 range, and the 1o range
is in between the vertical thin dotted lines. The dark (light) red bands show the uncertainty
coming from the 1o (30) errors in the parameters 612, 613, om?, and Am?. We also show the
lo (30) favored region of ¢ in the dark (light) horizontal green bands.

red bands show the uncertainty coming from the 1o (30) errors in the other parameters 612, 613,
dm?, and Am?. We find that this uncertainty is dominated by the error in #15. We also show the
1o (30) favored region of § in the dark (light) horizontal green bands.* As we discussed in the
previous section, there are two solutions for ¢ for each value of 023. Intriguingly, the upper line
is right in the middle of the favored range of §; in particular, o3 ~ 48.6° gives § ~ 1.4m, both
of which are within the 1o allowed region. Consequently, this model predicts § ~ 1.367—1.4371
(1.307-1.627) within 1o (30). Future neutrino experiments can test this prediction through

precision measurements of fa3 and ¢ [264].

Next, we evaluate the neutrino masses m;, which are shown in Fig. 5.3a as functions of 6a3.
Here, the other parameters are fixed to be their best-fit values. We see that all of these masses
are predicted to be > VAm2 ~ 5 x 1072 eV. We also plot the sum of these neutrino masses
as a function of 6,3 in Fig. 5.3b, where the dark (light) red band shows the uncertainty coming
from the 1o (30) errors in the parameters other than 3. In this case, it turns out that the
dominant contribution to the uncertainty (except for that from the error in 23) comes from the
error in fy3, though the error in Am? also gives a sizable contribution. We also show in the
black dashed line the present limit given by Ref. [107] : > ., m; < 0.146 eV (normal ordering,

95% C.L.). From this figure, we find that a wide range of the parameter region predicts a value

“The recent result by NOvA experiment reports that § < 7 is favored in the NO case [263)].
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Figure 5.3: (a) The prediction for the neutrino masses in the minimal gauged U(1)z, 7, model.
The neutrino masses m; are shown as functions of 3. The other four parameters (612, 613, dm?,
and Am?) are fixed to their best-fit values. (b) The sum of the neutrino masses as a function
of f23. The dark (light) red band shows the uncertainty coming from the 1o (30) errors in the
parameters 612, 613, dm?, and Am?. The entire region is within the 3o range of 6»3, while its
1o range is between the thin vertical dotted lines. We also show in the black dashed line the
present limit given by Ref. [107] : >, m; < 0.146 eV (normal ordering, 95% C.L.).

of Y. m; which is above the present limit, but the region around a3 ~ 50° is still marginally

viable.

These relatively large values of m; open up a possibility of testing this model in neutrinoless
double beta decay experiments. The rate of neutrinoless double beta decay is proportional
to the square of the effective Majorana neutrino mass (mgg), which is given by Eq. (2.31) in
subsection 2.2.1. It should be emphasized that, in the minimal gauged U(1)r,—r, model, not
only the neutrino masses m; but also the Majorana phases ag3 are uniquely determined as
functions of the other neutrino oscillation parameters. Thus, the value of the effective mass
(mpg) is also predicted unambiguously. Note also that this quantity has reflection symmetry
with respect to 6 — —d and thus depends only on cosd. In Fig. 5.4, we show (mgg) as a
function of 6a3, where the dark (light) red band shows the uncertainty coming from the 1o (30)
errors in the parameters other than f235. We also show in the light blue band the current bound
on (mgg) given by the KamLAND-Zen experiment, (mgg) < 0.061-0.165 eV [106], where the
uncertainty stems from the estimation of the nuclear matrix element for 3®Xe. As we see in
Fig. 5.4, (mgg) is predicted to be ~ 0.021 eV for 63 ~ 51°, which is well below the present

KamLAND-Zen limit, and this value can be within the reach of future neutrinoless double beta
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Figure 5.4: The prediction for the effective Majorana neutrino mass (mgg) as a function of
023 in the minimal gauged U(1)z, -z, model. The dark (light) red band shows the uncertainty
coming from the 1o (30) errors in the parameters other than f23. The entire region is within
the 30 range of 63, while its 1o range is between the thin vertical dotted lines. The light
blue band shows the current upper limit on (mgg) given by the KamLAND- Zen experiment,
(mgg) < 0.061-0.165 eV [106].

decay experiments, such as CUPID [101] and nEXO [105].

5.3 Summary and Discussions of Chapter 5

In this chapter, we have discussed the minimal gauged U(1)z, r, model and the restrictions
on the structure of the neutrino mass matrices, following Refs. [42—44]. In the minimal gauged
U(1)L,—r, model, because of the gauge symmetries, the structures of the Dirac and Majorana
mass matrices are tightly restricted, and the mass matrix for the active neutrinos has two-zero
minor structure. These restrictions connect the low-energy neutrino parameters, and four of
them are given as functions of the rest of the parameters, namely the neutrino mixing angles
and squared mass differences. Using these relations, we obtained the prediction for the Dirac
and Majorana CP phases, sum of the neutrino masses, and effective Majorana neutrino mass.
We emphasize that these predictions are independent of the scales of the U(1)r,r,-breaking
and Majorana masses. This is because the two-zero minor structure of the neutrino mass matrix
and the relations derived from the structure also do not depend on these scales. In the following
chapters, we assume that the U(1)r, ., is broken at the much higher scale (Chap. 6) and
electroweak one (Chap. 7). Although the breaking scales in chapter 6 and 7 are different from

77



each other, the results in this chapter are valid as long as the neutrino sector has the same

structure as the minimal gauged U(1)r, 1, model.
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Chapter 6

Non-thermal Leptogenesis in the
U(l)LM—LT Model and Sign of Baryon
Asymmetry

In the previous chapter, we have shown that the U(1)z, 1, gauge symmetry restricts the neu-
trino mass matrices and connects the neutrino parameters with the neutrino oscillation pa-
rameters. This result brings us to an interesting fact that the sign of the baryon asymmetry
generated by leptogenesis is determined by the neutrino oscillation parameters. This is because
the neutrino CP phases, which are the origin of lepton asymmetry, are also determined by the
oscillation parameters. The relations between the sign of baryon asymmetry and neutrino os-
cillation parameters have been analyzed in the author’s works [42, 44], and [45] has discussed
the non-thermal leptogenesis case, as a concrete example, and founded that the minimal gauged

U(1)L, L, model can realize successful baryogenesis and inflation simultaneously.

In this chapter, we discuss non-thermal leptogenesis in the minimal gauged U(1)r, -z, model,
following Ref. [45]. This chapter is organized as follows. In section 6.1, we show the sign of the
asymmetry parameter in the minimal gauged U(1)z, 1, model, using the results in the previous
chapter. In section 6.2, we discuss the leptogenesis model which we assume in this chapter. In
section 6.3, we assume the concrete inflation model and discuss the baryon asymmetry generated

by non-thermal leptogenesis. Lastly, in section 6.4, we summarize this chapter.

6.1 Asymmetry Parameter of the Right-handed Neutrino Decay

We consider the non-thermal leptogenesis scenario in the minimal gauged U(1)r,r, model,
described in Chap. 5. First, we discuss the CP-violating decay of heavy RHNs in our model.

As seen in the previous chapter, the effective light neutrino mass matrix is subject to the two-

-1

L, contains two zeros among its nine

zero minor conditions, i.e., the inverse of the matrix, M
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components. These two conditional equations force four free parameters to be dependent on the
others, whose values are fixed in the following analysis as the best-fit values, except for a3. 6o3
is fixed to be 623 = 51° to avoid the present constraint on the sum of the neutrino masses. Still,
there are several coupling constants undetermined in the Lagrangian in Eq. (5.3). It is then
convenient to take )\, as input parameters; with this choice, all the entries in Mp and Mg are
uniquely determined in terms of A\, and the neutrino oscillation parameters. By diagonalizing

the mass matrix of the RHNs, the Lagrangian (5.3) can be rewritten as

AL = — \aNS(Le - H) — %MiNfo +he. (6.1)
where
MR = O*diag(My, My, M3)QT | (6.2)
Z QN (6.3)
Nig = Qai)\a (not summed) , (6.4)

where ) is a unitary matrix and M; (i = 1,2,3) are the mass eigenvalues of M. These quan-
tities are, again, uniquely determined in terms of A, for a given set of the neutrino oscillation

parameters.

In leptogenesis, the final baryon asymmetry depends on the asymmetry parameters of the
decay of RHNSs, as shown in Eq. (4.39):!
I'(N; — LH) — T(N; — LH*)

€= —— - — : (6.5)
F(Nz‘ — LH) + F(Ni — LH*)

At the leading order, it is computed as

= S o ™ }f<M2>7 (6.6

zz j#i

f(x):\/i[1—(1+x)1n(1;x>+11J . (6.7)
The significance of the effect of each asymmetry parameter on the resultant lepton asymmetry
highly depends on the leptogenesis scenarios. As mentioned in subsection 4.2.2; in the thermal
leptogenesis, for instance, the decay of the lightest right-handed neutrino tends to give the
dominant contribution to the lepton asymmetry, since the asymmetry generated by the heavier
RHNs are washed out—in this case, the final baryon asymmetry, np, is essentially proportional

to €1. In the case discussed in the next section, we will consider the decay of all three RHNs.

n the following analysis, we assume that the mass of the U(1)z, -1, gauge boson, X, is sufficiently large so

that the decay modes that contain X in the final state, such as N; — N;X and N; — v; X, are kinematically
forbidden.
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Figure 6.1: The sign of the asymmetry parameter for the lightest right-handed neutrino, €1, in
the ¢-6 plane for § > w. The shaded region corresponds to a negative value of €¢;. For § < ,
the sign of €; is flipped. The blue solid and gray dashed contour lines show the ratios of the
right-handed neutrino masses, My /M and M3 /M, respectively.

In the present scenario, the sign of ¢;, and thus that of the resultant baryon asymmetry
as well, for the case of 4 > m turns out to be opposite to that for § < m. As can easily be
seen from the analytical expressions for the Majorana CP phases ag 3 given by Egs. (5.9), the
transformation 6 — 27 — ¢ flips the signs of ag 3 and leads to Upmns — Upyng, Which then
results in M, — M} , Mp — Mg, Q@ — QF, A — A\*, and thus ¢, — —¢;. To obtain the
correct sign (positive) for baryon asymmetry in leptogenesis, the generated lepton asymmetry
nyz, must be negative, because the sphaleron processes predict ng/ny < 0, shown in Eq. (4.33).
This, in particular, indicates that e¢; should be negative when the decay of the lightest RHN

predominantly generates lepton asymmetry.

To see the predicted sign of €; in our scenario, in Fig. 6.1, we show the sign of the asymmetry
parameter for the lightest RHN, €;. In visualizing this, we parametrize the coupling constants

Ao s
(Aes Auy Ar) = A (cos 6, sinf cos ¢, sinfsin ¢) (6.8)

with 0 < 0,¢ < /2 and A > 0, and show sgn(e;) in the ¢-0 plane. Here, we take § > m, as
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favored by the neutrino oscillation data [109, 110]. We see that the desirable sign, €; < 0, is
obtained in almost all the parameter region, except in the small crack around ¢ = 45°. Notice
that, as discussed above, the sign of ¢; is flipped under the transformation 6 — —d + 27. This
has interesting implications for our model; the experimentally favored Dirac CP phase, § > ,
generically leads to the correct sign of baryon asymmetry, whilst the experimentally disfavored

one, § < T, yields the wrong sign.”

We also show in Fig. 6.1 the ratios of the RHN masses, My/M; and Ms/Mj, in the blue solid
and gray dashed contour lines, respectively. It is found that this model predicts a moderately

degenerate mass spectrum for RHNs, except near the edge of the plane.

As can be seen from Eq. (4.40), the asymmetry parameters ¢; are proportional to A\2. We
have also checked that the magnitude of the asymmetry parameter €; is predicted to be |e1|/A? <
O(107%) in the typical parameter region in Fig. 6.1, and thus the observed baryon asymmetry
can be reproduced for a sufficiently large A. A more detailed analysis of the thermal leptogenesis
in the present scenario is beyond the scope of this letter and will be given elsewhere. In the next
section, instead, we study the non-thermal leptogenesis for a minimal inflation scenario in our

model.

6.2 Inflation Model

Now we investigate the non-thermal leptogenesis that proceeds through the inflaton decay into
RHNs [222-229] in the minimal gauged U(1)z,r, model. We identify the U(1)r,_r, breaking
field o as the inflaton field and assume the following form of the Lagrangian terms for this
field [266] (see also Refs. [267-270]):

| Dol 2 2y2
—_— — - 6.9
(1 I |O"2/A2)2 H(‘O—’ <U> ) ’ ( )

where A is a parameter with mass dimension one, taken such that A > (¢). By usinga U(1)z, 1,

L, =

gauge transformation, we can always take the direction of the field excursion to be real; in this
basis, ¢ = v/2Re(o) plays the role of the inflaton. The pole of the kinetic term guarantees that
the effective potential becomes very flat at large field values [271, 272]. The inflaton field is

canonically normalized with a change of variable,

® )
van o <\/§A> (6.10)
which leads to .
Lo=5(0:0)" —V(P), (6.11)

*Note that the sign of €1 obtained here is opposite to that found in Ref. [42]. This difference is attributed to
the different choices of the input parameters, especially 23; in Ref. [42], the value of 023 was taken from the global
fit performed in Ref. [265], which was in the first octant—the preferred value of 623 has moved to the second
octant since then, as found in Refs. [109, 110], and this change results in a sign flip in €;.
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with

V(p) = kA (6.12)

() ()]

This potential becomes flat for a large field value of {, allowing ¢ to behave as an inflaton field.

As we see below, in the parameter region of interest, (o) < A; in this case, the VEV of the
canonically-normalized field @ is simply given by (@) ~ /2 (¢). Near this minimum, ¢ differs
from & by a factor of 1 —| (o) |2/A2, which is very close to unity when (o) < A—we, thus, ignore

this factor in the following expressions.

The scalar potential receives quantum corrections via the couplings of the o field with the

RHNs and the U(1)r, 1, gauge field.® These corrections turn out to be negligible if

|heu‘2 + ‘he7'|2 < 47T\/E , (6.13)
g% < Ak (6.14)

where gy is the U(1)z, 1, gauge coupling constant. We assume these conditions to be satisfied

in the following analysis.

The number of e-folds after the CMB modes left the horizon is defined by

N, =In (“f> , (6.15)
a

where ay is the scale factor at the end of inflation, a, = k/Hins with Hi,s the Hubble parameter
during inflation, and k is a wave-number which corresponds to the CMB scale. We set k equal to
the default pivot scale adopted by the Planck collaboration [25], k = 0.05 Mpc~!, and evaluate
N, as [273]

2
P

1 Hinf 1 TR
ESTS YRt P (L [T ) (et S 1
913 n(l()“ GeV>+3 n(109 GeV> : (6.16)

where Tg is the reheating temperature. On the other hand, given the inflaton potential (6.12),

1 HinfTR
N, >~ 62+ =1
6+3n<M >

we can express N, in terms of the inflaton field ¢ as

PN Vv
N, ~ / <> do
o v

_ 8]\14% {<A2 - <0>2> cosh (;%’1) —4(0)* In [sinh (\EA)H

where ¢ and ¢ are the field values when the fluctuations observed in the CMB are created

=
: (6.17)

of

and inflation ends, respectively. In the present model, inflation ends when |V Mf—, /V| ~ 1 and

3The radiative corrections by the self-coupling & are insignificant as long as & is perturbative.
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it turns out that the corresponding field value ¢ is in general much smaller than ¢y. In this
case, we can obtain an approximate solution of Eq. (6.17) with respect to @x, by noting that
(o) < A and that the first term dominates the second term in Eq. (6.17) for on > A:

- A 16N, M?
We then evaluate the slow-roll parameters as
Mp (V'\? A
=— (=] ~ 1
‘T2 <V> (QNGMP> ’ (6.19)
v 1

as well as the scalar spectral index ng and the tensor-to-scalar ratio r as

2
r:16e:< 2A )2:3><10_8>< (A>2<Ne)_2 . (6.22)
MpN, 1016 GeV 50

From Eq. (6.21), we see that ng ~ 0.96 for N, ~ 50; this is compatible with the Planck best-fit
value ng = 0.9649 + 0.0042 [25]. On the other hand, the predicted value of the tensor-to-scalar
ratio is much smaller than the Planck limit [25], rg.002 < 0.10 (95%, TT,TE,EE+lowE-+lensing)
at pivot scale 0.002 Mpc~!, and unable to be probed in the next-generation CMB experiments.

The power spectrum of the curvature perturbation P is

P _ I%& N KkN2A?
T 12e2MSV2 T 6nM3

With the measured value of the power spectrum, P; ~ (2.10 £ 0.03) x 107 [25], we determine

the coupling «:

N\ 2 A -2
o~ 1076 = —_— . 2
k~3x107" x (50) (1016 GeV) (6.23)
We then obtain the Hubble parameter during inflation and the inflaton mass as
A2 [k A N\
Hipp~ —— )= =4 x10"0 GeV x [ e ) [ =5 24
f Mp\/g X107 GeVx (1016 GeV> <5o> ! (6:24)
A /NN
~2 ~ 3 x 1010 o) =) 2
my ~ 2v/k (o) ~ 3 x 10" GeV x <1013 aov ) \ 106 Gy 20 (6.25)

Also, the mass of the U(1), 1, gauge boson is given by

myxy >~ \/igX <0’> . (626)
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For A > (o), the potential height at the origin is much lower than the potential energy during
inflation. In this case, the U(1)z, 1, gauge symmetry would be restored during the (p)reheating
process [274]. The subsequent symmetry breaking then leads to the formation of a cosmic-string
network. Throughout cosmic history, oscillating string loops in the network emit gravitational
waves, yielding a stochastic background of gravitational waves. The most stringent limits on
this signature are imposed by pulsar timing arrays (PTAs), such as the Parkes PTA [275, 276],
the European PTA [277], and the North American Nanohertz Observatory for Gravitational
Waves (NANOGrav) [278, 279]. With these data, as well as the theoretical predictions given in
Refs. [280, 281], one obtains Gu < O(107 1), where p is the mass per unit length of the cosmic
string. For the Bogomol’'nyi-Prasad-Sommerfield strings, which correspond to the case with
my, = mx, we have yu = 2w (¢)?, for which the above limit leads to (o) < 2 x 1013 GeV. This
bound slightly depends on the choice of parameters, £ and gx, through the change in u. For
example, in the limit mx > m,, we have y — 27 (o)? /In(mx /my) [282], with which we obtain
a weaker bound on (o) than the aforementioned one. Future interferometric gravitational-wave
detectors are expected to be sensitive to a much smaller value of Gu; for example, the Laser
Interferometer Space Antenna (LISA) can probe the gravitational waves emitted by cosmic
strings with Gu > 10717 [283], which corresponds to (o) > 2 x 10'° GeV. Moreover, the
NANOGrav collaboration analyzed 12.5 years pulsar timing data and reported strong evidence
for a stochastic common-spectrum process which can be interpreted as a gravitational wave
(GW) with frequency f ~ 1/yr [284]. Various works (for example, Refs. [285-288]) explore
the possibility that the above GW is originated from cosmic strings formed by breaking of
U(1) gauge symmetry, and the relation between the NANOGrav results and lentogenesis in the

minimal gauged U(1)r,—r, model will be study in future work [289].

6.3 Non-thermal Leptogenesis in the Minimal Gauged U(1)z, r,
Model

After inflation ends, the Universe is reheated through the inflaton decay. In the following discus-
sions, we consider the case where the inflaton decays dominantly into RHNs; more specifically,
we assume that the quartic coupling Mg, |H|?|o|? is negligibly small and that my, < 2myz.* The

total decay rate of inflaton in this case is given by

1
2 2 2 2\2 | 2
S L 2T+ MG) (M~ M)
v o 32w m? md,
2 (M; + M;)? )2 (M; — M;)?
X |:R,e (h@]) {1 — T + Im (hl.7> 1-— T N (627)

4We can instead assume that g% is negligibly small. In either case, we can always find a value of g} that
satisfies the condition (6.14).
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where ﬁij = Ea,,@ hapf2ai€dgj. As it turns out later, the couplings fL,;j are perturbative and
'y < Hiye in the parameter region of our interest. We then estimate the reheating temperature

as

1
90 \+

Tp ~ | — r,Mp, 6.28

f <7729*> e ( )

where g, = 106.75 is the relativistic degrees of freedom at the end of reheating.

If Tr < 0.1My, the produced RHNs are out of thermal equilibrium,” and their subsequent
non-thermal decay generates a lepton asymmetry. In this work, we focus on such a parameter
region where this condition is satisfied and leptogenesis takes place non-thermally. For a higher
reheating temperature, we need to take account of the inverse decay and scattering processes
with the thermal plasma; a detailed analysis for this case will be given in the author’s future

work.

As shown in Eq. (4.49), the baryon asymmetry generated in the non-thermal leptogenesis is

computed
Yp=—=—— — (2€) , (6.29)

where €5 is the effective asymmetry parameter defined by the averaged asymmetry parameter
over the RHN decays:

1
ot = 5 > (i +¢€j)Br(p — NilN) . (6.30)

i<j
As seen in Eq. (6.29), to obtain Yp > 0, we need €. < 0.

Now we show the predictions of our model. Let us begin with briefly summarizing the input
parameters in this model. As discussed in Sec. 5.1, there are nine parameters in the light neutrino
sector, among which four parameters are determined as functions of the other five parameters
through the two-zero minor conditions (M1, = [M, '], = 0 as in Egs. (5.7) and (5.8). We
then fix four of the remaining five parameters using the neutrino oscillation data as in Tab. 2.2
and 3 to be 51° for the avoidance of the present constraint on the sum of the neutrino masses.
As a result, there is no free parameter in the light neutrino sector. For the input parameters in

the RHN and inflation sectors, we take:

e )\, 0 and ¢ in Eq. (6.8) for the Dirac Yukawa couplings

e VEV of the U(1), 1, -breaking Higgs field, (o)

5We, however, note that the temperature of the Universe during reheating is in general larger than Tx [290, 291]
and thus RHNs may be produced from the thermal bath even if Tr < 0.1M;. In the following analysis, we neglect
their contribution just for simplicity.
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Figure 6.2: The ¢-6 plane for A = 0.01, (o) = 10" GeV, and A = 10'® GeV, exhibiting the area
where €. < 0 in the pink shaded region. The blue solid (gray dashed) contours show the ratio
My /My (Ms/My).

e Ain Eq. (6.9)

Once the values of A\, 6 and ¢ are chosen, together with the neutrino oscillation parameters,
we can uniquely determine the heavy RHN mass matrix as discussed in Sec. 6.1, as well as the
couplings h,s for a given value of (¢).° The parameter « in Eq. (6.23) and the e-folding number
N, are determined by solving Eq. (6.16), Eq. (6.24), Eq. (6.25), and Eq. (6.28) for a given set of
the above input parameters. Here, we require N, > 46 in order to satisfy the constraint on the
spectral index ng within 20. We do not specify the value of the U(1)r, 1, gauge coupling, gx,
as it does not affect the following analysis—we just assume that gx is taken to be in the range
VE/2 < gx < (167%K)Y* to satisfy m, < 2my and the condition (6.14). We can always find

such a gx for a perturbative value of k.

The pink shaded region on the ¢-0 plane in Fig. 6.2 shows the area in which e.g is predicted
to be negative, corresponding to Yz > 0, for A = 0.01, (¢) = 10'3 GeV, and A = 10'6 GeV. We
also show the ratios of the RHN masses, My /M; and Ms/Mj, by the blue solid and gray dashed

contours, respectively, which are identical to the ones shown in Fig. 6.1. Comparing Figs. 6.1

5We note that in this case hag x (o) "
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(o) = 1013 GeV,0 = 60", ¢ = 30
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Figure 6.3: The A-A plane for § = 60°, ¢ = 30°, and (¢) = 10" GeV. In the blue shaded
region, m, < 2M; and thus the decay of inflaton into right-handed neutrinos is kinematically
forbidden. In the orange shaded region, T > 0.1M7, for which our analysis for the non-thermal
leptogenesis is inappropriate. The black solid curve corresponds to Y ~ 8.7 x 10711 [25].

and 6.2, we see that the contribution of the heavier RHNs to the effective asymmetry parameter
is sizable—in a part of the region on the ¢-0 plane, €1 < 0 but €. > 0, and vice versa. It is also

found that e.g < 0 is realized in a fairly large fraction of the parameter space.

Now we show in Fig. 6.3 the allowed parameter region of this model on the A-A plane for
6 = 60°, ¢ = 30°, and (o) = 10'3 GeV. This value of (o) is chosen such that the cosmic-string
bound discussed in Sec. 6.2 is evaded. In the blue shaded region, m, < 2M; and thus the decay
of inflaton into RHNs is kinematically forbidden. In the orange shaded region, T > 0.1Mj,
for which our analysis for the non-thermal leptogenesis is inappropriate. The black solid curve
corresponds to the observed baryon asymmetry Yp ~ 8.7 x 107! [25]. We find that the latter
can be reproduced within the allowed parameter region indicated by the white strip between
the blue and orange areas. The mass scale of the inflaton and RHNs in this case is found
to be O(10'°) GeV, and the reheating temperature is O(10%) GeV. Over the parameter space
shown in this figure, the couplings h,z are O(1073) and thus perturbative and compatible with
the condition (6.13). The value of the spectral index, ng, is predicted to be ng ~ 0.96. This
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prediction can be tested in future CMB experiments such as CMB-S4 [292, 293].

The shape of the black solid curve in Fig. 6.3 can be understood as follows. In the bulk
region below this curve, Yp is predicted to be larger than the observed value. To see the change
of Yp in this region, we first fix A and examine the dependence of Yp on A. In this case, the
right-handed neutrino masses are fixed and thus the couplings h,g are also fixed. This means
that the inflaton decay width, I'y, is determined solely by the inflaton mass, and approximately
goes as o my, X A~! in the bulk region. It then follows that T/ m, and thus Yp as well, gets
larger for a larger A, roughly scales as oc A2, Just below the blue shaded region, however, the
inflaton decay width is highly suppressed by the kinematic factor, resulting in a suppression in
the reheating temperature and therefore in Yp. As a result, we can find a correct value of Yp
below the blue shaded area. Next, we fix A and consider the dependence of Yp on A. In this
case, as A decreases, the right-handed neutrino masses, and thus h,g as well, get smaller. This
leads to a lower reheating temperature. The asymmetric parameters ¢; in Eq. (6.6) are also
suppressed for a smaller A\. Hence, Y decreases as A gets smaller (Yz ~ A*) and at a certain
point (A 2~ 0.002) it coincides with the observed value, Yz ~ 8.7 x 107! [25].

A large value of Yp in the bulk region below the black curve would be depleted once we
include the thermalization of the RHNs and the wash-out of the lepton asymmetry by the
thermal bath. This implies that we may find other parameter regions that are compatible with
the observed baryon asymmetry, with the thermal effect taken into account. This possibility

will be explored in the author’s future work.

If we take a smaller value of (o) than that in Fig. 6.3, we need a smaller A in order to keep
my, larger than 2M; (see Eq. (6.25)). On the other hand, the reheating temperature is larger for
a smaller (o) since hqop increase as o <a>_1, as noted in footnote 6, and therefore the boundary
of the Tr > 0.1M; region gets closer to the m, < 2M; region; namely, we need m, ~ 2M; to
suppress the inflaton decay width kinematically so that the non-thermal condition is satisfied.
As a result, the allowed parameter region is considerably narrowed down, though the observed

value of the baryon asymmetry is still reproduced along the border of the kinematic bound.

All in all, we conclude that the non-thermal leptogenesis can be realized successfully in the
framework of the minimal gauged U(1)r, r, model, though the allowed parameter space is
rather restricted. Our inflation model can be tested in the future with a precise measurement
of ng in CMB experiments, as well as through the search for the cosmic string signatures in

gravitational-wave experiments such as LISA.
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6.4 Summary and Discussions of Chapter 6

In this chapter, we have discussed the non-thermal leptogenesis in the minimal gauged U(1)r, .
model as an example of interesting phenomenology in the case where the U(1)z, 1, are broken
at high energy scale. We regard the U(1)r, 1 -breaking scalar as inflaton and consider the
Lagrangian in Eq. (6.9) for this field and then found that this potential can offer successful
inflation that is consistent with the CMB observation. By requiring that the measured value of
the power spectrum be reproduced, we determine the value of the inflaton self-coupling « as a

function of other input parameters, for which we take A and (o) in Eq. (6.9).

As discussed in the previous chapter, the minimal gauged U(1)z, ., model has nine param-
eters in the light neutrino sector, and among them, four ones are determined by the other five
ones because of the two-zero minor structure of the neutrino mass matrix. Also, the structure of
the RHN mass matrix is determined by fixing three parameters for the Dirac Yukawa couplings,

Ao (o= e, u, 7) [42]. Our model, therefore, has five free parameters, A, (o), and Ay (o = e, u, 7).

We then study the non-thermal leptogenesis in our model, focusing on the case where the
inflaton decays only into RHNs, and these RHNs are never thermalized after the Universe is
reheated. The successive decay of RHNs then generates a lepton asymmetry, which is converted
to a baryon asymmetry through sphaleron processes. We find that the observed value of baryon
asymmetry can be explained in this scenario. In particular, the correct sign of baryon asymmetry
can be obtained in a wide range of parameter space. We recall that our choice of § > 7, which
is favored by the present neutrino oscillation data [109, 110, 294], was crucial in obtaining this
result; if we instead chose § < 7, we would obtain a wrong sign for the baryon asymmetry in

most parameter regions.

Our analysis shows that baryon asymmetry tends to be overproduced in the non-thermal
leptogenesis scenario. This observation gives a strong motivation for a more detailed study on
leptogenesis in this model with the effect of the thermal plasma taken into account—we shall

return to this issue in future work [289].
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Chapter 7

Secluded dark matter in the
U(1) L,—L, model and indirect
detection by neutrino telescope

In the previous chapters, we have focused on the U(1), . gauge symmetry itself and discussed
the neutrino mass structure in chapter 5 and implication for leptogenesis in chapter 6. In the
previous chapter, we have assumed that the scale of the U(1)r,r,-breaking is much higher
than the electroweak scale. On the other hand, we focus on the U(1)r, r,-breaking at the

electroweak scale in this chapter.

We have seen that the WIMP dark matter, which is one of the strongest candidates, has two
kinds of regimes, namely, the usual WIMP regime and secluded one, in chapter 3. WIMP DM
can be produced naturally through the thermal freeze-out mechanism and has been discussed
in various previous works. For several decades, lots of experiments and observations have tried
to discover WIMP DM. However, no one detects it so far, and scattering and annihilation
cross sections between DM and SM particles are severely constrained, as shown in section 3.3.
The secluded DM, which is reviewed in section 3.2, is one possibility to relax the severe direct
detection constraints on the DM-nucleon scattering cross section because the DM annihilation
cross section depends only on the coupling between DM and mediator. Therefore, scattering

cross section can be small while keeping large annihilation cross section.

U(1)r,-r, gauge symmetry and corresponding gauge boson play important roles in the
secluded WIMP DM scenario. First, if DM has U(1)z,-z, charge, an accidental symmetry
guarantees the DM stability even after spontaneous symmetry breaking of U(1)r, 1, gauge
symmetry. Therefore, we do not have to introduce Zs discrete symmetry by hand for DM
stability. Second, the U(1)r,_r, gauge boson has no coupling to electron and quarks at tree
level, and thus, not only the gauge boson can avoid experimental searches, but also the U(1)z, 1,

charged DM can do severe constraints from direct detection experiments.
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This chapter is dedicate to the U(1)r,r,-charged DM and indirect detection by neutrino
observation experiments, and this discussion is based on Ref. [35]. In Sec. 7.1, we summarize a
history of DM in the U(1)z, 1, models. In previous works, many attempts have been made to
explain the relic abundance of U(1)r,r,-charged DM and muon anomalous magnetic moment
simultaneously. We explain the previous works and the difference between them and this thesis.
In Sec. 7.2, we show the U(1)r,—,-charged DM model. In Sec. 7.3, we discuss DM physics in the
U(1)r, -z, model. First, fixing the U(1)z, ., gauge boson mass and gauge coupling constant to
explain the muon g — 2 discrepancy, we explore whether the observed abundance of DM can be
produced in the thermal freeze-out scenario. Then we also investigate experimental and astro-
physical constraints. As revealed later, although the mediator has no coupling to the electrons
and quarks, the direct detection experiments give strong constraints on the U(1)r,r,-charged
DM, and this DM is required to have sub-GeV mass. In Sec. 7.4, we discuss the possibility of
DM indirect detection by neutrino observation experiments, such as Super-Kamiokande (SK)
and Hyper-Kamiokande (HK).

7.1 History of U(1);, 1. Charged Dark Matter

Before discussing U(1)r, 1, charged DM and indirect detection by neutrino observation exper-
iments, in this section, we briefly summarize DM in U(1)z, 7, models which have discussed in

the previous researches.

First discussion of U(1)r,r, charged DM has appeared in the context of the muon g — 2
in Ref. [295], and the DM relic abundance and contribution of U(1)z, 1, gauge boson to the
muon g — 2 have been mentioned briefly. After that, in Ref. [296], the U(1)r, 1, charged
DM model which explains the muon g — 2 discrepancy simultaneously has been discussed in
detail. Refs. [296, 297] have explored the possibility of direct, indirect, and collider experiments,
and the excess of positron flux in cosmic rays reported by HEAT, PAMELA, and Fermi-LAT
collaborations have been explained. These works assume that DM and U(1)r, -1, gauge boson
has GeV~TeV scale masses. After these works, Ref. [55] has focused on contributions of the
U(1)1, 1, gauge boson to neutrino trident production process (v, N — v, Ny ;™) and obtained
the constraints on the U(1)r, 1, gauge boson by analyzing the results of CHARM-II [53] and
CCFR [54]. Then the U(1)r, 1, gauge boson with more than GeV scale mass has been excluded

as a new particle which explains the muon g — 2 discrepancy.

After the above analysis of the constraint from neutrino trident production, the works related

to the U(1)r, -1, charged DM are roughly classified into three types :

e The U(1)r, 1, gauge coupling constant which explains the muon g — 2 discrepancy is too

small to realize the observed relic abundance of DM. When DM mass is close to a half of
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fields SU@2),  UQ)y U)oL

(Le. Ly, Ly) 2 —1/2  (0,+1,-1)

(er, LR, TR) 1 -1/2 (0,+1,-1)
P 1 0 qQy

Table 7.1: Charge assignment

the U(1), -1, gauge boson mass, the annihilation cross section of DM is enhanced by the

Breit-Wigner enhancement, and the U(1)r, 1, gauge boson can be a mediator [298].

e To obtain enough annihilation cross section, other mediators are introduced, and the

U(1)r, -1, gauge boson is devoted to explaining the muon g — 2 anomaly [62, 299-301].

¢ Abandoning the explanation of the muon g—2 discrepancy, contributions of the U(1)r, 1,
gauge boson to other BSM physics are studied. For example, relations with B meson
anomaly [302-307], excess in gamma-ray signal near the Galactic center [308], and positron

excess observed by AMS-02 [307] are explored.

In this chapter, both the relic abundance of U(1)z, 1, charged DM and explanation of the
muon g — 2 discrepancy are realized without other mediators and Breit-Wigner enhancement,

and this point is one of the novelties of this thesis.

7.2 Model

In this section, we show the U(1)r, ., charged Dirac fermion DM model, based on Ref. [35].
This model is based on an SU(3).xSU(2),xU(1)y xU(1)L, -, gauge theory. We introduce a
SM singlet Dirac fermion DM 1) that carries an L, — L, charge gy in the unit of the muon (tau)
charge being +1(—1). As mentioned in subsection 2.1.1, the above Dirac fermion DM produces
no gauge anomaly because it transforms vector-like under U(1)r, 1, gauge transformation.
The charge assignment for DM and leptons is summarized in Table 7.1. In this model, DM
has much larger U(1) L,—L, charge than the SM fields, and then, ) must appear with 1 in the
Lagrangian to preserve the invariance of the U(1)z,r, gauge symmetry. Therefore, even after
the spontaneous symmetry breaking of the U(1)z,_r,, an accidental global U(1) symmetry of
which only DM has non-zero charge remains. | Moreover, because of the observations of neutrino
oscillation by various experiments, at least two mass eigenstates of the neutrinos are undoubtedly

massive, and thus the neutrino sector should be extended. There are many previous works in

'If there are scalar fields with U(1) ., .—L, charge gy or gy 1 in this model, Yukawa interaction terms between
DM and SM leptons can be formed. In this case, there is no symmetry which guarantees the DM stability.
Therefore, we assume that such scalar fields do not exist in this model.
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which the relation between U(1)z, r, gauge symmetry and neutrino masses is discussed, for
example, Refs. [42-44, 243-245, 247]. However, neutrino masses is much lighter than the other
particles in the model, and they are negligible and irrelevant in the following discussion about

DM physics. Therefore, we assume that the neutrino masses can be approximated massless.

The model Lagrangian is given by

L= Lsm — gxXx (ﬂ’Y/\H — TN+ Dur Y vpr, — ETLV’\VTL>

1 1 €
= A X 4 §m§(X)\X>‘ -5 2B
+ 9 (i) — my) Y — quax Xavr (7.1)

Here, we assume that the mass of X is generated by the Higgs mechanism. However, since the
origin of the mass and scalar sector are irrelevant to our discussion about DM physics, we do
not specify them. Now, we have five free parameters, mx, gx, my, qp and € in the model.
In this paper, we will consider ¢, as a free parameter that takes an arbitrary value unless it
violates unitarity. As will see in section 7.3, a large gy is indeed required to explain the observed
DM abundance. Such a large gy is allowed phenomenologically, but it may be unnatural from
the theoretical perspective. We do not discuss in this paper any UV origin of the large charge
hierarchy between DM and muon, but one of possible UV extensions includes the addition of
another dark U(1) gauge symmetry that is coupled only to DM. If DM is not charged under
the U(1)L,—r, symmetry and there is a small mixing between two U(1)’s, we will be able to

apparently realize the large charge hierarchy.

We further assume the kinetic mixing € of X and the hypercharge gauge field B is vanishing
at some high scale. Nonetheless, as shown in subsection 2.1.2, the gauge kinetic mixing between
X and the SM photon appears in this model, and then X couples to the electromagnetic current

as follows :
LxEM = EAEXHJ]SM . (7.2)

This interaction contributes to the elastic scattering process of the DM with the nucleon and
electron, and the constraints from the direct detection experiments are given, as discussed in

subsection 7.3.2.

This model has four free parameters, the mass of the U(1)r, 1, gauge boson my, gauge
coupling constant gx, DM mass my, and U(1)z, -1, charge of DM ¢g,. Among them, we set m.x
and gx so that the U(1)r, 1, gauge boson explain the discrepancy of the muon g —2 [50] :

Aay = aS® — a;M = (261 £79) x 107 . (7.3)

From Eq. (2.16), the parameter region in my — gx plane where the above discrepancy can be

explain is given by Fig. 7.1. As explained in subsection 2.1.3, the favored region by the muon
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Figure 7.1: Constraints on the U(1)r,r, boson and muon g — 2 favored region. Dark (light)
red area corresponds to the 1o(20) favored region of the muon g — 2, respectively.

g — 2 at 10(20) level is shown in dark (light) red area, and the experimental, cosmological, and
astrophysical constraints correspond to the various colored lines and areas. In the model with
U(1)r, -1, charged DM, the bound from the BABAR experiment is different from the tha case
without DM. The dashed blue line corresponds to the constraint when the Dirac fermion DM
has five times larger U(1)r, 1, charge. As mentioned in subsection 2.1.3, BABAR experiment
constraints on X by the search for ete™ — u*pu~ X process with a subsequent decay X — put ™.
Therefore, as gy is much larger than the charge of the muon, the branching fraction of X — p*p~
decay is much smaller than the case for ¢, = 0, and then the limit by BABAR experiment is
weaker. We show in the figure the BABAR limit for ¢, = 5 with the dashed blue line, assuming
DM is much lighter than X. Hereafter, we focus on the parameter space where the muon g—2 is
explained within 20 while avoiding the other constraints from the BABAR, CHARM, Borexino
experiments, WD cooling, and A Nqg-.

7.3 Dark Matter Physics

In this section, we study the DM thermal production and constraints from direct detection and
CMB observations.

95



7.3.1 Dark Matter Relic Density

As shown in Eq. (3.1) in section 3.1, the DM thermal relic abundance is calculated by the
Boltzmann equation and given by

dn OannUre e
S 4 3, = —<21> (3 — (n9)?) | (7.4)

where H denotes the Hubble parameter, and ng does the DM number density. The right-
hand side of Eq. (7.4) is different by 1/2 from that of Eq. (3.1). This is because the DM
in this model is Dirac fermion, and the total (equilibrium) DM number density is given by
n((fq) = nSQ) + nfo). Therefore, the annihilation cross section of i averaged over the thermal
distributions of the initial state (oannvrel) should be twice that of total DM (¢ + ). Study on
precise calculation of the thermal relic density [196, 309] indicates the canonical value of the

cross section to explain the observed DM abundance,
(Canntrel) /2 ~ 3 x 10726 cm3/s (7.5)

for DM mass ranging from MeV to 100 TeV.” In this chapter, we employ micromegas_4 3.5 [310]

to calculate the DM thermal abundance numerically.

In the U(1);,_z, charged DM model, there are two kinds of DM annihilation processes,
v = ff (f = p7,vu,vr) and P — XX. If the DM is lighter than the U(1)r, -, gauge
boson, the only possible annihilation process is ¥ — ff through the s-channel X boson

exchanging. The annihilation cross section is given by

o (3 + m3)(1 = md /312
27 (4m12p —m%)? + m4T%

gk e

2m (4m3 —m%)? + miT%

(f::uaT)7

GO (7.6)

(f = VM7I/T) ’

where I"x denotes the total decay width of X and we only keep the partial s-wave. Since the
gauge coupling constant gx is as small as O(10~%) for the successful explanation of the muon
g — 2, the resulting annihilation cross section is too small to achieve the correct relic abundance
for g, = O(1). Therefore, for enough annihilation cross section, the DM mass have to be fine
tuned to satisfy my ~ mx /2 or the U(1);, 1, charge of DM satisfies ¢, > 1. A comprehensive
study of the resonant production has been made on a benchmark point my, = 0.45mx [298],
including various experimental constraints. We study another option of exploiting the large DM

charge as well as the resonant case.

2Ref. [309] precisely calculates the annihilation cross section of WIMP DM that requires for a successful
production of WIMP DM through the thermal freeze-out mechanism and indicates that DM with MeV mass
requires (Tannvrel) ~ 4 x 10726 [em?/s].
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If DM is heavier than the U(1);, _r, gauge boson, the other annihilation channel ) — XX
opens, and the annihilation cross section of that process is given by
(qpgx )t (m3, —m%)3/?

(ov)xx = iy (@2 mZ ) (7.7)

The annihilation cross section of 19 — X X process in Eq. (7.7) is proportional to qf;, while that
of Y1) — ff in Eq. (7.6) to q?p. Therefore, even if there is no enhancement by tuning between
the DM and U(1)r,r, gauge boson masses, the DM annihilation cross section can be large
enough to realize the successful thermal production only for g, > 1, and Y1) — XX process

gives dominant contribution.

7.3.2 Direct Detection Constraints

As shown in Eq. (7.2), the U(1)p, 1, gauge boson couples to the electromagnetic current Jgy
through the small gauge kinetic mixing €4, and then the scattering of DM with a nucleus and
an electron can occur, although the cross section is suppressed by 6?4. The mixing with the Z
boson €z also causes the scattering. However, ez is suppressed by a factor of m§( / mQZ, compared

with the leading contribution, and thus we neglect it.
In this model, the effective coupling constants of 1)pp and pnn are given by

€ACGpIX
o= =0, (7.8)
X

and from Egs. (3.9) and (3.11), the SI scattering cross section of DM with a nucleus is given by

2 7262 242 52
st _ M A 9Ix
oN = TNTJ 7 (7.9)

here uy = mymy/(my + my) is the reduced mass of DM and a nucleus with my being
the nucleus mass, Z the atomic number of the nucleus. This scattering is very similar to the
one via the photon exchanging induced by the DM charge radius, by, = e€aqpgx/ m?X Thus,
the cross section is proportional to Z? rather than A? with A being the atomic mass. As
shown in Fig. 3.5, the most stringent current limit on the cross section is set by XENONI1T
(5 GeV < my) [32], XENONIT with ionization signals (3 GeV < my, < 5 GeV) [33], DarkSide-50
(2GeV S my $3GeV) [311], XENONIT with migdal effects (0.1 GeV < my, < 2 GeV) [34], and
a TEA-LAB simulated experiment inspired by the DarkSide50 result (0.05GeV < my < 0.1GeV)
[312].

Similarly, from Eq. (3.15), the cross section of the DM-electron scattering is given by

2.2 .2 2
-y e
O — —

7 7.10
T (m% 4+ a?m2)?’ (7.10)
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where p. denotes the DM-electron reduced mass. The constraints strongly depend on the
scenario if the scattering depends on momentum-transfer ¢ or not. If the X boson mass is
much lighter than keV, the scattering is enhanced at a small momentum transfer. Then, we
have to take into account a DM form factor, Fpy = (ame/q)?. Since we are interested in
myx 2 6 MeV, however, the scattering is momentum-transfer independent, so that we can use
the limit with a DM form factor, Fpy = 1, in the literature. As shown in Fig. 3.8, the most
stringent current limit on the cross section is set by XENONIT (30 MeV < my;) [33], DarkSide50
(20 MeV < my < 30 MeV) [311], XENON10 (10 MeV < my < 20 MeV) [171], and SENSEI
(my <10 MeV) [174].

7.3.3 Cosmological Bounds

DM pair-annihilates into charged leptons and neutrinos. These annihilations during the cos-
mic dark ages and the BBN era have impacts on the ionization history and Ncg, bringing us

cosmological bounds. We will give brief comments on these bounds in the following.

A. CMB

Annihilation of DM into charged particles and photons increases the ionization fraction in the
post-recombination era, modifying the CMB anisotropies and in turn providing the strong limit
on the cross section. According to Refs. [313, 314], we adopt a conservative limit on the thermal
averaged cross section into charged final states, (00)charged/(2my) < 5.1 10727 cm? s~ 1 GeV 12,
It suggests that there is a lower mass bound m,;, 2 5 GeV if the annihilation into charged particles

is only responsible for the thermal production.

Let us see the impact of the CMB limit on the model. For m,, < mx, DM can only annihilate
into the muon, tau particle, and neutrinos. Since the cross section for these three processes is
almost same, (o), +,- 7+, = 10726 cm? /s is suggested if kinematically possible, excluding the

DM mass up to several GeV. Thus, the CMB observation excludes the region where m,, < my.

For m,, > mx, the annihilation is dominated by Ynp — X X followed by X — vi. The cross
section for the annihilation into charged states is smaller by a factor of (1/ qi) than 1 — X X.
In this case, there is less significant energy release from DM annihilation into electron and
photon. The CMB bound is much weaker than that for m,; < mx. Nonetheless, the CMB
observations partly limit the parameter space. We shall estimate it by considering mx < my,
for simplicity. The cross section of 19 — pT ™ is related to that of 1) — XX as

[1 + mi/(2mi)} (1 — mi/mi) i

(0v) - = Q?p X (ov)xx- (7.11)

3Since we consider Dirac DM with the symmetric relic, the left-hand side is divided by 2.
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The canonical cross section is (ov)xx/2 =~ 5 x 10726 cm? /s for Dirac DM [196, 309] in the sub-
GeV region where the direct detection bound will be avoided. Plugging the canonical value in
Eq. (7.11), the CMB bound reads

GeV m? m2\"?
qiz9.8(m ><1+2g><l_5> : (7.12)
W ey ey

It follows from this equation that ¢, < 6.9 is excluded for m, = 200 MeV. We illustrate the
CMB bound expressed by Eq. (7.12) in Fig. 3.1 (right).

B. Effective neutrino number N.g

The annihilation into neutrinos reheats the SM plasma when DM becomes non-relativistic. If it
occurs after the neutrino decoupling, only the neutrino is reheated and the neutrino-to-photon
temperature ratio increases, resulting in a higher expansion rate at the BBN than the standard
scenario. The expansion rate at the BBN, together with the baryon-to-photon ratio, affects the

primordial abundances of helium and deuteron.

The change of the expansion rate is rendered in the effective neutrino number Neg. A
significant deviation of Neg from the standard value Neggv = 3.046 [112] is faced with the
precise Planck observations. In [315-318], the authors calculate the increase of Neg by a relic
particle coupled to neutrinos, assuming that the particle is only in equilibrium with the neutrinos
during the BBN. They obtain the lower mass bound of Dirac DM my, 2 10 MeV, which is drawn
in Fig. 7.2 with light blue.

7.3.4 Allowed Region

Fig. 7.2 shows the allowed region in the (my, ¢y) plane. The left panel corresponds to the usual
WIMP case (my, < mx), while the right panel to the secluded case (m, > mx). In both panels,
we scan two parameters, myx and gx, such that the experimental and cosmological limits given
in subsection 7.2 are avoided. The DM observed abundance, Qcpyh? = 0.12, can be explained
in all the regions in the plots, except for the dark gray region where Q¢h2 > (.12 is predicted.
We also highlight the 1o (20)) muon g — 2 favored region with the (light) red band.

In Fig. 7.2 (left) with m,; < mx, the muon g — 2 explanation and DM production are
simultaneously achieved in a wide DM mass range. In particular, we find that the non-resonant
DM production is realized for ¢4 2 O(10), otherwise, a large resonant enhancement is needed.
We also show the excluded regions from the CMB (green) and Neg (light blue). These restrict
the DM mass to be 10 MeV < m,, < 100 MeV. Note that the BABAR limit (blue) depends on
qyp for my, < mx /2. We estimate this limit by rescaling the announced BABAR limit [59] with

the branching ratio: gx — gx - {Brx_ 4l /Brxpt |qw:0}1/2. Naively speaking, the limit
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Figure 7.2: The allowed parameter region in the plane of the DM parameters. Dark (light) red
region is favored the muon g — 2 at 1o (20) level. Shaded regions are excluded by the CMB
(green), ANeg (light blue) and direct detection (black) and the BABAR (blue) experiments.
The dark gray region is disfavored by the DM overabundance (€2,,h% > 0.12).

is weakened by a factor of gy, compared to the announced one. The BABAR limit excludes the
region of g, <5, although it is overlapped with the CMB limit.

It is obvious from Fig. 7.2 (right) that allowing the large g, opens a new mass regime,
my > mx, that has not been pointed out in the previous study. The heavy DM mass, even
O(100 GeV), is allowed in this regime. The leading constraints in the heavy mass region are
set by the direct detection experiments. Given the current results, the DM mass should be
lighter than 2 GeV to resolve the muon g — 2 anomaly. In contrast, if we do not require the
muon g — 2 explanation, the direct detection limit can be very weak, since we can consider the
heavy X boson outside the light red band in Fig. 7.2. The gain of the X boson mass does not
affect the DM production much, while it considerably reduces the elastic scattering with nuclei
and electrons, thereby weakening the direct detection bound®. As far as the indirect bounds
are concerned, the Neg bound disfavors m,, < 10 MeV, while the CMB gives a complementary
constraint in the O(100 MeV) region, but only a small part is covered yet. Altogether, it is
10MeV < my S 2GeV where the muon g — 2 anomaly and DM are both addressed. One may
wonder if the large DM charge will generate a sizable Sommerfeld enhancement at the freeze-out
or in indirect searches. We have confirmed, however, that there is no sizable Sommerfeld effect

in the parameters space we consider.

“The leading constraint on the heavy X boson is e.g. from a CMS search [319], but it is weaker than the
constraints on the light X boson. Thus, we have no difficulty in making the X boson heavy enough to avoid the
direct detection limit.
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It has turned out so far that allowing the large DM charge opens two new DM production
regimes; (i) the non-resonant production for m, < mx and (ii) the secluded production for m,, >
myx. These are overlooked possibilities in the previous study. Given the new phenomenological
possibilities, it is natural to explore the signals of DM in this new parameter space. In the
next section, we will study the indirect signals of this DM candidate at neutrino telescope

experiments.

7.4 Indirect Detection by Neutrino Telescope

In subsection 7.3.4, we have shown that the DM annihilation cross section is large enough to
realize the successful thermal production of the U(1),r, charged DM without the resonance
enhancement by the fine tuning of the X and ¢ masses when the DM U(1)z, 1, charge is large
enough. This large annihilation cross section leads to an excess of the neutrino flux from the
galactic space. In this section, we discuss the sensitivity of the SK to the neutrino flux excess
and the prospect at the HK.

There are some dedicated works which discuss signature of neutrinos originated from DM
annihilation in the framework of simplified models [320-327]. In these works, the DM annihi-
lation is considered in the usual WIMP regime, namely, it produces a pair of neutrinos. The
resulting monochromatic neutrino fluxes are compared with the results of searches for unknown
extraterrestrial neutrino sources [328, 329], supernova relic neutrino (SRN) searches [330-332]
and atmospheric neutrino measurements [333], to derive upper limits on the annihilation cross
sections. In the following, we perform an independent analyses for the DM signals measured at
the SK, assuming that the extra neutrino flux originates from the direct annihilation ) — vz
or the secluded annihilation 1) — XX — 2020 in the Milky Way. We also note that the
analysis in this section is applicable as far as the event topologies are the same only by changing

the model-dependent flux normalization.

7.4.1 Neutrino flux from DM annihilation

We here assume that neutrinos are Dirac particles for definiteness, but the result will be un-
changed even if these are Majorana particles. From Eq. (3.16), the expected electron (anti-
)Jneutrino flux at the detector from DM pair annihilation in the galactic halo is expressed by

ann

dparn 1 .
Ve () (ov), dN;
dE,  4n 2. am? " dE, Jan (7.13)

)

where (ov), denotes the annihilation cross section into a final state i, x is a model dependent
constant which characterizes electron-neutrino flavor fraction, dN;/dE, the neutrino spectral

function for the final state i, Jaq the astrophysical J-factor shown in Eq. (3.18). Here, we assume
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the NFW profile as DM density distributions in the galactic halo, and we set the parameters in

the NFW profile and J-factor as the following conventional values :

scale radius : 75 = 20 kpc
normalized density profile : p(r = rg) = 0.4 GeV/cm? | (7.14)

angular range : 0° <b<90°, 0° <[ <180°.

The resulting all-sky J-factor is Jag ~ 1.5 x 10* GeV?/cm®. As an example for calculating
the model dependent constant x in Eq. (7.13), if the neutrino flavor ratio at source is v : v, :
v; = 0:1:1, then the flavor ratio at the detector is 1 : 2 : 2. Thus, k = 1/5 is obtained for
U(1)L,—z, DM model. If we consider other gauged U(1) models, the neutrino flux is obtained
by changing the value of k. For example, in the U(1)p_; model, the neutrino flavor ratio at
source is Ve : v, : v = 1 :1: 1, then the flavor ratio at the detector is also 1 : 1 : 1, and then
k = 1/3 is obtained.

The neutrino flux exhibits a distinctive feature. There are two important annihilation modes,
which are 1) — v, XX. The former is dominant for my < myx, while the latter for m, >
my. In the former annihilation, the neutrino spectrum is monochromatic at £, = m, in
the center-of-mass frame of the annihilation. Since DM is almost at rest in the galactic halo,
the monochromatic feature is maintained in the lab frame that is the rest frame of the DM
halo. When the annihilation occurs in the Milky Way, the redshift is negligible. Therefore, the
neutrino spectrum at the detector keeps the monochromatic form, dN/dE, x 6(E, —m,). This
spiky spectrum is easy to be disentangled from the smooth background spectrum, providing a

good sensitivity.

In the secluded annihilation ¥ — XX — 2020, the neutrino spectrum takes another
characteristic form. The spectral feature from such a cascade annihilation has been studied in
[334] for an intermediate state with an arbitrary spin, and the authors have shown that the
spectral shape in general depends on the polarization of the intermediate state. In what follows,
we restrict ourselves to an annihilation process 1) — VV — 2020 with a vector boson V' (not
necessarily be the X boson), and briefly review the spectral form. In the rest frame of the
decaying V, each of emitted neutrinos has a monochromatic spectrum at E!, = my. In the lab
frame, the neutrino energy is boosted and reads

2
B, =" v (7.15)

2 M
1—00501/1—7“‘2/

where ry = mv/mw and 0 is the angle between momenta of the parent V' boson and the

emitted neutrino in the lab frame. There is a sharp kinematical cut of the neutrino energy. The
maximum (minimum) neutrino energy corresponds to § = 0° (180°). Since the emission angle 6

determines the neutrino energy in the lab frame, we can obtain the neutrino energy spectrum
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once we know the angular distribution of the neutrino emitted by the V boson decay. If the
V boson produced in 1) — VV is unpolarized, the neutrino emission is isotropic and has no
angular distribution. In this case, the neutrino spectrum has no energy dependence between the

kinematical endpoints, i.e. it takes the so-called box shape [335, 336],

dN 2

dE, = mw(l — T‘Q/)l/gg(y - y—)@(y-i- - y)? (7.16)

where y = E,/my and y+ = (1 +,4/1— r%) /2 and ©(y) is the Heaviside theta function. On
the other hand, if the produced V boson is polarized, the neutrino emission has an angular

distribution and hence the resulting neutrino spectrum has an energy dependence.

In general, the neutrino spectrum in the 1) — VV — 2020 process is expressed by

dN 1

i, " my mZ Brmn [fm(y) + Fn(v)] (7.17)

n
where the summation runs over V' boson helicity m,n = +1, 0, —1 and Bry,, denotes the

production branching fraction for each helicity state,

ov(Y)p — Vi Vi)

Bry,, = = . 7.18
o Zm,n v = Vi V) ( )
The spectral functions f,(y) are in the form of
3dy —4y? —r%
_3 o _ 1

foly) =35 =12y Oy —y-)0(y+ —v), (7.19)

30(y —y-)O(y+ —

f:l:l(y) _ 2 (y Y ) (y-l- y)

4 (1-— rg()3/2
X |2 —dy +4y® — 13 £2(C1 — C_1)(2y — 1)y/1 — r_%{] , (7.20)

where (), are model-dependent coefficients that characterize how the intermediate state with
the different polarizations couples to the decay products. For example, when the vector boson

couples to the final state fermions as f (g, vy*Pr + g7, vY"Pr) ['V,, we find

2 2
m2+m?2, 2 )
Co L Ly i DL (7.21)
ZmV 95.v + e v My
C.q~ gJ%R,V(l B CO) 2gfL,ngR,V(g]2”L7V - gJQIR’\/) mym g - 99
+1 = 75 + 2 ( 2 i 2 )2 m2 5 ( . )
95, v T 9fpv 9. v T 9fp v v
C 97,1 = C0)  205.v 910 (9,.v — Ifu) mymy (7.23)
-1= 2 2 - 2 2 2 .
I5.v T 9w (9F,.v +97v)° mi,

in the leading order in my/my or mg /my [334]. Here, we would like to mention the relation,

1 Oy —y-)O(y+ —y)
3 zm: fm(y) = 1- TQV)JQ : (7.24)
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It follows from this relation that if the branching fraction is helicity-independent, i.e. the V

boson is unpolarized, then we exactly obtain the box-shape spectrum Eq.(7.16).

Now let us return to our model. The X boson mostly couples to the left-handed neutrinos
which can be regarded as massless, so that Cy ~ C; ~ 0 and C_; ~ 1. Further, the polarization

of the X boson produced in the annihilation 1) — X,,X,, is purely transverse,
Br = diag(1/2,0,1/2). (7.25)

As a result, the neutrino spectrum is in the form of a bowl-shape,

AN 2 3(2—4dy+4y? —r%)

dB, my 41— r% )32 O(y —y-)O(y+ — ). (7.26)

In Fig. 7.3, we show the neutrino spectrum Eq.(7.26), which is symmetric with respect to
E, = my/2. The width of the spectrum is determined solely by kinematics and is given by

1-— 7“‘2/. As 1 and X are more degenerate, the width is narrower and the height is taller.

We would like to remark on the DM model dependence of the neutrino spectrum from the
secluded annihilation. For example, if DM is a complex scalar charged under the U(1) Lu—L~
gauge group as considered in [337], the annihilation into the longitudinally polarized X boson

is nonvanishing and the branching fraction depends on the mass degeneracy of DM and X,

T4
Br « diag (1, — X 1> . (7.27)
(2-1%)?

With a small rx, the annihilation into the longitudinal polarization is sub-leading and the
spectral form is similar to the bowl-shape, while all polarizations contribute equally with rx ~ 1
and the spectrum gets close to the box-shape. Moreover, the annihilation into the longitudinal
polarization can be even dominant if DM is sizably coupled to the Nambu-Goldstone mode of the
U(1)r, -1, Higgs field. In this case, the spectrum is like an upside-down bowl. With the current
and even future-planned precision, however, it will be difficult to distinguish the difference and
these spectra will look practically the same shape in experiments. It might be interesting if any

effort in future would realize good enough capability to discern the difference of the spectra.

7.4.2 Analysis

In this subsection, we explain our analytical method. We try to reinterpret the result of the
2,853 days SK search for SRN [331], to derive the limits on the DM annihilation cross section.
The signal in this experiment is an electron and a positron produced in the reaction of the inverse
beta decay (IBD) (7, +p — et + n) the neutrino absorption by Oxygen in the charged current
(CC) interactions (ve(7e) + 00 — e~ (eT) + X 4). The energy of the produced electron/positron
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Figure 7.3: The shape of the neutrino spectrum for the 1) — XX — 2127 annihilation.

is related to the initial neutrino energy as follows :

E.~FE,—13MeV (7p),
E.~E,—154MeV (.0) , (7.28)
E.~E,—114MeV (7.0).

If no excess of the recoil events is found, one can derive the limit on the neutrino flux, which is
in turn translated into the bound on the annihilation cross section.

The signal region is set to E, = 16-88 MeV which is divided into 18 bins with a 4 MeV width.

The number of the signal events measured in the i-th bin is expressed by

dd B
N; sig = Nsk TSK/dEz/ dEVE
v JE;

d v, 1 d v, d 7
x{ g L(E,, E.) + ( o EO(EV,E6)+ o eO(EV,Ee)>}, (7.29)

i+l
dEvis / dEe R(Eea Evis) G(Evis)

2\ dE, dE,
where Ny = 1.5 x 1033 denotes the number of free protons in the SK detector, Tsk the exposure
time of SK.

We combine SK-I (1,497 days), SK-II (794 days), and SK-III (562 days) data. To take
into account the detector efficiency and the finite energy resolution, we introduce the efficiency

function, e(FEy;is) (Fig. 10 of [331]), and the Gaussian-like resolution function,

1 (Ee - Evis)2
R(Ee, Evis) = mUeXP {_W} ) (7.30)
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with the width o(E.) = 0.4 MeV\/E./MeV + 0.03E, [321]. Here, FE, is the actual elec-
tron/positron energy, El;s the measured energy at detector and d®,, /dE, the neutrino flux orig-
inated from the galactic DM annihilation in Eq.(7.13). We use the NLO analytical expression for
the IBD cross section, doy,,/dE., in [338] and extract do,, o/dE, and doy;0/dE, from [339, 340].
For the latter, we assume the electron energy is mono-energetic, e.g. do, o0/dE,(E,, E.) =
0,,0(Ey) d(E. — E, —15.4MeV), and determine o0,,0(E,) from Fig.2 of [340].

There are four main backgrounds in the signal region E. = [16,88] MeV. The first one is
an electron from the Michel decay of a muon that is produced by the CC interaction of the
atmospheric muon neutrino in the water of the detector. If the momentum of the produced
muon is lower than the Cherenkov threshold, this muon is invisible and its decay electron
cannot be removed. This is called the invisible muon background. This has a kinematical edge
at F, >~ 60MeV. The second one comes from the CC interaction of the atmospheric electron
neutrino, producing the monotonically increasing events with the increasing F.. This dominates
the background above the kinematical endpoint of the invisible muon. The third one is an
electron produced via the neutral current (NC) interaction of the atmospheric neutrinos. This
is increased at the low energy bins. The last grouping of the background is due to heavy charged
particles, pions and muons, created in the NC reactions. Some of them survive the pion and

Cherenkov angle cut, and enter in the signal region. These backgrounds are shown in Fig. 7.4.
To derive the 90% confidence level (C.L.) limit, we first introduce a likelihood function,

. - . \Nion
(Nz,bkg + Nz,slg) hovs e—(Ni,bkg-i'Ni,sig)’
Ni obs!

for each bin and each SK phase. With this likelihood, we define the test statistic (TS) as
Li(N; sig))
TS = -2 g In | ———== ). 7.32
- < L£(0) (732)

where the summation runs over 18 energy bins and from SK-I to SK-III. The 90% C.L. limit

Li(Njsig) =

(7.31)

is obtained by solving TS < 2.71. Since TS is a function of the DM mass and annihilation
cross section TS(my, ov), we obtain an exclusion curve in the (my, ov) plane. To estimate the
HK sensitivity, we consider the 374 kton fiducial volume and 10 yrs livetime with the same
efficiency and energy resolution as the SK. The HK detector has an option of doping Gd to
reduce the backgrounds. In our analysis, it is assumed that the doped Gd reduces the invisible
muon background by 50% or 80%. The sensitivity curves are obtained by solving TS = 2.71
with Nobs = Npig.-

7.4.3 SK bounds and HK sensitivity

We compare the DM signal events with the observed events at the SK-I (1,497 days) in Fig. 7.4.
The left panel corresponds to 1) — v and the right panel to 1) — XX with mx /my = 0.5.
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Figure 7.4: The DM signal events measured in the SK-I (1,497 days) for ¢ — v (left) and
for 19) — X X (right). The cross section is fixed such that TS = 2.71. Solid (dashed) red and
blue curves correspond to the expected signal events with (without) backgrounds. Black points
correspond to the observed number of events in the bins with the error bars. The other colored
lines correspond to various kinds of background events that are taken from figure 14 of [331].

We assume 100 % branching fraction for the corresponding annihilation and fix the cross section
such that TS = 2.71. The red and blue curves represent the number of events in presence of the
DM annihilation. The dashed one is the signal and the solid one is the sum of the signal and

backgrounds.

The monochromatic flux predicts the distinct event shape, which is peaked at E. ~ my,
for 50 MeV DM. The shape is broader for 70 MeV DM, on the other hand. This is because
there are three reactions that produce the electron/positron with different energy: the IBD with
E. ~ E, — 1.3MeV and v,(7.) + 190 scattering with E, ~ E, — 15.4(11.4) MeV. The cross
sections for the latter two scatterings are still smaller at 50 MeV than the former, while these
become comparable at 70 MeV. Thus, another peak appears at an energy 10 MeV below the
DM mass. The resulting event shape takes a flatter form. The bowl-shape flux induced by
the secluded annihilation produces the broader event shape. The event excess in each bin is
not sizable, but it equally contributes to multiple bins, not losing sensitivity. The center of the
neutrino spectrum is at half of DM mass. On the other hand, the peak appears at slightly higher

energy because the cross section grows as the energy.

We show the 90% C.L. upper limits on the annihilation cross section and the future HK
sensitivity in Fig. 7.5. For the 1) — v¥ annihilation, we illustrate the similar limits derived

in the previous works [324, 325] for comparison. Our SK limit is consistent with their results
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Figure 7.5: The 90% C.L. upper limits on and the future HK sensitivity to the annihilation
cross section for ¢ — v (left) and 1p — X X (right) cases. The black solid (dashed) line
corresponds to the limit on the annihilation cross section from SK (HK). The results given in
[324, 325] are shown for reference and are shown in turquoise and brown lines.

below m,, = 50 MeV, while it is a little aggressive for higher mass. We guess the disagreement
originates from the difference in modeling the 1,90 cross section. We just assume the mono-
energetic electron in the reaction, but in general, the electron has a broad energy distribution.
This will weaken the signal strength and decrease sensitivity. For the secluded annihilation, the
limits depend on the mass degeneracy. When 1) and X are highly degenerate (mx /m, = 0.99),
the spectrum has a very narrow width and looks the line shape within the detector resolution, so
that the structure of the exclusion curve resembles the monochromatic one. On the other hand,
the curve is stretched, which reflects the spectral shape that has the center at E, = my /2.
As ¢ and X are less degenerate, the curve is shifting to the lighter mass. Interestingly, the
exclusion curves extend to the high mass region above 300 MeV due to the wide spectrum. The
sensitivity in this mass region is rapidly decreasing as the lower energy cut of the neutrino flux,
E_ = y_my, exceeds about 100 MeV. For instance, E_ ~ 0.28 m,, with mx /my = 0.9, so that
my ~ 350 MeV is the boundary. In the high mass region, the sensitivity may be increased
by combining other observations, such as measurements of the atmospheric neutrino flux by
the SK [333]. In both annihilation modes, the current SK limits are much above the canonical
thermal relic cross section, but the future HK sensitivity may reach down to it. We would like
to add that Ref. [325] also studies the reach of DUNE [341] and JUNO [257] experiments, that is
more sensitive than the HK in the same mass range. These sensitivity plots are shown in Fig. 7.6

(left). Also, the gray solid line shows in the left and right panels of Fig. 7.6 the canonical value
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of the DM annihilation cross section, (ov) ~ 10725 cm?/s ° as a reference. We should note
that, for 1) — v case, if the U(1) L,—L, charge of DM is not large, the resonant enhancement
of DM annihilation cross section is required at the early Universe. Therefore, the annihilation
cross section at the present time can be smaller than that at the typical freeze-out time. We
also note that the difference in modeling the v,O cross section will affect the exclusion limits
in the secluded annihilation as well. Nevertheless, we expect that the modeling error is not so
large compared with the monochromatic case unless DM and X are highly degenerate. This is
mainly because the neutrino flux is basically broad in the secluded annihilation, in contrast to
the monochromatic one, and hence the electron event shape is also broad without the electron
energy distribution in the 1,0 reaction. Thus, the exclusion limits will not largely be changed
even if another modeling generates a broad electron distribution in the reaction. The detailed
study of modeling the v,O cross section and its potential error is beyond the scope of this paper

and will be followed in a future work.

It may be useful to comment on how large impact the polarizations of the intermediate state
have on the cross section limits in Fig. 7.5 (right). If the intermediate state in the secluded
annihilation is an unpolarized vector or a scalar, the neutrino flux is box-shape. We have
analyzed the neutrino signature and calculated the upper limit on the cross section for such
a neutrino spectrum. Comparing the results with those of the bowl-shape spectrum, we have
found the difference is at most 10-20%. Since in general the neutrino spectrum is a medium of
the box and bowl-shape, we expect the cross section limit to be comparable with the ones in

Fig. 7.5 (right), independently of the annihilation fraction into each polarization state.

7.4.4 Implication for U(1),,_,, DM

In the above subsections, we have formulated the analysis of neutrino signature and evaluated the
experimental reach to the extra neutrino flux from the DM annihilation with neutrino telescopes.

In this subsection, we discuss the impact on the U(1)r, 7, DM.

In Fig. 7.6, we plot the predictions of the annihilation cross section for the parameter points
that can explain the observed DM abundance and the muon g — 2 as well as being consistent
with the experimental constraints in Fig. 7.2. The magenta and orange points give the cross
sections for m, < mx and m, > mx, respectively. The velocity of DM is assumed to be a
typical virial velocity in the galaxy, vee] ~ 1073, We also summarize various limits on the cross
section derived in the literature, in addition to our results (black lines with the ) mark). To
avoid the messy figure, however, we omit the similar limits that are already shown in Fig. 7.5.

The lines with the same mark (b, ) are extracted from the same paper: & Ando et al. [325],

® According to Ref. [309], the canonical value depends on the DM mass and (ov) ~ 8-9 x 1072° ¢cm?®/s is more
precise for 10 MeV < my S 1 GeV.
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Q Arguelles et al. [326] and SK20 [342]. In referring to these limits, we appropriately adjust the

neutrino flavor fraction to x = 1/5.

We see in Fig. 7.6 (left) that for m, < mx, the model predicts so large cross section that
the future experiments can reach. For some parameter points, the cross section is significantly
boosted to have even (ov) = 10722cm?/s. Such parameter points correspond to the resonant
mass region my ~ mx /2. If the DM mass is fine-tuned to such values at or below % level,
the thermal history of the DM production is modified to delay the freeze-out. Such a delay
requires a larger cross section than the standard case to deplete the number density down to
the observed value. The mechanism for boosting the cross section in this way is discussed
in [343, 344]. We review the detail of this mechanism in the Appendix B.2. Interestingly,
some of such resonant parameter sets have already been excluded by the SK data. When the
mass tuning to m, ~ my/2 is moderate, on the other hand, suppressed cross sections can
also be obtained. These are distributed over (ov) < O(1072) cm3/s in the figure (magenta
points). The suppression is caused if the cross section is highly enhanced at the typical freeze-
out time due to the physical X boson resonance. In this case, the small DM charge is enough
to thermally produce the DM abundance. As a result, the late-time annihilation, e.g. in the
galaxy, is suppressed because the DM velocity in the galaxy is too small to produce the X boson
resonance. This region corresponds mainly to ¢, = O(1). In the non-resonant region, the DM
thermal production works in the standard way, so that we have an almost constant canonical
cross section, (ov) ~ 1072% ¢cm?/s. None of the current experiments can reach the canonical
value, but future experiments including DUNE and JUNO will be able to cover the DM mass
of 20-100 MeV.

In the secluded region (m,, > my), the direct annihilation into a neutrino pair is suppressed
and the size of the cross section is at most ~ 10726 ¢cm3/s. This tendency is more pronounced as
DM is heavier. In this case, however, the secluded annihilation can be large (see Fig. 7.6 (right)).
We see the model predictions distributed slightly below the canonical value, (cv) = 10725 cm?3/s.
There is no enhancement in this mass region. The cross section can be kinematically suppressed
in the mass degenerate case, because the phase-space of the produced X boson becomes small
for the low DM velocity. Thus, a moderate mass splitting is favored to observe the signal,
although the high degeneracy produces the sharp neutrino spectrum and leads the strong limits.
Indeed, we see some parameter points lying much below the canonical value, where DM and the
X boson have close mass. The current SK limit is over one order of magnitude larger than the
predicted cross section. The estimate of the future reach is above the prediction by a factor of
3 or more. We hope that some future updates or improvements of the analysis will grow the
experimental sensitivity and reach the thermal relic cross section. Compared the HK sensitivity
with the DUNE and JUNO ones in Fig. 7.6 (left), the latter ones have better sensitivity. If this

is the case for the secluded annihilation, it will be important to analyze the similar signals at
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Figure 7.6: The predicted annihilation cross section in the allowed region of the U(1)r, ., DM
mass and U(1)r,r, gauge coupling constant for ¢) — v (left) and 1) — X X (right) cases.
The magenta and orange points correspond to my, < mx and my > mx, respectively. The
various sensitivity curves presented in the literature are shown, in addition to our results (black
lines with the ¢ mark). The lines with the same mark (b, ©) are extracted from the same
paper: & Ando et al. [325], O Arguelles et al. [326] and SK20 [342]. To avoid being messy, we
omit the similar lines shown in Fig. 7.5.

these neutrino observatories, that will be pursued in the future.

It is worth mentioning other possibilities that predict significant neutrino flux from sub-
GeV DM. Indeed, a great deal of effort has been devoted to non-renormalizable DM-neutrino
interactions. The prime difficulty in embedding them in a renormalizable model is that the
model includes interactions with charged leptons, which are isospin partners of neutrinos. Such
interactions make DM or a mediator particle visible in terrestrial experiments and cosmological
observations and, hence, will strongly limit the categories that achieve the sizable DM-neutrino
interactions in a renormalizable manner. The model considered here is one of the simplest renor-
malizable models, that evades the experimental constraints and does not suffer from theoretical
requirements, such as gauge anomalies. The other type of possibility is realized by employing
a t-channel mediator. Examples of feasible renormalizable models incorporating a ¢-channel
mediator include [345-348].

7.5 Summary and Discussions of Chapter 7

In this chapter, we have discussed a simple Dirac fermion DM ¢ with the U(1)z, 1, charge as
an example of low energy physics in the gauged U(1),r, model. The gauged U(1), 1, model
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has the corresponding gauge boson X, and X boson has an attractive feature that X couples
to the muon, while not to electron and quarks. Therefore, X boson gives a contribution to the
muon magnetic moment through a one-loop diagram and can explain its discrepancy without
conflict with X boson search experiments. Moreover, the gauge U(1)r, 1, model plays several
important roles for the DM model. One is the contribution to the DM stability guaranteed by
an accidental U(1) symmetry. The other is a role as a mediator of DM and SM interactions.
Because of no coupling to electron and quark at tree level, elastic scattering cross section of
DM with them is suppressed, and the U(1)r, 1, charged DM and X are expected to avoid
severe constraints from the current direct detection experiments. However, the U(1)r, 1, gauge
coupling constant which explains the muon g — 2 discrepancy leads too small DM annihilation

cross section to realize the observed thermal relic DM abundance.

DM annihilation occurs through two kinds of processes. One is the s-channel ) — ff
which is important for mx > my. The other is the ¢-channel Y1) — X X. The latter is allowed
for mx < my and is more significant, in comparison with the former, as the DM U(1)z, 1,
charge g, increases. We have found that, in both cases, large g, allows DM thermal production
and explanation for the muon g — 2 simultaneously without the resonance of X boson mass
pole and conflict with the current bounds. This is pointed out for the first time by the author’s

work [35].

The DM annihilation leads to neutrino flux from the DM halo, and its energy spectrum
depends on which annihilation process is dominant. In the latter half of this chapter, we have
formulated the analysis of the indirect neutrino signal of DM in a model-independent way and
applied it to U(1)r, -, DM model. From the Y1) — v process, neutrinos with monochromatic
energy are predicted, while from the ¥7) — XX process followed by X — vi, the energy
spectrum of neutrinos is bowl-shape. Neutrinos produced in the DM halo can be detected by
neutrino telescopes. We have calculated the number of the signal events expected at SK and HK
detectors and estimated the upper limits from the future HK sensitivity to the DM annihilation
cross section. As we have shown in Fig. 7.6, the future sensitivity to the annihilation cross
section at HK almost reaches the canonical thermal relic cross section in the 1) — v case.
On the other hand, in the 97 — XX — 2020 case, the obtained future sensitivity is several
times larger than the canonical one. Further improvement of the experimental sensitivity is
necessary to cover the wide range of the model predictions. We hope that the analysis of, for
example, the scattering process between anti-electron neutrinos originated from DM annihilation
and electrons in detectors with directional information may help the background subtraction,

and it will be shown in the author’s future works.
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Chapter 8

Summary and Conclusion

U(1), L, gauge symmetry is one of the extensions of the SM and can be introduced to the
SM without gauge anomaly. U(1)r,-r, gauge boson has couplings to p and 7-type leptons
and does not interact with electron and quarks at tree level. Therefore, this gauge boson
avoids severe experimental and cosmological constraints and has been discussed in the context
of phenomenology relative to the muon, tau particle, and neutrinos. Muon g — 2 discrepancy is
one of the clues for exploring the BSM physics, and the U(1)[, .—L, gauge boson can explain this
problem without conflicting with the current experimental bounds. Besides the muon g — 2, the
U(1)L,-r, gauge boson can play important roles because of its avoidance of interactions with

electrons and quarks.

Mediator which connects the DM to the SM sector is one possibility, and as an example, the
Dirac fermion DM model has been discussed in the author’s work [35]. This model is attractive
because not only the DM avoids the severe bounds from the current direct detection experiments,
but also the DM stability is guaranteed by an accidental symmetry. DM in U(1)z,—r, models
has been discussed so far in many previous works. However, it is difficult to obtain enough DM
annihilation cross section because of the smallness of the U(1)z, 1, gauge coupling constant to
explain the muon g—2. Therefore, in many cases, mass tuning between DM and U(1)r,, 1, gauge

boson is needed to realize the DM relic abundance and explanation of muon g—2 simultaneously.

In chapter 7 of this thesis, the DM has a much larger U(1), 1, charge than the SM particles,
and then the above difficulty is avoided, and sub or several GeV DM mass is predicted. Moreover,
neutrinos are important for the indirect detection of such a DM. When the DM is heavier than
the U(1)r, -1, gauge boson, t-channel DM annihilation process ) — XX gives dominant
contribution, and in this case, the predicted neutrino flux originated from DM annihilation is
different from that in the usual s-channel annihilation case. We study the energy spectrum of
neutrinos in the usual WIMP and secluded regimes and we calculate the number of the signal

events expected at SK and HK detectors and estimated the upper limits from the future HK
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sensitivity to the DM annihilation cross section. The future sensitivity to the annihilation cross
section at HK almost reaches the canonical thermal relic cross section in 1) — v case. On
the other hand, in the 1) — XX — 2020 case, the obtained future sensitivity is several times
larger than the canonical one. Further improvement of the experimental sensitivity is necessary
to cover the wide range of the model predictions. We hope that the analysis with directional

information may help the background subtraction.

Besides the U(1)r, 1, gauge boson, the U(1), 1, gauge symmetry itself performs an im-
portant function for the neutrino sector. The active neutrino mass matrix is restricted by
the U(1)r,—r, gauge symmetry and has the two-zero minor structure in the minimal gauged
U(1)r,—r, model. The nine parameters of the light neutrinos, such as one Dirac and two Ma-
jorana CP phases, a sum of the neutrino masses, three mixing angles, and two squared mass
differences, are related to each other by the two-zero minor conditions. In chapter 5, we analyze
these conditions and obtain the former four parameters as functions of the latter five neutrino
oscillation parameters. Moreover, using these predictions, we obtained the prediction of the
effective Majorana neutrino mass for the neutrinoless double beta decay, which value can be
within the reach of future neutrinoless double beta decay experiments. These predictions are
independent of the scales of the U(1)z, r -breaking and Majorana masses because two-zero

minor conditions are also independent of these scales.

In chapter 6, we study the non-thermal leptogenesis in the minimal gauged U(1), 1z, model.
In this model, the neutrino CP phases are determined by the neutrino oscillation parameter.
Moreover, the heavy neutrino masses are also determined by them and three neutrino Dirac
Yukawa couplings. Therefore, this model can predict the baryon asymmetry generated by lep-
togenesis with less uncertainty. In this thesis, the U(1)r,r, -breaking scalar is regarded as
inflaton, and we assume that the RHNs are produced by the decays of the inflaton. We find that
the observed value of baryon asymmetry can be explained in this scenario. In particular, the
correct sign of baryon asymmetry can be obtained in a wide range of parameter space. We recall
that our choice of § > 7, which is favored by the present neutrino oscillation data [109, 110, 294],
was crucial in obtaining this result; if we instead chose § < 7, we would obtain a wrong sign for

the baryon asymmetry in most parameter regions.

In this thesis, we explore novel possibilities of the U(1)r,z, models, as written above. As
discussed in many previous works, the muon g — 2 discrepancy is one of the motivations for
introducing the U(1)z, 1, gauge symmetry. The theoretical calculations including the lattice
QCD have recently been developed. Moreover, the novel experiments to measure the muon g —2
discrepancy are being carried out and expected to release new results in the near future. These
results remain to be seen, however, regardless of whether the muon g — 2 discrepancy exists,
the U(1)z, -, models offer rich phenomenology as studied in this thesis and have considerable

motivations. We look forward to further progress in the U(1)z, 1, models and experimentally
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testing them in the future.

115



Appendix A

Gauge Kinetic Mixing

The field strengths of the gauge fields are invariant under the gauge transformation. Therefore,
their mixing terms are also gauge invariant, and such terms are called gauge kinetic mixing '.
Because of the existence of the gauge kinetic mixing, there are deviations of the physical gauge
bosons from ones without the mixing. In this appendix, we give a short review of these deviations

and their effects on the phenomenology.

A.1 Gauge Kinetic Mixing in the U(1);,_; model

Here, we consider the following Lagrangian relative to the kinetic terms of the gauge fields :

Sin€

: 1. 4 ls o %
Ekln _ _7B)\pB>‘p — ZX/\pX/\p — TB)\pXAp ) (a‘l)

gauge — T
where B* and X are the field strengths of the U(1)y and U(1) L,.—L, gauge bosons, re-
spectively. By a linear transformation of the gauge fields, the above kinetic mixing can be

diagonalized

. 1~ - 1~ =
Egglllge - _ZB/\pB)\p - ZX)\pX)\p ) (a2)

B 1 —tane B> 1 —e B>
T [ R S

'For further detail about gauge kinetic mixing in the U(1)r, -1, model, please see Ref. [304], for example.
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The physical states of the gauge fields (Ay, Zx, X)) are obtained by the following field redefini-

tion :

s4,m3,  —swewmy 0 B*
oo =g (B W %) | —swewnz &z o || W2
0 0 m3 |\ X*
§2my  —swewmy  —&tand B
:+é(BA ﬁ@k_XQ “gwewmd Sl swawtany | | W3
—Sfyteany  Swewtany Sytan? + o X
0 0 0 AN
—+5(d 2o &) [0 w3 Swtan 7>
0 Swhaiy St + o ) \ X
0 0 0)\/[A4
=+—(AA 7\ XA) 0 m% 0 z> |, (a.4)
0 m% /) \x*
B 10 —t\ (éw —dw 10 0\ [A
wal=[o1 o ||sw éw of[l0 & -5 ||2], (a.5)
XA oo L/\o o 1/\0 & ¢ ) \x?

where 1z = (¢ + g*)v?/4 and My = gg(va are the mass parameters, respectively, and v, is
the VEV of the U(1)r, 1 -breaking scalar. Here, we refer to sin&, cos&, and tan§ as s¢, c¢, and

te, respectively, and assume mx < myz. The physical mass of the Z and X bosons are given by

1 4213
2 52 -
mzx =5\ M + m4—% , (a.6)
€
with
. . . m . R
m? =my (14 §t2) + —5 = my +mk + O(e?) . (a.7)

2
Ce

¢ is the mixing angle that determines the rotation from the Z* and X* to the Z* and X* fields
and defined by

1—r2— \/(1 — 7“)2 — 453,22

tan( =
¢ 28yter?

Swe
:1?ﬂ+o@% (a.8)

with r = mx/mz.
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A.2 Interactions between Gauge Bosons and Fermions

Interactions between the neutral gauge bosons and SM fermions are given by

Ling = Mg (YLPL + YRrPR) By + ¢T3 PLWay + gx Y1, 1. X2 b f
Z ,

=— Z FM{eQAxN+ (97,,2PL + 91,2 Pr) Zx + (97, xPr + 9pax PR) X0} (a.9)
f
where
9pz =~ {(1 4 Swtete) Ts — (8% + wtete) Q) + gx Yi, 1 (2.10)
fL, SWCW el¢ w el¢ Ce u—Lr 5 .
_ €C¢ 2 4 8¢
IIRZ = "5 ew (8% + dwiete) Q + QXC*GYLFLT ; (a.11)
CCC “ 2 R CC
X = 5an {Bwte —t) Ts + (Swtg — Swite) Q) + gxc—eYLVLT : (a.12)
ec
Ifr.X = — (8%vtc — dwte) Q + QX Yac ; (a.13)
Swew

and Q, T3, and Y, 1, are the electroweak charge, weak isospin, and U(1) L,—L, charge of the
SM fermion f, respectively, and Y, (g) is the weak hypercharge of the left (right)-handed SM

fermion fr,(gy. For €, <1, the above interaction terms are simplified as follows :

Ling ~ Z 7 [eQA/\ + { o (T3PL — 85y Q) + egxSw Y, L,} Z)

+ {—Gé (47“2T3PL + Q) + €9XYLM—LT} X)\:| . (a14)
w

A.3 Effect on the p-parameter

Lastly, we comment on the relation between the mixing parameter Oy and the physical weak
mixing angle . The physical Oy is obtain by [304, 349]

2 9 7TOé(mZ)

, .15
Swew = fGFm (a.15)

with a(myz) being the fine structure constant at the Z-pole. The mixing parameter Oy satisfies
the Eq. (a.15)-like relation with sy — S$w, ew — ¢éw, and myz — My, and then, assuming

a(myz) = a(myz), Oy and O satisfy the following relation :

SWCWmZ = §WC%4/mZ (8,16)

From Egs. (a.16) and (a.6), we obtain

. 102 2é 2
sin? Oy = sin? Oy | 1 — MR W +O(Y) . (a.17)
4 cos 20y (1 — r?)
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Therefore, the p-parameter is corrected as follows :

2 )
_ My My Sy
P="959 =3 =2

2
mzCy,  MzCy Sy

2

=W (a.18)

=2
Sw

From Eq. (a.17), p-parameter is approximated for ¢ < 1 as follows :

sin® QéweQ
4 cos 20y (1 — 12)

p=1-
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Appendix B

DM Relic Density and Indirect
Detection

In section 3.1, we discuss the thermal freeze-out mechanism and the Boltzmann equation that
gives the quantitative value of the DM relic density. In section 7.5, we mention the mechanism
for boosting the annihilation cross section of DM, so-called Breit-Wigner enhancement. In this

appendix, we explain these topics.

B.1 Boltzmann equation

Here, we show a brief review of the Boltzmann equation discussed in section 3.1. This is

important to evaluate DM relic density quantitatively, and here, we derive Eq. (3.1) in section 3.1.

The Boltzmann equation gives a solution of the time evolution of phase-space distribution

function and is written as follows :

L fom(7, T) = C[fou] , (b.1)

where the left-hand side is the drift term corresponding to change of the distribution function
by motions of particles and depends on the expansion of the Universe. The right-hand one is
called the collision term coming from interactions with the SM particles in the thermal bath,
and depends on the detail of particles. For non-relativistic particles, the operator L in Eq. (b.1)

is the Liouville operator given by

R 9 , 0
L=E=—H|p*=

with E and p being energy and momentum of the particle, respectively. From Eq. (b.2), DM

(b.2)

number density

3
npm(t) = QDM/(iT];;;f(ﬁ,t) ; (b.3)
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with gpym being the internal degrees of freedom for the DM, satisfies

3
+3Hnpy = QDM/(iT];gE(lﬁ)C[fDM] : (b.4)

dnpm
dt

When the thermal relic abundance of DM is realized by DM annihilation into SM particles,
like DM + DM — SM + SM, the collision term is written in terms of the distribution function
of particle i, f;, as follows :

dp 1

gpM / Wmc[fDM]

== / dlpyg dllgy; dlTsw dllsgy (27) 6% (pom + Py — Psmt — Pay)

% { [ Mannl” fona fom(1 £ fonn) (1 % fagr) — [Mprol*finafemr(1 £ for) (1 £ fonp) } 5 (b:5)

where II; = dp; /(27)3(2E;), and minus (plus) in parentheses is for boson (fermion). The
Dirac delta function comes from the conservation law for energy and momentum. M,,, and
Mo are amplitudes of annihilation and production process of DM pair. Here, we assume the
CP-invariance of annihilation and production processes. From the CP-invariance, \Mann]2 =
|Mpro,2 is derived because of the CPT-invariance. When Fermi degeneracy and Bose-Einstein
condensation do not occur, and the SM particles are in thermal equilibrium, Eq. (b.5) can be
rearranged as

d? 1
gDM / iic[fDM] =_ /dHDM dggs dsv dlggg (27)*6* (ppMm + Poss — PsM — Pasr)

(2m)* E(P)
% IMP (fomsm — FFeL)
- / dIp Ty dllsy dllgyy (2m)*0* (pom + Posr — Psm — Payy)
x IMP? (font fone — S Fe) - (b.6)
In the rearrange of Eq. (b.6), we used the relation, f](‘j)(}v[ = fgﬁm and this relation is guaranteed

by the conservation law of energy. The annihilation cross section averaged over the thermal
distribution is defined by

1
(CannUrel) = m /dHDM dllgz; dUsy dlggz (27r)454 (pDM + PpRf — PSM — Psyp)
DM

X |M? fon o » (b.7)

and, by assuming the relation, fpm = fi3mDM/ Ny We eventually obtain Boltzmann equation

for DM number densty as follows :

dnpm
dt

+ 3HnpM = — (TannUrel) (nQDM — (nglM)Q) ) (b.8)
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B.2 Breit-Wigner Enhancement

As shown in Fig. 7.6, there is a significant enhancement in indirect detection via the unphysical
X boson pole. In this appendix, we briefly review the effect. We consider the 1) — v process.
Assuming the initial state DM is non-relativistic, we express the center of mass energy and DM

mass as

2
rels

5~ 4m12p + m?pv 4m12p =m3 (1 +9), (b.9)

where v, denotes the relative velocity of DM. Then, the annihilation cross section is written by

_qygx 1 my,

b.10
T m‘)l( ((5+v?el/4)2+’y§(7 ( )

(ov)i

where vx = T'x/mx.

Let us consider how the DM freeze-out process is changed for § < 1. First of all, we

approximate the cross section

99k My, {<Max[vfel/4,vx1>—2 (v > 0) (b11)

(Uv)yy ~ 4 —2 2
T my (Max[d, vx]) (Va1 < 0)

It follows from this equation that as DM velocity decreases with the expanding universe, the
cross section becomes large as (o0v),p v;eil. The increase of the cross section continues until

v2, < Max[d, vx] is satisfied. In this case, the DM number density does not freeze out at the
typical freeze-out temperature xy = my,/Ty ~ 20 (v%; ~ 0.1), and continues to decrease via the
annihilation even at lower temperature. As a result, the actual freeze-out time is delayed and
the produced thermal abundance is modified to be

10~26 cm3/5> xp

T, (b.12)

Qh% ~ 0.1 x < ,
Ty

where xy ~ 20 is the typical freeze-out temperature and x; is the actual one. The actual

freeze-out temperature is given by [343, 344]

1 1 &

1o / 99 1~ Max[s, 1. (b.13)
Ty (U)o Joy @

It suggests that the cross section is boosted by a factor of /xf. BF = a3/ is called the boost

factor. We have yx gg( < 1075 in the model, the boost factor can be as large as 10° in a case.

Indirect detection experiments observe the neutrinos from DM annihilation in our Galaxy.
Since the DM velocity is v ~ 1073 at most, we can approximate (0v),, ~ (ov),_, for e.g.
§ = 1073. In this case, the boost factor is expected to have

1

BF oy —————————
10 Max[d, vx]

~ 100 (b.14)
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leading to the enhanced cross section,

(0v)y5 ~ BF x 10720 cm? /s. (b.15)

Before closing, we derive Eq.(b.12). In the standard way, the approximate solution of the
Boltzmann equation is obtained by integrating the equation,

dYou _ A

over [z,00|, where xf is determined by appropriately matching the approximate solution with
the actual one. Above, we assumed the s-wave DM annihilation and introduced Ypym = npm/s
with s being the entropy density and

82

A= Eg*MmeM <U’U>T:0 . (b.17)

Taking into account the resonant behavior of the cross section, the equation is modified as

dYom A (ov)p
de —  x%(ov)p_,

Y- (b.18)

One can readily get Eq.(b.12) by solving this equation.

123



Appendix C

Miscellaneous formulae in Chapter 5

In this appendix, we give formulae that are useful for the study of the neutrino mass structure

in the minimal gauged U(1)z, 1, model discussed in chapter 5.

C.1 Mass Matrix for Active Neutrinos

From Eq. (2.37), the mass matrix for the active neutrinos are written in terms of the parameters

of the Lagrangian in Eq (5.3) as follows :

2

M,, = ! 5
2(MeeM,r — 2hepher (0)7)
—MIM,, AeApher (0) AeArhey (o)
)‘2 hzf o 2 AuAr(—Mee Myr+heyher (o 2
< | Aedpher (o)  Aulelr T - @7 | (1)
Mudr (= Mee M,ur+hepher (0)? A2h2 (o
NeArhey (o) AuArCMeclr thepher (0] ) T
The determinant of M, is given by
21212, 6
det(M,,) = AcApArY 2
et(M,,) = . (c:2)

8M i (Mee M,y — 2hepher (0)%)

From Eq. (c.2), the determinant is equal to be zero for A\, = 0(a = e, u,7), and then M,
is block-diagonal. Therefore, the PMNS matrix is also block-diagonal, and this result conflicts
with the observed neutrino mixing. From the above discussion, the determinant of M,,, should
not be zero, and this statement is the same as the lightest mass eigenvalue of the active neutrinos

should not be zero.
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C.2 RQ and R3

The explicit expression for Ry and R3 defined in Egs. (5.10) are written in terms of the neutrino

oscillation parameters as

28in? 615 cos 2093 + sin 2615 sin 2043 sin H15e¢
Ry (0) =

— . 3
2 cos? 015 cos 2093 — sin 2015 sin 2093 sin 913615 ’ (C )
21‘6[

sin 613e" (2 cos 26012 cos 2053 sin 013 — sin 26015 sin 2923(6_i5 + sin? ngeié)]

R3(6) = (c.4)

cos? 013[2 cos? 012 cos 2023 — sin 26015 sin 2053 sin O3]
C.3 Cubic Equation for cosd

Here, we show a cubic equation whose real solution in terms of = gives cos d:

5%3 [45%3 cos? 2015 cos® 2043 — s13 sin 4015 sin 4023(1 + 8%3) x

+ sin® 2615 sin® 2053 (Cilg + 45%3 1‘2)] [2 (2 cos 2015 cos> 2093 — s138in 26075 sin 4643 x)]

—€ [43‘112 cos? 2093 + 3%3 sin® 20,5 sin? 2093 + 435’2012313 sin 4653 x]

x [4 cos? 2023 (clocls — 515 c082 2019) — 51381 4023 {4c15c30519 — 57380 4019(1 + s75)}

— 48%3 sin? 2615 sin? 2093 mﬂ =0, (c.5)

where

dm?

€= Am2 +om2/2

Il
—~
o
(=)
S~—

In the limit of € — 0, the above equation leads to

4575 cos® 2015 cos® 2023 — s135in 4612 5in 403(1 + s13) @ + sin® 2012 sin® 2093 (i3 + 4s732%) =0,

(c.7)
or
2 cos 2015 cos® 2053 — s13 8in 2015 sin 463 7 = 0 . (c.8)
The discriminant of the quadratic equation (c.7) is given by
8¢]35%5 sin? 2019 sin? 2093(cos 4619 + cos 4623) (c.9)

which is negative as cos 4612+ cos 4623 ~ —1.68 < 0. Thus, Eq. (¢.7) does not give a real solution.
On the other hand, Eq. (c.8) gives

. cot 2615 cot 2093
- sin 913

x , (c.10)

which agrees to Eq. (5.17). From the above derivation, we see that the solution (c.10) approxi-

mates the real solution of the cubic equation (c.5) with an accuracy of O(e) = O(dm?/Am?).
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