4
=5
=
<

Baryon Asymmetry and Cosmological Moduli/Polonyi Problem
('8 - KB & Tt Y = 7 1 [HE)

Tk 2 941 2 At (BE5) MG

FRR PR BB R AT S0 R
EEE R
B +h



Ph.D. Thesis

Baryon Asymmetry and Cosmological Moduli/Polonyi Problem

Taku Hayakawa

Institute for Cosmic Ray Research
Department of Physics, the University of Tokyo



Abstract

Supersymmetric models generally contain long-lived particles that could cause cosmologi-
cal difficulties. In particular, moduli/Polonyi fields dominate total energy of the universe
as coherent oscillation and spoil the success of the Big-Bang cosmology. It is known that
the moduli/Polonyi abundance can be diluted sufficiently by thermal inflation. However,
preexisting baryon asymmetry is also diluted in this scenario. In this thesis, we study
whether it is possible to generate the observed baryon asymmetry with the dilution of the
moduli/Polonyi abundance. When we consider baryogenesis before dilution of the moduli
abundance, the Affleck-Dine mechanism is the most promising among known baryogen-
esis mechanisms. In gravity-mediated SUSY breaking models with the moduli mass of
O(1) TeV, the Affleck-Dine mechanism before dilution cannot explain the observed baryon
asymmetry. In gauge-mediated SUSY breaking models, the Affleck-Dine fields except for
LH, flat direction inevitably form into Q-balls after the onset of their oscillation. The
produced baryon number is absorbed into Q-balls, and it is difficult to extract the baryon
number from Q-balls. We show that the Affleck-Dine fields cannot provide sufficient
baryon number with dilution of moduli abudnance because of )-ball formation. In the
case of the LH, flat direction, u-term prevents the Q-ball formation. We propose alter-
native scenario using the L H,, direction, but we show that it cannot explain the observed
baryon asymmetry either. When the moduli/Polonyi field is as heavy as O(100) TeV, it
can decay before the Big-Bang nucleosynthesis, but the lightest supersymmetric particles
are generally overproduced from the decay. We show that the baryon asymmetry cannot
be explained by the Affleck-Dine mechanism even if the moduli abundance is diluted by
entropy production to prevent the LSP overproduction. In the case of the Polonyi field
with a mass of O(100) TeV, on the other hand, we show that the observed baryon-to-
dark matter ratio is explained in sequestering models with a (pseudo-)Nambu-Goldstone
boson.
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Chapter 1

Introduction

1.1 Overview

The origin of matter-antimatter asymmetry in the universe is one of long-standing ques-
tions in cosmology. The matters and antimatters are composed of elementary particles,
and they seem to be created by the same amount in the early universe. However, all
of astronomical objects are composed of not antimatters but matters, and there are no
primordial antimatters in our universe. The question is how this asymmetry was created
during the history of the universe. The cosmic microwave background (CMB) observation
and the Big-Bang nucleosynthesis (BBN) offers an estimation of the asymmetry between
baryonic and antibaryonic components. Both CMB observation and successful formation
of light elements require the following baryon asymmetry [1-3]:!

%B ~ (8.7+0.1) x 1071, (1.1)

where ng = n, — ng is the difference between the baryon density n;, and the antibaryon
density ng, and s is the entropy density.

Generation of the baryon asymmetry is referred to as baryogenesis and has been stud-
ied in connection with particle physics for a long time. Sakharov firstly pointed out
the following necessary conditions for baryogenesis, that are referred to as Sakharov’s
criteria [4]: (1) baryon number violating processes, (2) C' and C'P violating processes,
(3) departure from thermal equilibrium. The earliest attempt to produce the baryon
asymmetry was proposed in the context of the Grand Unified Theory (GUT) [5,6]. The
GUT [7] predicts the existence of baryon number violation, and C'P violating decay of
superheavy particles can produce baryon asymmetry. However, the GUT baryogenesis is

1 The value is obtained from the analysis of the Planck collaboration using the data of TT, TE,
EE+lowP+BAO (95%C.L.).



incompatible with the inflationary universe because it is difficult to achieve temperature
of the GUT scale after the inflation.

Actually, the electroweak sector of the standard model itself has baryon number vi-
olation at the quantum level [8]. The violation is provided by a quantum anomaly, and
these effects are very tiny since they occur by quantum tunneling effects in the present
cold universe. At high temperature above the electroweak scale, however, it was found
that thermal transitions over the barrier occur and that the baryon number violating
processes, called sphaleron processes [9,10], come to thermal equilibrium [11].

The sphaleron processes make it possible to produce baryon asymmetry at least in two
ways. The first one is electroweak baryogenesis [11-13]. In this scenario, the electroweak
transition must be first order since departure from thermal equilibrium is realized by
walls of false vacuum bubbles. However, it is found that the electroweak transition of the
standard model is a smooth crossover [14,15]. Therefore, an extension of the standard
model is needed for successful electroweak baryogenesis.

The second one is leptogenesis [16]. While the sphaleron processes violate the baryon
(B + L) symmetry, they conserve B — L symmetry. If lepton asymmetry is generated
before the electroweak phase transition, it is converted into baryon asymmetry. In this
case, heavy right-handed neutrinos other than the standard model particles are usually
responsible for generating the lepton asymmetry.

These two scenarios can work in the inflationary universe since the baryon asymmetry
is dynamically generated after the end of the primordial inflation. An important point
is that the origin of the baryon asymmetry cannot be explained in the framework of the
standard model. It is still an open question how the baryon asymmetry was generated in
the early universe.

In particle physics, on the other hand, supersymmetry (SUSY)? is one of the most
attractive candidates for extensions of the standard model. It can not only drastically
relax the hierarchy problem but also achieve the unification of the gauge couplings, which
implies the existence of the GUTs. In addition, supersymmetric models with conserved R
parity predict the stability of the Lightest Supersymmetric Particle (LSP), which becomes
a good candidate for the dark matter. Moreover, SUSY extensions of the SM contain a
lot of flat directions with B — L charge [19], which can produce the B — L asymmetry [20].
In the early universe, one of the flat directions, which we call the Affleck-Dine field, may
receive an angular kick from SUSY breaking and R symmetry breaking effects and rotates
in its complex plane, which corresponds to the generation of the B — L asymmetry. The

2 For reviews, see Refs. [17,18]



B — L asymmetry is converted into the baryon asymmetry through the sphaleron process.
This mechanism, known as the ” Affleck-Dine mechanism”, can produce baryon number
more efficiently than the electroweak baryogenesis and the leptogenesis [20,21].

In spite of these advantages of the SUSY, some long-lived particles in supersymmetric
models tend to have cosmological difficulties. In local SUSY, the existence of the gravitino
is expected, which is a superpartner of the graviton. The gravitino interacts with other
particles only through interactions suppressed by the Planck scale, hence has a very
long lifetime. In the history of the universe, gravitinos are produced through scattering
processes during the reheating [22]. When the gravitino mass is of O(1) TeV, the decay of
the produced gravitinos destroy the BBN [23-26]. When the gravitino mass is much lighter
than the electroweak scale, it is stable and its abundance may give too much contribution
to the cosmic density of the present universe [27]. The reheating temperature is then
constrained from these cosmological difficulties [28-30].

The situation gets worse when we think of supersymmetric models as an effective the-
ory of superstring. In superstring theories, a lot of flat directions, called moduli fields,
generally appear at the low energy scale through compactifications of extra dimensions.
It is known that many of them can be stabilized with heavy masses by flux compactifi-
cations [31-33], but some of them often remain relatively light, whose mass is about the
gravitino mass [34]. In this thesis, I focus on these moduli fields whose mass is the order of
the gravitino mass. Such moduli fields cause cosmological difficulties, called cosmological
moduli problems [34-36], because they also interacts with other particles only through
the interaction suppressed by the Planck scale and hence have long lifetimes. Moreover,
when the moduli mass is of O(0.1) MeV-O(1) GeV, moduli generally decay into X-rays
during the present epoch, and it may give too much contribution to the X-ray background
spectrum, which constrains the moduli abundance more severely than the dark matter
abundance [37, 38].

The moduli density mainly comes from its coherent oscillation. Since its initial am-
plitude is of the order of the Planck scale, its density soon dominates the energy density
of the universe. As we will see, the moduli problems cannot be solved even if the re-
heating temperature is as low as O(10) MeV, which is restricted from below to realize
the BBN [39,40]. Therefore, the moduli problems are more severe than the gravitino
problems.

The same problem occurs when supersymmetric models contain a singlet field in a
hidden sector. For example, singlet fields are often responsible for spontaneous breaking
of the SUSY. The simplest SUSY breaking model with a singlet field is called the “Polonyi
model” [41]. The singlet field whose F-term breaks the SUSY, called the “Polonyi field”,



gauge mediation gravity /anomaly mediation
moduli (gravitino) mass S O(1) GeV O(0.1-1) TeV | O(100) TeV

part Section 3.4 Section 3.3 Chapter 4
Section 3.5 (LH, direction)

Table 1.1: The contents of Chap. 3 and 4.

also causes cosmological problems as well as moduli fields [35].

There are some ways to solve the problems. One of the most probable candidates
is the “thermal inflation” [42,43]. It is a mini-inflation caused after the onset of the
moduli oscillation, and dilutes the moduli density. The mechanism requires a scalar field
called “the flaton”. The end of the thermal inflation is triggered by the thermal mass of
the flaton, and the flaton decay can produce a large number of entropy enough to solve
the moduli problems. Indeed, it has been studied that some specific models succeed in
diluting the moduli density sufficiently [44—46].

However, this is not the end of the story. One is faced with another important problem
with regard to the baryon asymmetry. When the thermal inflation dilutes the moduli
density, it also dilutes preexisting baryon (B — L) asymmetry. In order to explain the
present baryon asymmetry, it is necessary to produce huge baryon (B — L) number enough
to survive dilution beforehand. The thermal leptogenesis cannot work because it cannot
produce such huge lepton number beforehand. The electroweak baryogenesis also seems
to be difficult to explain the observed baryon asymmetry since reheating temperature is
often predicted to be below the electroweak scale in the thermal inflation. Therefore, we
need a mechanism to generate the baryon number more efficiently.

The topic of this thesis is how to explain the observed baryon asymmetry in the context
of the thermal inflation. As mentioned above, the Affleck-Dine mechanism is one of the
most probable candidates for baryogenesis in supersymmetric models and can generate
much larger baryon asymmetry than other baryogenesis scenarios such as the thermal
leptogenesis. In this thesis, we consider the case where the Affleck-Dine mechanism is

responsible for producing baryon number.

1.2 Outline of this thesis

The outline of this thesis is as follows. In Chap. 2, we review motivations for super-
symmetry and its cosmological implications. In particular, we focus on cosmological

moduli/Polonyi problems and introduce mechanisms to partially solve these problems. In



the former half of Chap. 3, we review the Affleck-Dine mechanism and the Q-ball, which
is a non-topological soliton formed during the Affleck-Dine field oscillation. In the rest
of the chapter, we study whether the Affleck-Dine mechanism can explain the observed
baryon asymmetry with dilution of the moduli abundance. Section 3.4 and 3.5 are based
on the work of Ref. [47]. In Chap. 4, we consider the case where the moduli/Polonyi field
is as heavy as O(100) TeV. This chapter is based on the work of Ref. [48]. The contents
of Chap. 3 and 4 are summarized in the Table 1.1. Chapter 5 is devoted to conclusions.



Chapter 2

Supersymmetry and cosmological
problems

In this chapter, we will review supersymmetry and its cosmological problems. We then

explain conventional scenarios to solve the problems.

2.1 Motivations for supersymmetry

In particle physics, the idea of symmetry provides us with a description of interactions
between elementary particles. The standard model successfully describes the strong and
electroweak interactions based on the local symmetry of SU(3)¢ x SU(2), x U(1)y, and
has been experimentally confirmed with a high degree of precision to date, except for
neutrino oscillation [49,50]. The electromagnetic interaction appears as a result of the
spontaneously breaking of the electroweak symmetry SU(2), x U(1)y — U(1)em, which
requires the existence of the Higgs boson transforming as a SU(2), doublet with hyper-
charge. The symmetry breaking occurs when the Higgs acquires the Vacuum Expectation
Value (VEV) of the order of 100 GeV, and then quarks, leptons and W and Z bosons
acquire masses smaller than the electroweak scale. These masses are determined by the
couplings between Higgs and standard model particles. It should be noted that the stan-
dard model particles except for the Higgs are massless unless the electroweak symmetry
breaking occurs. Therefore, the Higgs VEV is an origin of masses of already known par-
ticles. How does the Higgs field acquire the VEV and why is it of the order of 100 GeV?
The potential for the electrically neutral part of the Higgs doublet is given by

V =my|H> + \g|H*, (2.1)

where m?; is the mass of the Higgs field at the origin of the potential, Ay is the Higgs
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Figure 2.1: Some of the Feynman diagrams contributing to the Higgs mass corrections.

self-coupling of O(1) and H represents the Higgs field. The symmetry breaking requires
m? < 0 and Ay > 0, and m?% should be of the order of —(100GeV)? in order to get
the Higgs VEV of O(100) GeV. However, the parameter of m?% receives huge quantum
corrections from loops containing fermions. For example, the top quarks ¢;, tg couples to
the Higgs field with a term of —y, Ht Ltk, and then m? receives the following corrections
at the one-loop level:

2
Am?2 = —TA?]V 4 (2.2)

Here Ayy is an ultraviolet momentum cutoff. Other fermions and gauge bosons coupling to
the Higgs also contribute to the quantum corrections. If one assumes that the momentum
cutoff is the Planck scale m,;, the renormalized parameter m3, of the order of —(100 GeV)?
requires miraculous cancellation between the bare parameter and the quantum corrections
of O(m2). In other words, O(1073*) fine-tuning is necessary for the successful electroweak
symmetry breaking. This is called the hierarchy problem in the standard model.

Supersymmetry (SUSY) is one of the most attractive candidates for solving the hi-
erarchy problem. The SUSY is symmetry between bosons and fermions, and then pre-
dicts an equal number of boson and fermion degrees of freedom. Therefore, there exists
supersymmetric partners of all the known standard model particles. For example, the
supersymmetric standard model has superpartners of the top quarks, ¢; and tp, with
terms like |y:|?| H|?|t1|* and |y:|?|H |*|tz|?. The quantum corrections proportional to A%,
in Eq. (2.2) are cancelled by the following contributions from loops containing these scalar
particles at the one-loop level:

|y

Am%{:2x@A%ﬂ/+---. (2.3)

Some of the diagrams including top quarks and stops are shown in Fig. 2.1. These can-
cellations also occur between gauge bosons and their superpartners loops. The quadratic
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Figure 2.2: The energy dependence of the standard model gauge couplings, a, = g2 /4,
at the one-loop level, where a is a gauge index. We take the SUSY scale as 1 TeV.

divergences similarly vanish to all orders in perturbation theory unless the supersymmetry
is broken [51-54]. The SUSY provides a solution to the hierarchy problem.

Actually, the SUSY must be broken in the vacuum state since superpartners of the
standard model particles are not discovered. Fortunately, soft SUSY breaking ensures the
cancellation of quadratic divergences even in the presence of the SUSY breaking. Softly
breaking terms contain parameters with positive mass dimension, and then the SUSY is
restored when these parameters vanish. We denote the scale of the mass parameters as
mgsysy. LThe contribution to the Higgs mass term from the soft SUSY breaking effects is

as follows:

A A
2 _ 02 uv

Here ) is a typical dimensionless coupling. One can find that this contribution vanishes in
the limit of mgysy — 0 and that the quantum corrections to m? is at most of the order
of m%; ¢y as long as the SUSY is softly broken. In order to solve or drastically relax the
hierarchy problem, mgy sy should be around the electroweak or TeV scale and not much
larger than TeV scale.

Another important motivation for the SUSY is the unification of the gauge couplings at
the high energy scale. We already know that the electromagnetic and the weak interactions
are unified into the electroweak interaction. Similarly, it is also expected that three gauge
couplings of SU(3)cx SU(2) xU(1)y are unified at the higher energy scale, which implies

10



the existence of the GUT [7]. One can evolve the gauge couplings up to the high energy
scale according to renormalization group equations. The unification of the gauge couplings
cannot be achieved in the standard model as shown in Fig. 2.2. In supersymmetric models,
however, the renormalization group equations are different from the standard model, and
then one can actually see the unification of the gauge couplings just below the Planck
scale.

Furthermore, we know that there exists four fundamental forces in nature: the grav-
itational force, the strong force, the weak force and the electromagnetic force. If three
fundamental interactions other than the gravitation are unified by the SUSY GUT, our
further goal is the unification of all the known interactions including the gravitation. The
gravitational force can be described by the general relativity at the macroscopic scale, but
how to combine the quantum theory and the general relativity is completely unknown.
The superstring theory, that is one of supersymmetric theories, is known to be the most
probable candidate for “the theory of everything” at present. If the superstring theory is
a proper theory of the unification of all the known fundamental forces, there should exist
the SUSY.

2.2 Minimal Supersymmetric Standard Model

The simplest supersymmetric extension for the standard model is called Minimal Super-
symmetric Standard Model (MSSM). As mentioned in the previous section, all the known
standard model particles must have superpartners with the same degrees of freedom. For
example, each of two-component Weyl fermions has one complex scalar partner called
a “sfermion”. The superpartner of the left-handed quark ¢, is a left-handed squark ¢y,.
Hereafter, we denote superpartners of fermions f as f. Gauge bosons and Higgs bosons
also have fermions called “gauginos” and “higgsinos”. We show all the particle contents
of the MSSM in Table 2.1.

A notable feature of the MSSM is that it contains two Higgs doublets from the following
reasons. First, the gauge anomalies must vanish in order to ensure the gauge symmetry
at the quantum level. In the standard model, one can find that these anomalies vanish
by using the charge of the quarks and the leptons. In the MSSM, on the other hand, the
higgsinos also contribute to the gauge anomalies, and then anomaly cancellation requires
two higgsinos with opposite hypercharge, Y = 1/2 and Y = —1/2. Second, two Higgs
doublets are necessary for giving mass terms of both up-type and down-type quarks in the
supersymmetric Lagrangian. In the following, we call the Higgs boson giving the masses of
the up-type quarks “up-type Higgs” and one giving the down-type quark masses “down-

11



Chiral superfield Scalar boson Weyl fermion | SU(3)e SU((2)r U(l)y
Squarks, Quarks  Q | Q = (g, d)" Q = (ug,dp)” 3 2 2
i s, (@) ul, () 3 1 ~2
d s, (d) dh, (d) 3 1 1
Sleptons, Leptons L L= (ép, )" L= (ep,v)” 1 2 -3
é &t () el (e) 1 1 1
Higgs, Higgsinos H, | H, = (H,H))T H, = (H}, H%)T 1 2 3
Hy | Hy= (HY, H))" Hy= (HY, H;)” 1 2 ~1

Vector superfield Vector boson Weyl fermion | SU(3)e SU((2)r U(l)y
Gluon, Gluino g g 8 1 0
W boson, Wino W W 1 3 0

B boson, Bino B B 1 1

Table 2.1: The contents of MSSM particles.

type Higgs”.

Before introducing the MSSM Lagrangian, we will briefly see construction of super-
symmetric Lagrangian. The supersymmetric Lagrangian is easily constructed based on
superspace. Coordinates on superspace are z*, 6% and Ql, where o and & are spinor in-
dices. #¢ and 92; are anti-commuting two-component spinors. On superspace, a complex
scalar field ¢ and its supersymmetric partner, Weyl fermion ¢, can be described as a

chiral superfield:
O = p(y) + V200(y) + 00F (y), (2.5)

where y# = 2 4 i0T6"0, and F is an auxiliary field. A real superfield V¢ that contains
gauge fields is written as

1
Ve =0T5"0A% (y) + 0T0TON (y) + 606N (y) + 5099*9* [D(y) +i0"Al(y)] ., (2.6)

where A} is a gauge field, \* is a gaugino field and D® is an auxiliary field. Here a is a

gauge index. A chiral field strength superfield W¢ is given as
a a a Z =V a - a
W=\ +6,D* — 5(0% 0)aFy, +i00(0"V A1), (2.7)

where F, is a field strength of the gauge field A7,. V, is the gauge covariant derivative,
but is the usual coordinate derivative when the gauge group is abelian. We can write the

12



supersymmetric Lagrangian by using the above superfields as follows:
o~ 1 A A
L= / do*do™ K (cp*z,cbj> - ( / do* [ZT‘“’ () Wapybe +W(<I>i)} +c.c.> . (29)

Here we used ®; = (e27"V* Y ®;, Vo = g,V and W2 = g,W°. K is a gauge-invariant real
function called “Kéhler potential” with mass dimension 2. 7., and W are gauge-invariant
holomorphic functions called a “gauge kinetic function” and “superpotential”.

In the case of renormalizable Lagrangian, the Kaler potential and the gauge kinetic

function are written as

K = o9, (2.9)
1 0,
Tab = 5ab (g_Q_Z )7 (210)

2
= 8w

where 6, is a CP violating parameter. The supersymmetric part of the MSSM Lagrangian
can be described by the following superpotential:

Wirssm = Yuij6iQi Hy — YaijdiQiHa — Yeijé;i LiHy + pnH, Hy. (2.11)

Here, y,, ys and y. are the Yukawa couplings, and ¢, j represent the family indices. We
omit all the gauge indices. For example, the term of yiQH, represents yii®Qaq(H. )z,
where a is a SU(3)¢ gauge index, and «a and  are SU(2),, gauge indices. Similarly, the
term of pH, Hy, that is called a “u-term”, represents p(H,)o(Hg)pe™”.

One can generally write other gauge-invariant terms, such as LLé or udd, in the
renormalizable superpotential. However, these terms are L and B violating interactions
and are constrained by experiments. For example, they cause relatively early proton
decay [55,56]. In order to forbid these harmful terms, we generally impose discrete R-
symmetry defined as

Pr = (—1)3B-D+2s, (2.12)

where s is spin of particles. This discrete symmetry is called “R-parity” All the standard
model particles and two Higgs bosons have R-parity charge of 1, and their superpartners
have R-parity charge of —1. This symmetry provides another benefit to supersymmetric
models in light of cosmology. The R-parity conservation predicts stability of the Lightest
Supersymmetric Particle (LSP) since it cannot decay into the standard model particles,
and then it is a probable candidate for the dark matter. The existence of the dark matter
candidate is additional motivation for the SUSY.

13



The SUSY breaking effects give gaugino masses, sfermion masses and trilinear cou-

plings for scalar fields. The SUSY breaking Lagrangian is given as

1 . o~ - .
Lopt = =5 (Ms3g + MWW + My BB +c.c.)
_szJJQ;kQ] - m%,zjf/:f’] - m’[Q,LJ]fL:(a] - mfm]djg] - mizjé;ké]
- <au,ijainHu — ad,z’jJinHd — aevijé[:j]-]d + c.c.>
—miy, |Ha|* = m3, |H|* = (bH,Hy + c.c.), (2.13)

2

where Mz, M, and M, are gluino, wino and bino masses, and mg, ,;, m7 ;;, mx .,

2
€,j

m?i,ij
and mZ ;. are sfermion squared mass matricies. a,;;, aq,; and a.;; are complex matrices
with mass dimension 1. These are SUSY breaking terms corresponding to the Yukawa
matrices in Eq. (2.11). m%{u and m%{d are squared masses of up-type and down-type Higgs
scalar fields. b is the SUSY breaking term called the ‘D-term”, and has mass dimension 2.
This term is necessary for the successful electroweak symmetry breaking.

Before proceeding to the next section, we will see the electroweak symmetry breaking
in the case of the MSSM. At the tree level, the potential for two Higgs doublets is given

as

Vo= (lpf +mi,) [H* + (e +mi,) | Hal* + (bH,Hy + c.c.)
+é (9> +d7) (|Hu|2 — |Hd|2)2 + %gQ |HIH, 2

: (2.14)

where g and ¢’ are SU(2);, and U(1)y gauge couplings, respectively. Note that H, and Hy
are Higgs doublets, H, = (H,, H®)" and H; = (HJ, H;)*. The terms proportional to the
gauge couplings come from the first term in Eq. (2.8), and are called D-term contributions
since their origins are the auxiliary fields in Eq. (2.6). By using freedom of SU(2), gauge
transformation, one can choose (H;) = 0 at the vacuum state. This choice determines
the VEV of the down type Higgs as (H;) = 0. Then, the potential for the neutral parts
of the Higgs doublets is written as

Vo= (Il +m% ) | HP + (|l +m,) [HS)* — (bHOH] + c.c.)
s (g + o) (|70 — |EP)”

: (2.15)

Redefinition of the phases of H. or H)) can rotate the phase of b, and we will take it to
be real and positive for convenience.

The potential must be bounded from below at large field values of HY and HS. The D-
term contributions give quartic couplings of the Higgs fields, and vanish when |H?| = |HY|.

14



Therefore, the quadratic term must be positive in this direction. This condition gives the

following inequality:
2 2 2
20 < 2|p|” 4+ my, +my,. (2.16)

In order for the quarks and leptons to acquire the masses, both H? and HJ must have
the nonzero VEVs, which requires a negative squared mass of one linear combination of
HY and HY around the origin of the potential. This condition leads to

b > (|ul+mi,) (Jul® +mi,) - (2.17)
Conditions to minimize the potential of Eq. (2.15) are given by

12

b 9 +g

mi, + |pl* — i 1 v?cos(28) = 0, (2.18)
g%+ g2
my;, + |u> — btan B + v?cos(268) = 0. (2.19)
Here, 8 and v are defined as

(H.)
tan g = u (2.20)

(Hg)
v? = (H%? + (H9)? ~ (174GeV)?. (2.21)

Note that these equations satisfy the conditions given by Egs. (2.16) and (2.17). Therefore,
the electroweak symmetry breaking correctly occurs as long as the minimization conditions

are satisfied.

2.3 Mediation of SUSY breaking

As mentioned above, the SUSY must be broken in the vacuum since the superpartners
of the standard model particles are not discovered. In order to construct a phenomeno-
logically consistent SUSY model, we need some mechanisms to provide the soft SUSY
breaking terms given by Eq. (2.13). Order parameters of the SUSY breaking are the
auxiliary fields of some superfields, in other words, non-vanishing F-terms in Eq. (2.5) or
D-terms in Eq. (2.6) implying the SUSY breaking. As we will see, a viable model requires
a hidden sector different from the MSSM sector, that is a SUSY breaking sector, and a
way to communicate the SUSY breaking effects to the MSSM sector.

The SUSY breaking effects are expected to communicate to the observable sector
indirectly because of the tree-level supertrace formula [57]:

StrM? = Y (=1)¥ (2j + 1) TrM} = —2¢,Tr [T] D° (2.22)

spin j

15



The supertrace is defined by a weighted sum over all particles with spin j. Since the
traces on the generators of non-abelian gauge group vanish, the only U(1) gauge group
contributes to the right-hand side. However, it also vanishes as long as we consider
anomaly-free gauge theories. Therefore, one can find that the supertrace must vanish
at the renormalizable level. If the observable sector is connected to the SUSY breaking
sector at the tree level, some superpartners should be light enough to be discovered. This
is the reason to require a mechanism for an indirect mediation of the SUSY breaking
effects.

Here, we introduce two major scenarios to mediate the SUSY breaking effects. One
possible way is the mediation by interactions suppressed by the Planck scale. We call
these models “gravity-mediation models” [58-63]. Since the SUSY breaking effects are
mediated by the Planck-suppressed operators, the soft SUSY breaking terms in Eq. (2.13)
are roughly estimated as

(F)

msuysy ~ M—l, (2.23)
D

where mgysy represents generic soft SUSY breaking terms, and we assume that the
SUSY is broken by the F-term in the hidden sector. For TeV scale soft mass terms,
(F) ~ 10" GeV is required.

The gravity-mediation models generically provide new sources of flavor violations in
addition to the standard model Yukawa couplings. If the standard model Yukawa cou-
plings are generated at the scale below the Planck scale, there are no reasons for the
sfermion mass matrices in Eq. (2.13) to be diagonal in the flavor basis. Off-daiagonal
components, in other words, mixings between sfermions with different flavor often cause
flavor changing processes that are strongly constrained for TeV scalar masses. We call
this problem the SUSY flavor problem.

The other way to mediate the SUSY breaking effects utilizes the standard model gauge
interactions. We call these models “gauge-mediation models” [51,52,64—68]. These models
require messenger fields that are charged under the standard model gauge symmetry
SU(3)c x SU(2)r x U(1)y and mediate SUSY breaking effects to the observable sector
through the gauge interaction. The superpotential in the messenger sector is generically
given by

Wmess = kZQQ: (224)
where @ and ) are messenger fields, and Z is the SUSY breaking field. k is a dimensionless

coupling constant. We assume that the SUSY breaking field resides in the hidden sector,
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and both the scalar component and its F-term acquire the VEVs. The VEV of the scalar
component (Z) provides masses for the messenger fields. The VEV of the F-term gives
mass splitting of the messenger fields.

The SUSY violation is communicated to the observable sector through loop diagrams
containing these messenger fields. Gaugino masses are provided by one-loop diagrams,
and squared masses for scalar fields are provided by two-loop diagrams. These soft masses
are then estimated as

a (Fgz)

msusy ~ ——
AT Myess

(2.25)

where a denotes a generic gauge coupling constant defined as a = ¢?/4m, and Mess
denotes the messenger mass estimated as Mess >~ k(Z). Given that Mess = v/ (F7), the
SUSY breaking scale is estimated as

M, 1/2 msus 1/2
VIFS) ~ 1.1 x 10° GeVa /2 [ Lomes ( U Y) 2.96
(Fz) ARV T 106 Gev 1Tev /) (2.26)

for TeV scale soft masses. Therefore, the gauge-mediation models predict the SUSY
breaking scale to be much lower than the gravity-mediation models. Note that the gravity-
mediated SUSY breaking effects exist even in the gauge-mediation models. In these
models, we can neglect such contributions since the SUSY breaking terms of Eq. (2.23)
are much smaller than the gauge-mediated SUSY breaking effects.

An attractive point of these models is to provide an explanation to the SUSY flavor
problem. If the standard model Yukawa couplings are generated at higher scales than
the messenger mass scale, the flavor violation is generated only through the Yukawa
interactions since the gauge interactions are flavor-blind. Therefore, we can predict the
sparticle masses without knowing physics at the higher energy scale than the messenger
scale, and the gauge-mediation models can solve the SUSY flavor problem.

2.4 Cosmological problems of supersymmetry
Although the SUSY is attractive from the theoretical point of view, there are some prob-
lems in cosmology. As mentioned in Chapter 1, supersymmetric models contain some

long-lived particles which cause cosmological difficulties. In this section, we will briefly

explain such problems.
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2.4.1 Gravitino problem

The existence of the gravitino, which is the superpartner of the graviton, is predicted in
local SUSY. The gravitino appears as a fermionic gauge field with spin 3/2 in supergravity.
From Eq. (2.12), one can find that the gravitino has R-parity of —1. The gravitino mass
is given by [17,18]

mg/o = <F>
/ \/gMpl7

where m3/, denotes the gravitino mass. The gravity-mediation models generally predict

(2.27)

that the gravitino mass is comparable to the soft mass scale. On the other hand, the
gauge-mediation models predict the gravitino mass much lower than the soft mass scales.
In these models, the gravitino would be the LSP and cannot decay into any particles.
During the reheating after the inflation, gravitinos are abundantly produced through
scattering processes. The yield variable for the gravitino is proportional to the reheating
temperature Try. When Tgry is of the order of 10° GeV, it is estimated as [22,29]

2
myo Tru

1+0.6 o 2.28

+ (m3/2> (109G€V> ’ ( )

where n3/, is the number density of the gravitino, and m,, is the gaugino mass at the

unification scale.

If the gravitino mass is smaller than the electroweak scale, the gravitino is the LSP and
stable when the R-parity is conserved. The abundance of gravitinos produced during the
reheating process must be smaller than the observed dark matter abundance, Qpyh? =
0.12 [2]. Here h is the present Hubble parameter in units of 100 km - sec™! - Mpc™!, and
the density parameter (py; is defined as a ratio of the present dark matter density ppum
to the critical density per, ppm/per. Therefore, Q30 < Qpy constrains the reheating
temperature from above. For example, Tgry must be lower than O(10°) GeV for mg/, of
O(1) MeV. Furthermore, the NLSP (Next-to-LSP) decay into standard model particles
must be taken into account since the produced daughter particles may spoil the BBN.
The constraint depends on particle models since the lifetime and the branching ratio of
the NLSP decay depend on the mass spectra and what the NLSP is.

If the gravitino is not the LSP, it is unstable. The gravitino generally has a very long
lifetime since it interacts with other particles only through the gravitational interaction.
When the gravitino is as heavy as TeV scales, its lifetime is estimated as [23-25]

-3
T3/2 ~ 10° (%) sec. (2.29)
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If the gravitino is heavier than (O(10-100) TeV, it can decay before the BBN. In this
case, the constraint from the BBN becomes much milder.! If the gravitino is lighter than
O(10) TeV and unstable, it decays during or after the BBN. In this case, there are two
decay modes to spoil the success of the BBN: radiative decays and hadronic decays. In
the radiative decays, energetic photons or charged particles produced in electromagnetic
showers destroy synthesized light elements such as *He and D. The energy of daughter
particles generally dissipates into thermal bath, but the synthesized light elements are
destroyed through the electromagnetic interaction before the thermalization. On the
other hand, the hadronic decay of the gravitino causes p <+ n conversion which leads
to the increase of the neutron-to-proton (n/p) ratio. This leads to the overproduction
of the synthesized *He abundance. Moreover, the hadronic decays at T < O(0.1) MeV
cause overproduction of D and *He through the destruction of *He by energetic nucleons.
Taking into account these effects, the gravitino abundance produced during the reheating
is constrained. In the case of mg/, of O(1) TeV, the reheating temperature is constrained
to be lower than O(107°%) GeV [28-30].

2.4.2 Moduli problem

In superstring theories, there appears a lot of massless scalar fields, called moduli fields,
whose VEV determines the scale of extra dimensions at the low energy scale. Several
ways to stabilize these moduli fields are known [31-33,70], but all of the moduli fields are
not always stabilized at string scales. Some of them often remain flat, and their potential
is generally lifted with the curvature of the order of the gravitino mass after the SUSY
breaking.

Now, let us focus on one of the moduli fields, and consider its dynamics in the early
universe. During and after the primordial inflation, the vacuum energy which causes
the expansion of the universe largely breaks SUSY and lifts the moduli potential. The
moduli field then acquires a mass of the order of the Hubble scale and sits down at the

local minimum of the potential. The generic moduli potential is given as

1 1
V= SenH? (= m)* + gmp + - (2.30)

where we take the origin as the minimum of the moduli potential at present. n denotes
the moduli field, m,, denotes its mass and H denotes the Hubble scale. In the following,

we will assume that the moduli mass is about the gravitino mass (m, ~ mg/). cg is a

! Even if gravitinos decay before the onset of the BBN, the abundance of LSPs produced from the
gravitino decay may exceed the dark matter abundance as explained in Sec. 2.5.2.
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coefficient of the Hubble induced mass term and is expected to be O(1). 71y denotes the
minimum of the potential determined by the Hubble induced mass term, and is expected
to be of the order of the Planck scale. This is because the moduli field is a singlet
field without any symmetry enhanced points and the gravitational scale is the only scale
appearing in the supergravity action. Since this potential is different from the one at
present, the moduli field is displaced from the origin when the Hubble scale is larger than
the moduli mass scale. When H ~ m,, the moduli field starts to oscillate around the
origin with the amplitude of the order of M, according to the following equation:
d*n

d
—a 3Hd—Z +V, =0, (2.31)

where V;, denotes the derivative of the potential with the moduli field. The energy of the
oscillating moduli field redshifts as a2 like non-relativistic matters, where a denotes the
scale factor. Therefore, its energy soon dominates the universe after the inflaton decays.

In the case where the reheating after the primordial inflation occurs after the onset of
the moduli oscillation, the ratio of its energy density to the entropy density is estimated

as

P L (0" 215 107 Gov (it )’ (2.32)
s 8 f\M,) T 106GeV ) \ M, )’ '

where p, is the oscillating energy of the moduli field, and 7} denotes the reheating
temperature after the primordial inflation. On the other hand, in the case where the

reheating occurs before the onset of the moduli oscillation, the ratio is given by

2 2
Py 1 Mo 9 ( my >1/2 Mo
Prw2p () ~28x10°GeV ()7 () 2.33
s 8 ”(Mpl) Y T Tev M, (2:33)

T;, is temperature at the onset of the moduli oscillation and is defined as

90\ " my \1/2
Ty= () Vmah = 2.2 x 107 GeV (m> , (2.34)
where g, is the effective number of degrees of freedom. Here we used g, = 229. The
moduli-to-entropy density ratio are conserved until present unless entropy production

occurs. Since the ratio of the critical density p.. to the present entropy density s is given

by

Per 3.6 % 107°h2 GeV, (2.35)

S0
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Figure 2.3: The constraints on the moduli abundance. The orange line shows the X-ray
background constraint, and the red dashed line shows the dark matter abundance. We
recast this figure using the results in Refs. [37,38].

one can find that the produced moduli density is much larger than the critical density.
Note that the moduli abundance cannot be smaller than the critical density even if the
reheating temperature is as low as O(10) MeV, which is restricted from below to realize
the BBN.

Since the moduli field gravitationally interacts with other particles as well as the
gravitino, it also has a very long lifetime. When the moduli mass is of the order of TeV
scale, the moduli field decays during or after the BBN. As is the case for the unstable
gravitino, the moduli abundance is severely constrained as [28,30]

P S 0(1071) Gev (2.36)
when the branching ratio for hadronic decay channels is O(1) and the moduli mass is of
O(1) TeV. On the other hand, when the moduli mass is smaller than O(100) MeV, its
lifetime is larger than the present age of the universe. Since its density contributes to the
dark matter density, the produced moduli density must be smaller than the dark matter
density as well as the stable gravitino.

Moreover, there is a more stringent upper bound on the moduli abundance from X-ray
observations when O (107%) GeV < m,, < O(1) GeV [37,38]. One of the most probable

~Y

candidates for the moduli field is the dilaton whose VEV determines gauge coupling
constants. The dilaton field n generically couples to kinetic terms of gauge fields as
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follows:

l: 77
—__F VF'LLV7 2 l
L Ml [ ( 3)

where b is a coefficient of the order of 1. Due to this coupling, the dilaton field can
decay into two photons or two gluons if the decay is kinetically allowed. In particular,
the decay mode into photons is always open, and the emitted photons should not exceed
the observed X-ray backgrounds. We then obtain the stringent constraint for the moduli
mass of O (107*) GeV < m,, < O(1) GeV (see Fig. 2.3).

2.4.3 Polonyi problem

A singlet field such as the moduli field may appear even if you do not promote supersym-
metric models to superstring theories. The Polonyi field appearing in the Polonyi model
is one of such fields. The Polonyi model is the simplest SUSY breaking model in which
the F-term of the Polonyi field Z breaks the SUSY in the hidden sector [41].% In this
model, the only ingredient in the SUSY breaking sector is an elementary field Z. The
superpotential in the hidden sector is given by

Z
Whid = 1z sy Mpi (1 + CM—l + - ) , (2.38)
p

where psysy is a parameter with mass dimension 1, and c¢ is a dimensionless parameter
of O(1). Higher order terms are expressed by the ellipsis. Note that the parameter psysy
breaks the R symmetry since Z has R charge of 0. pgygy is related to the gravitino mass
as |psvsy|? = (|Whial)/Mp =~ ms2M,. The mass of the Polonyi field is of the order of
mg,s for generic Kéhler potentials. The F-term of Z is given by (|Fy|) ~ mg/s My, which
implies spontaneous SUSY breaking. This model is attractive in terms of its simplicity,
but the Polonyi field causes cosmological difficulties called the “Polonyi problems” as
well as the moduli field [35]. The Polonyi problem is also a severe problem because the

Polonyi abundance cannot be suppressed enough even for low reheating temperature of
Try ~ O(10) MeV.

2 In the Polonyi model, the SUSY breaking scale can be easily obtained by dynamical transmuta-
tion [53], by assigning vanishing R charge to the Polonyi field and breaking the R symmetry by gaugino
condensation [71,72].
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2.5 Solutions to cosmological moduli/Polonyi prob-
lems

There are several ways of solving the cosmological moduli/Polonyi problems. One possible
solution is to dilute the moduli/Polonyi density by some mechanisms, for example, by
thermal inflation [42,43]. The thermal inflation is known to be one of the most probable
candidates for dilution mechanisms. Another simple way is to make the moduli/Polonyi
field heavy enough to decay before the BBN. In this case, scales of soft scalar masses
often deviate from the electroweak scales, and then it becomes difficult to achieve the
electroweak symmetry breaking. Moreover, the abundance of LSPs produced from the
moduli decay may exceed the observed dark matter abundance as we will explain. In this
section, we will explain how the moduli/Polonyi problems are solved in these scenarios.?
For simplicity, we focus only on the moduli field, but the following scenarios are applicable

to the case of the Polonyi field.

2.5.1 Thermal inflation

The thermal inflation is a short epoch of accelerated expansion of the universe at low
energy scales. We show the evolution of the energy density in Fig. 2.4. This mechanism
requires a scalar field corresponding to a flat direction at the renormalizable level, which
is called the “flaton”. Firstly, let us introduce a simple model of the thermal inflation
with a discrete symmetry.

A. Model with 7, symmetry

We assume an approximate Z, symmetry in order to ensure the flatness. The superpo-
tential is given by [43-47]

Ax

W =
AM,,

X4 ge XEE+ O, (2.39)

where Ax and g¢ are dimensionless coupling constants, and X is the superfield of the
flaton field with a Z, charge of 1. Here we assume that ¢ and ¢ are massless fields charged
under the standard model gauge symmetry. C' is a constant term which cancels out the
vacuum energy and is related to the gravitino mass by |C| ~ mg /QM]?Z. Note that X is
singlet under the standard model gauge symmetry. The massless charged fields, £ and
€, interact with thermal bath, which generates the thermal mass term for X. Here, we

3 For other solutions, see Refs. [73-78].

23



energy density
A

inflaton

inflation inflaton oscillation moduli domination thermal inflation

>
»

time

Figure 2.4: The evolution of the energy density in the thermal inflation scenario. When
the vacuum energy Vy dominates total energy density of the universe, the thermal inflation
starts.

ignore higher dimensional terms since we focus on the field value much smaller than the
Planck scale.
Including SUSY breaking effects and the thermal mass term, the potential is given by

| Ax|?
Mgl

V(X)=Vo+ (erT? —m%) | X]* + ( IX X4 +c.c.) + X%+, (2.40)

4M,y,
where Vj respresents the vacuum energy which causes the thermal inflation, and ¢y is a
coefficient of the order of the g¢ squared. When ¢ and € are 5 and 5 in SU(5), cp takes
a value of 5g2/3 [46]. ax is a dimensional parameter of the order of mg,. Hereafter,
we assume that X has a tachyonic soft SUSY breaking mass term around the origin
(m3 > 0),* which is essential for the thermal inflation to work.

The evolution of the flaton X is as follows: we assume that X obtains a positive
Hubble induced mass term during the primordial inflation. X is then expected to sit
around the origin just after the inflation. Even when H < my, X can be trapped around
the origin due to the thermal mass term, and then the vacuum energy V, causes the
accelerated expansion of the universe when the vacuum energy exceeds the total energy
of the universe. The thermal inflation lasts until the temperature decreases to the critical
value of Ty =~ c;l/ *my. After the end of the thermal inflation, X starts to roll down to

4 In gauge-mediation models, the soft SUSY breaking mass term arises from the coupling with massless
gauge charged fields, £ and &.
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the true minimum due to the negative mass term. When H decreases to the decay rate of
the flaton, it decays into radiation with huge entropy production, and then the radiation
dominated universe is realized.

The true minimum of the potential is determined by the negative mass term, the
A-term and non-renormalizable terms. The flaton VEV at present is given by

mXMpl
6] Ax|

2
x| lax® g
myx mX

= (|X|)? = (2.41)

For simplicity, we assume that Ay is of O(1). One can find that the flaton VEV is much
larger than the electroweak scale. Therefore, the charged matter ¢ (£) with masses of
the order of g¢(|.X|) is expected to be much heavier than the electroweak scale after the
thermal inflation. By requiring that the vacuum energy vanishes at the true minimum,

the vacuum energy Vj is determined as follows:

2
| lax] <|ax|+ lax[? m)

2dmx \ mx mX

2m3 M*>

Vo= ==

(2.42)

When X has its large VEV, it is decomposed as

X = [M + %] exp ( \/_M) (2.43)

where x and a, are canonically normalized real scalar fields. The component y corre-

sponds to the flaton that starts to oscillate after the thermal inflation. We obtain a mass

of the radial component y around the true minimum:

2
L4 doxd <|GX|+ |aX| +12) (2.44)

mi = 4m3%
12mx \ mx mX

If C' was absent in Eq. (2.39) and the R symmetry was not broken, the superpotential for
X would have the R symmetry and the phase component a would be a massless R axion.
However, the R symmetry breaking, namely the non-zero VEV of the superpotential,
generates the R symmetry breaking A-terms and the phase component a, also obtains a

mass as

2
2 _ mxlax]| <|ax|+ lax|? +12> (2.45)

o 3 mx m%

In gravity-mediation models, the R-axion is as heavy as the flaton with a mass of O(1) TeV.
In gauge-mediation models, on the other hand, the R-axion is much lighter than the elec-

troweak scale since the R symmetry breaking parameter is small.
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After the end of the thermal inflation, the energy density of the oscillating flaton field
dominates that of the universe. Thus, the reheating occurs when H decreases to the decay
rate of the flaton x. The decay process highly depends on models. In the model given by
Eq. (2.39), the flaton can decay into gluons through one loop diagrams of ¢ and ¢. The
decay rate of this process is given by [46]

1 ag 2 m3
I'(x = 29) = I <E> ﬁé, (2.46)

where ag is the SU(3)¢ gauge coupling constant defined as ag = g3 /4. If the reheating

completes by this decay, the reheating temperature T3y is estimated as

90 1/4
T, o~ [ T'(x — 29)M.
i (729*(TF){<H)> \/ (= 29)M,y

—1/4 —1
g (T Y " my \¥2 (M
~ 6.1 9l lrn) . 2.4
6 Gevas( 100 <1Te\/> 1011 GeV (2.47)

When m, > 2m,, the flaton can also decay into R-axions. At the tree level, the

decay rate of this process is estimated as [46]

L(x = 2a,) = ——=. (2.48)

The produced R-axions decay into standard model particles through one-loop diagrams
containing ¢ and £. For example, the R-axions decay into photons and the decay rate is
estimated as [46]

2 [ Oem\2 Ma
D(ay = 29) ~ - ( o ) %, (2.49)
where ay,, is the fine-structure constant defined as a,, = €’ /4m. If loop running particles
are charged under SU(3)¢ and mg, 2 O(1) GeV, the R-axion can also decay into gluons.
Note that the flaton decay into R-axions is always allowed in gauge-mediated SUSY
breaking models. We then should consider the R-axion decay processes in such cases.
As seen above, in gauge-mediation models, the flaton decays into both the standard
model particles and R-axions when its decay rate becomes comparable to the Hubble
parameter. The produced standard model particles thermalize immediately and reheating
occurs. However, the produced R-axions cannot thermalize soon since they have only one-
loop suppressed interactions with particles in thermal bath. After the R-axions become

non-relativistic particles, its density scales as a3 and soon dominates the universe [45,46].
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Later, R-axions decay into the standard model particles and reheating occurs again. Using

Eq. (2.49), the reheating temperature when the R-axions decay, Txy, is estimated as [47]

) 90 \ /4
To ~ (ﬂg> VT = 29)My
Vi ([ ay| 3/4
~ 1.6keV|Ay|V2 [ -Sem (mX) oxl_ 2.50
VI 77137 ) \Tew 100keV ) (2.50)

where we use g, = 3.36. It is found that the R-axions decay at the temperature much
lower than O(10) MeV. This implies that it destroys light elements synthesized at the
BBN era and spoils the success of the BBN.

B. Model with linear term

One way to avoid the late-time decay of R-axions in the Z, symmetric model is a pro-
hibition of the flaton decay into R-axions. It can be realized by adding a Z, symmetry
breaking term [45-47],

SW = aX, (2.51)

into the superpotential. Note that « is a parameter with mass dimension 2. As we will
explain below, this term leads to degeneracy of masses of the flaton and the R-axion even
in gauge-mediated SUSY breaking models. The flaton decay into R-axions is forbidden
kinematically.

Here, we should comment on another motivation to introduce the Z, symmetry break-
ing term. When the superpotential has the Z, symmetry, there exists four degenerate
minima in the potential for X. The flaton randomly falls into one of them after the ther-
mal inflation, and then domain walls are formed. The domain walls dominate the energy
density of the universe, which leads to a cosmological disaster [79]. Hence, a bias for the
degenerate minima is necessary so that domain walls collapse before they dominate the
universe. In order to avoid the domain wall problem, the following condition should be
satisfied:®

0.2

5‘/1)ias > FVTR (252)
M

5 Assuming that the energy density of domain walls obeys the scaling relation, ppw ~ oH, domain
walls dominate the universe when Hgom ~ U/Mgl. On the other hand, domain walls decay due to the
bias when Hgec ~ 6Vhias/o. The condition is derived by requiring Hyec >> Haom-
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where 0V}, represents the bias of the energy density, and o represents the tension of
domain walls. In terms of the symmetry breaking parameter «, the condition is expressed

as

2
ms; /QmXM
la] 2 ———— (2.53)
Mgl
The necessary bias is so small that it does not change the scenario of the thermal inflation.
Hereafter, we consider the case that |a| is large enough to satisfy Eq. (2.53).

The flaton potential is now given by

V(X) = Vo— (2aaxX +hec)—m5|X|?

A*AX 3 1 ax 4 Ax? 6
X h.c. ——Ax X h.c. X/°. 2.54
+(M + C)+(4Mp1X +h.c +M5l\ | (2.54)

pl

The negative mass term is induced from the gauge-mediated SUSY breaking effect and
is applicable only for the flaton VEV smaller than the messenger mass scale. When the
flaton VEV beomes larger than the messenger scale, the negative soft SUSY breaking term
becomes suppressed at large amplitude [80]. In the following, we focus on the parameter
region where the flaton VEV at the true minimum is larger than the messenger mass scale.
We then ignore the negative mass term. When we assume that |ax| ~ mg/, ~ O(100) keV
and [Ax| ~ O(1), the trilinear term dominates over both the linear term and the quartic
term at the true minimum for the flaton VEV larger than O(107) GeV.% In this case, the
flaton VEV at present is estimated as

(X) =M ~ < |AX|” : (2.55)
and the vacuum energy at the origin is estimated as
Vo ~ |af?. (2.56)

Vb is determined by requiring that the vacuum energy vanishes at the true minimum. The
masses of the flaton and R-axion are now almost the same and are given by

2 A 1/3
My ~ Mg, ~ 3 (%) : (2.57)

pl

6 As explained in Sec. 3.5, if there is a coupling between the flaton and Higgs such as Eq. (3.110), the
flaton VEV larger than O(10'%) GeV can generate the pu-term of the electroweak scale. We then focus on
the parameter region where the flaton VEV is relatively large.

28



Note that the flaton decay into R-axions is forbidden since their masses are degenerate.
Taking into account the thermal effects, the flaton potential around the origin is
rewritten by

VX) ~ (7% — m) | X — —2200% v 4|O‘|2|aX|2 (2.58)
~ (cT*—m - —_— .
X CTT72 X 0 CTT‘2 X
and the local minimum before and during the thermal inflation is given by
2|a|m3/2
X|) > ———. 2.59
(XD =~ (259

Then, one can find that the flaton does not sit at the origin due to the Z; symmetry
breaking term «. This implies that the thermal inflation ends when the flaton VEV
becomes so large that it decouples from the thermal plasma, i.e., when the temperature
decreases to Tinq ~ clT/ *(|X]). Although the vacuum energy during the thermal inflation

also deviates from Vj, we can ignore the deviation §V/V ~ m2 /2 JerT?.

C. Moduli abundance

Now, we can estimate a dilution factor as follows:

Vo
272/459*5( end)Tv3 TX

end

1% g*s(Tend) - Tend - TX -
~ 3.0 x 10% 0 — = —RE_ 2.
3010 (1028 Gev4) ( 100 ) 100 GeV 1GeV ) (2.60)

where s; and sy are the entropy densities before and after the entropy production occurs,

spas 4
A= T2
3

;a3

respectively. By using Egs. (2.32) and (2.60), the yield variable for the moduli density
after the dilution is estimated as

—pT),BB ~ iTlnf ﬂ i
S o SA M 1

p

A -1 Tinf n 2
~ 41x1071 = RH 0 ) . 2.61
x 1077 GeV (3 > 1020) (107Ge\/> <Mpl (2:61)

In the following, we will call moduli produced before the thermal inflation “Big-Bang

moduli”. Here we used the subscript of BB to represent the Big-Bang moduli.
In the scenario of the thermal inflation, there exists additional contribution to the Big-
Bang moduli. We call the secondary produced moduli “thermal inflation moduli” [43].
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As with Eq. (2.30), the moduli potential during the thermal inflation is given by

1. N 1
VvV = écHHQ(n—no)2+§mf,n2+---
1, 5 cnH?  _\°
~ = H S L — 2.62
5 (my + 2 )(” m2 + ey H2 " T (2.62)

where ¢y is of O(1) and 7 is of the order of the Planck scale. Equation (2.62) clarifies
that the moduli field sits at the minimum depending on the Hubble induced mass term
during the thermal inflation. After that, it starts to roll down to the true minimum with
the amplitude of n ~ ¢y (Hy/my)*7o. Hyp is the Hubble parameter at the end of the
thermal inflation. The ratio of the moduli to the entropy density at present is therefore

given by
PpTH  _ PpTH ¢ TaaVo (7o ?
s Wo/3Ty 24 m2M2 \ M,

12

7.0 % 10717 Geve, (- Yo ( T >_2 . 2.(2.63)
TA\1GeV ) \1028GeV* ) \1TeV M,y

Note that the thermal inflation moduli is produced more abundantly as the vacuum energy
Vo becomes higher, which is contrary to the Big-Bang moduli.

The total moduli density is given by piotal = py,BB + pyH, and then it is found that
the thermal inflation can solve the moduli problem since piorar/s < O(10714) GeV for

m, ~ O(1)TeV. In the case of m, < O(107*)GeV, the moduli density can also be
sufficiently diluted out by taking model parameters properly.

2.5.2 Heavy moduli/Polonyi scenario

A simple way to avoid the moduli/Polonyi problems is to make the moduli/Polonyi field
heavy enough to decay before the onset of the BBN, which requires the moduli mass of
O(10-100) TeV. Hereafter we assume that the gravitino mass is as heavy as the moduli
mass. The moduli decay produces huge entropy since its density dominates the cosmic

density of the universe before its decay. With the decay rate of the moduli field,

3
_dym

—_n_n 2.64
the decay temperature is estimated as
90 \* m,  \32
Ty= (5 ) Vb = 4Mevay? (20 o) ™ 2.65
! (WQQ*(Tn)) f. 0\ 100 Tev (2:65)
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Here d, is a numerical constant, and we used g¢.(7;) = 10.75. When the moduli mass
is lighter than O(10-100) TeV, the severe constraint, p,/s < O(107) GeV, is required
since the moduli decays after the onset of the BBN, T' ~ O(1-10) MeV [28-30]. When the
moduli field is heavier than O(100) TeV, it can decay before the BBN, and the constraint
from the BBN becomes much milder.”

Even in this case, however, there is an incidental problem: LSPs are abundantly
produced from the decay of the moduli field, and the LSP density tends to exceed the
observed dark matter density. The abundance of the LSPs is given by [69, 85]

T N, T
Yisp = Lsp ~ min 1 , LSPnn( n) ,
S <‘7U>5(Tn) S(Tn)

(2.66)

where nygp and n,, denote the number density of the LSP and the moduli field, respectively.
(ov) represents a thermally averaged cross section of the pair annihilation between LSPs.
Nisp is the averaged number of superparticles produced by the decay of one moduli field.
When the first term is relevant, the pair annihilation between LSPs effectively proceeds
after the moduli decay, and the yield variable for relic LSPs, Yisp, is approximately
proportional to 7 n_l. For example, when the neutral wino is the LSP with a mass of
0(0.1-1) TeV, it is found that the decay temperature T, generally needs to be larger
than O(1-10) GeV [69] in order for the wino abundance not to exceed the observed dark
matter density.® This requires the moduli mass heavier than about 5PeV assuming that

d, ~ O(1).

2.6 Moduli/Polonyi problem and baryon asymmetry

As explained above, cosmological moduli/Polonyi problems can be solved by several ways.
However, it should be kept in mind that preexisting baryon asymmetry is also diluted out
by entropy production. The dilution is provided by the flaton decay, the moduli/Polonyi
decay and so on. Therefore, in order to obtain cosmologically consistent scenarios, we
need a mechanism to generate huge baryon asymmetry beforehand or to generate the
observed baryon asymmetry after the dilution.

As mentioned in Chapter 1, leptogenesis is one of well-known baryogenesis. In this

scenario, lepton violating interactions generate lepton asymmetry at the higher energy

7 When the gravitino mass is much lighter than the moduli mass and is about O(1) TeV, the moduli
decay into gravitinos is kinematically allowed with the branching fraction of (0(0.01-1) [81-84]. In this
case, the constraint from the BBN becomes stringent.

8 Reference [69] has taken into account the Sommerfeld effect and coannihilation among charged and
neutral winos.
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scale, i.e., before the entropy production. However, the produced lepton asymmetry is
too small to survive after the dilution since the produced asymmetry is generally of the
order of the observed baryon asymmetry before the dilution [86]. Then, the leptogenesis
cannot work in the existence of moduli/Polonyi fields.

On the other hand, the electroweak baryogenesis might be able to generate the baryon
asymmetry after the dilution. In this case, the reheating temperature after the dilution
should be higher than the electroweak scale in order for the produced asymmetry not to
be diluted. However, it seems to be difficult to achieve such high reheating temperature in
both cases of the conventional models of thermal inflation and the heavy moduli/Polonyi
scenarios. Moreover, the electroweak phase transition must be first order in order to
generate the baryon asymmetry. Unless a particle model achieves the first order phase
transition, the generated baryon asymmetry is washed out by the sphaleron process. In
the MSSM, the parameter region where the electroweak phase transition becomes first
order is strictly constrained [87,88].

The Affleck-Dine (AD) mechanism is the most probable candidate for generating
baryon asymmetry beforehand because it can produce B — L number much more efficiently
than other baryogenesis scenarios, e.g., the leptogenesis and the electroweak baryogene-
sis. In the next chapter, we explore a parameter region to explain the observed baryon

asymmetry by the AD mechanism in the existence of the moduli/Polonyi field.
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Chapter 3

Baryogenesis before dilution

The thermal inflation dilutes out not only moduli density but also the baryon asymmetry
which may be produced beforehand. When we consider that baryon number is produced
before dilution, we need some viable mechanisms to produce sufficiently large amount of
baryon asymmetry. The Affleck-Dine mechanism [20,21] is a promising candidate in the
framework of the SUSY. In the AD mechanism, flat directions rotating in the complex
plane produce baryon number, and they decay into standard model particles in the early
universe. In this chapter, we explain whether the AD mechanism can explain the observed

baryon asymmetry with huge dilution.

3.1 AffHeck-Dine mechanism

The SUSY predicts a lot of flat directions which have vanishing potentials at the renormal-
izable level [19]. In particular, the MSSM contains flat directions carrying baryon (and/or
lepton) charge. They are referred to as “Affleck-Dine fields” in this scenario. One example
of them is the @dd flat direction. The udd flat direction is combination of right-handed
squark fields with the same amplitude, for example, uf = \/Lg@, c?? = \/qu) and 5123 = \/qu),
where @ and d are the up-type and down-type right-handed squarks, respectively. The
superscripts and the subscripts show color and family indices, respectively. In this di-
rection, the D-term potentials indeed vanish and it also has no renormalizable terms in
the F-terms if the R-parity is conserved. In the following, we explain the AD mechanism
without restricting to the add flat direction. The other flat directions with B — L charges
are listed in Table 3.1.

Firstly, we will explain the AD potential responsible for generation of baryon number.
The flat directions are lifted by non-renormalizable terms and SUSY breaking effects. The
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flat directions B — L

LH, -1
udd —1
LLé -1
QdL -1
dddLL -3
uuuee 1
QuQue 1
ROQQu 1
(QQQ),LLLE -1
wudQdQd -1

Table 3.1: The flat directions with B — L charges in the MSSM. The subscript of 4 shows
that the combination of (QQQ) transforms as a 4 of SU(2), [19].

non-renormalizable superpotential is generically written as

Ao
Wg = ———" 3.1
NR TLMTE_S ) ( )

p
where A\ is a coupling constant and n(> 4) is an integer. ® denotes the AD superfield.
For example, n = 6 in the case of the @dd flat direction. The superpotential of Eq. (3.1)

leads to the following AD field potential:

m3/2 Ao | 2n—2
V = ——— (apA\e D" .C. |, 3.2
ANR nMpTg (anAe®" +c.c.) + len76| | (3:2)

Here, we introduce a dimensionless parameter a,, of O(1), which depends on higher di-
mensional Kéahler potentials. The terms proportional to a, are A-terms induced from
gravitational effects. The A-terms are global U(1) breaking terms and produce the B — L
number during the evolution of the AD field as we will see.

The AD field also acquires the soft mass of the order of the gravitino mass, and its
potential is expressed as

|

o
varav = mg/Q (]_ + KlOg W) |q>|2 , (33)

*

where M, is a renormalization scale. This potential comes from the gravitational medi-
ation effects including one-loop corrections [89]. The parameter K comes from one-loop
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effects, and its absolute value is typically in the range of 0.01 to 0.1. If gaugino contribu-
tion to one-loop effects is larger than that of the top Yukawa interactions, the sign of K
is negative, and vice versa.

When the SUSY breaking effects are mediated by the gauge interactions, the potential
for the AD field is given by [90,91]

s @\’
Viauge = Mp | log e , (3.4)

mess
where M, 1S a mass scale of messenger fields which connect the observable sector with
the SUSY breaking sector. This potential is applicable only for |®| > M. At lower
scales than the messenger mass scale, the potential is replaced by a soft SUSY break-
ing mass term, miygy|®|%,t where mgysy ~ O(0.1-1) TeV. Mp is related to the SUSY
breaking scale as follows [90]:

g\/?
Mp ~ =——\/k(F), (3.5)

A
where g represents generic gauge couplings of the standard model, and (F’) denotes the
SUSY breaking F-term. The parameter £ is determined from coupling between the SUSY

breaking sector and the messenger sector and satisfies k£ S O(1).

The SUSY breaking scale is constrained from below by the observed Higgs boson
mass at around 125 GeV, which acquires radiative corrections from stop masses. Since
the masses of scalar particles are proportional to the parameter of A = k(F") /M yess, We

obtain a lower bound of A as follows [92,93]:2

F
A= KE) > 6 x 10° GeV. (3.6)

mess

Moreover, M2 .. 2 k{F) is necessary to make masses of the messenger scalar particles

mess ~v

positive. In combination with Eq. (3.6), \/k(F) = A = 6 x 10° GeV must be realized.
Therefore, M is restricted from below,

Mp 25 x 10%g12 GeV. (3.7)

Since the SUSY breaking scale (F) is related to the gravitino mass as (F) =~ v/3mg/o M,
M is restricted from the above as follows:

< 6 1/2 ( m3/2 >1/2
Mp < 1.6 x 10°GeVyg 00 ke . (3.8)
! The potential becomes logarithmic for |®| > M,ess since a large amplitude of the AD field leads to
suppression of the transmission of SUSY breaking effects [90].
2 Hereafter, we consider the minimal gauge mediation model with one pair of the messenger par-
ticles [92]. The constraint becomes slightly milder in the case with more messenger particles, but the
following results do not drastically change.
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In the early universe, the vacuum energy largely breaks the SUSY and changes the
potential for the AD field since it is generally coupled with the inflaton through Planck-
suppressed interactions. Such SUSY breaking effects depend on the expansion rate of the
universe, which affects the evolution of the AD field. In supergravity, the scalar potential
is given by

> . 3
V = MM | (D,W) K (D W) _WW‘Q + (D-terms) , (3.9)
pl

where D;W = W, + K;W/ Mgl. The subscripts represent the derivatives with a field 7. K i
is an inverse matrix of K;;. The Kahler potential for the inflaton I and the AD field is
generically written by
K = |0 + |12+ | 0PI+ (3.10)
pl
where ¢; is a real coupling constant of O(1). Higher order terms are expressed by the
ellipsis, and we assume that these terms are irrelevant to the dynamics of the AD field.
Here, we consider that the F-term of the I causes the primordial inflation. Therefore, the
Hubble parameter H is related to the F-term Fy as |F7|* ~ 3M2 H;, ; during the inflation.

From Eq. (3.9), the resulting potential is given by

V D3(1—cp)H, 4|®, (3.11)

m

and we call it a Hubble-induced mass term. If H;,; is much larger than the soft mass of
the AD field and ¢; is larger than 1, one can easily find that the AD field acquires a large
negative mass term during the inflation. Hereafter we consider the case of 3(1 —¢;) < 0
for the AD field to acquire a large field value.

After the primordial inflation ends, the inflaton starts to oscillate around the potential
minimum. The energy density of the universe is dominated by its oscillation energy. Since
the AD field is generically assumed to be coupled to the kinetic term of the inflaton, it
acquires a Hubble-induced mass term even in the inflaton oscillating era. Because of the
coupling between the inflaton and the AD field in the Kahler potential, the kinetic term
contains the following term:

Lo %auzaﬂmcm?. (3.12)
pl
Since time scale of the inflaton oscillation is much shorter than that of the AD field, we

can take a time average of the inflaton oscillation. This term is then rewritten as

3
VD e H B, (3.13)
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by using the Virial theorem: (|0pf|*) ~ 3H?M};/2. In many models of inflation, the field
whose F-term causes the accelerating expansion is different from the one whose oscillation
energy dominates the universe after the inflation. Therefore, origins of the Hubble induced
mass terms are generally different between Eqgs. (3.11) and (3.13). Hereafter we assume
that the AD field has the negative Hubble-induced mass terms both during the inflation
and after the end of the inflation.

Thermal effects may also affect the dynamics of the AD field. Even before the inflaton
completely decays, the radiation produced from the inflaton decay exists in the inflaton
dominated era, which is called a dilute plasma. The temperature of the dilute plasma is

given by [94]

T~ (T2 My H)"". (3.14)
The effect from the dilute plasma must also be taken into account.
There are two types of thermal effects on the effective potential. Firstly, when fields
&, directly couples to the AD field and have effective masses lighter than temperature,
thermal mass terms arise as [95]

Vi = Y afiT?2), (3.15)

fr|®|ST

where ¢, is a constant parameter of O(1). fi is a coupling constant between light fields
& and the AD field . When the AD field has a field value, the fields & acquire effective
masses as fi|®|. Here we assume that masses of &, are much lighter than f;|®|. Therefore,
only particles with effective masses fy|®| < T contribute to the thermal mass term of
Eq. (3.15).

The other thermal effect exists at the two-loop level. Even when the AD field has a
large field value, fields that do not couple to the AD field remain massless. These fields
contribute to the free energy as radiation. When the AD field is the LH, direction, for
example, gluons and gluinos are massless fields. In this case, the potential is given as
V ~ g%4(T)T* at the two-loop level, where gs(T') is a SU(3)c gauge coupling constant
and evolves with temperature. Its dependence changes with the nonzero AD field value
because of fields with effective masses of fx|®| 2 7. In the case of LH, direction, the top
quark actually satisfies the condition. The thermal effect is generally given by [96,97]

o) 2
Vina =~ agas(T)*T* In ('T—L> : (3.16)

where a4 is a constant parameter of O(1).
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Let us explain the evolution of the Affleck-Dine field in the early universe. During
the primordial inflation, the AD field sits down at the local minimum determined by the
negative Hubble-induced mass term and the non-renormalizable terms. The field value is

_3\ 1/(n—2)
Hip M3
D ~ <|A—¢|p> . (3.17)

After the end of the inflation, the energy of the universe is dominated by the oscillating
inflaton. When the Hubble parameter decreases to H ~ \/m , the AD field starts to
roll down to the origin of the potential. At this time, the phase of the AD field also starts
to rotate in the complex plane due to the A-terms in Eq. (3.2). When the AD field ®
carries the B — L charge, the rotation in the complex plane corresponds to the production

estimated as

of the B — L number. The B — L number density is given by
np_r = iBB*L <(I)*(I) - CI)*(I)> R (318)

where fp_; denotes the B — L charge of the AD field, and the dots denote the time
derivative. As the oscillation amplitude of the AD field decreases due to the Hubble
friction, higher order terms become irrelevant. Therefore, the B — L number violating
operators, the A-terms, produce B — L number only at the onset of the oscillation. After

that, the B — L number density scales as a 3.

The produced B — L number is finally
converted into the standard model particles by the decay of the AD field.
The evolution equation for the B — L number density is expressed as
ov
nB—L + 3HnB_L = QBB_LIIH |:—¢):| .

5 (3.19)

The right-hand side is the source of the B — L asymmetry. By solving the equation, one
can find that the asymmetry is produced most effectively at the onset of the oscillation.
The produced B — L density is then estimated as

ms /2 [ Pose|™
Hose M3
= enp® (fosc), (3.21)

nB,L(tOSC) >~ QﬁB,L |(]Jn)\q>‘ sin [n@z + arg (an)\q>)] (320)

where the subscripts of . show the values when the AD field starts to oscillate. 6; is the
initial phase of the AD field. n'5* (fos.) denotes the maximal baryon number produced

at t = t.s and is estimated as

N (fose) = Hose | Pose” - (3.22)
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€ 1s estimated as

n—2
m3/2|q)osc|

2 n—3
H2, M)

osc

€ ~ 20Bp_r|a Ao sin [nd; + arg (a,\e)] (3.23)
and shows the efficiency of the AD mechanism. e ~ O(1) means that the orbit of the
AD field in the complex field plane is nearly circular. When € < O(1), its orbit becomes
elliptic. The parameter € is called the ellipticity parameter.

The sphaleron process is in thermal equilibrium at temperature above the EW scale,
and the produced B — L number is converted into the baryon number through anomalous
B + L breaking processes. The baryon asymmetry is related to the B — L asymmetry
as [98,99]

8
np = %TLB_L7 (324)

where np_; expresses B — L number density. Since the produced baryon number is
comparable to the number density of coherent oscillation with a large amplitude, the
AD mechanism is much more efficient than the other conventional baryogenesis. The
AD mechanism is a probable candidate for baryogenesis in cosmology with the long-lived
particles such as the gravitino, the moduli field, and so on.

3.2 Q-ball

The baryon number production by the AD mechanism is closely related to Q-ball forma-
tion. Q-ball [100] is a non-topological soliton that could be formed during the oscillation
of the AD field. The AD field fragments into QQ-balls if its potential becomes flatter than
a quadratic term for a larger field value. From the previous numerical calculation, it is
known that almost all produced baryon charges are confined into Q-balls [101-103]. We
then need to calculate baryon number released from these Q-balls to estimate the baryon
asymmetry.

Firstly let us explain conditions that Q-balls are formed after the AD baryogenesis
and profiles of Q-balls. The configuration of the Q-ball is determined by the condition of
minimizing the energy with conserved baryon charge, where the energy and the baryon
charge are given by

E = /d% U@)Q+|vq>|2+V(|q>|)], (3.25)

Q = 2 / dalm [0, (3.26)
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respectively. Here, we assume that the AD field carries an unit of baryon charge for

simplicity. The scalar field configuration is obtained by minimizing
E,=FE+w (Q - 2/d3x1m [@*@D , (3.27)
where w is a Lagrangian multiplier. F,, is rewritten by
E, = /d% U@ - m@)g — P2 [OP + VoL +V (|<1>|)} +wO. (3.28)

The time dependence of ® is determined as ®(x,t) = pe™! /+/2 from the first term in order
to minimize E,. We assume that the stable field configuration is spherically symmetric,
which leads to the following equation of the field configuration:

0? 20 9 0

St S — —V(p) =0. 3.29

5 T g et W e () (3.29)
The boundary condition is ¢'(0) = 0 and ¢(o0) = 0 in order to obtain a smooth and local

configuration. The solution with the boundary condition exists for

2
wg = min {QV(Q@)] < g V(20)‘
¥ =070 O

(3.30)

The inequality requires the existence of the field value where the potential is flatter than
the quadratic potential. This condition is satisfied if the potential of the AD field is
dominated by the terms of Egs. (3.4) and (3.16). Even if the term of Eq. (3.3) dominates
the potential, Eq. (3.30) is satisfied in the case of K < 0.

The profile of the Q-ball depends on the potential of the AD field. We show classifi-
cation of the Q-ball in Table 3.2. When the AD field starts to oscillate by the potential
determined by the gauge-mediated effect of Eq. (3.4), formed Q-balls are referred to as
“gauge mediation type Q-balls”. The field configuration of the gauge-mediation type
Q-ball is determined by solving Eq. (3.29) and is approximately given by [104]

iwt sin wr f R =
o)~ oy | 0Tt forr<E=mlw (3.31)
V2 0 forr > R
where w and ¢ are given by
w ~ V2rMpQ V4, (3.32)
po ~ MpQ'*. (3.33)
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gauge mediation gravity mediation
gbosc ¢osc < ¢eq ¢osc > ¢eq
K K<0, K>0 K <0 K >0 K <0

type || gauge mediation type | new type | delayed type | gravity mediation type

Table 3.2: Classification of the type of the Q-ball.

The energy of the Q-balls is calculated from Eq. (3.25) and is estimated as

4+/2m
3

E ~

MpQ**, (3.34)

One can find that the Q-ball energy per unit charge (~ dF/dQ) is smaller for large Q.
When it is smaller than the proton mass, i.e. dE/dQ ~ MpQ~'/* < 1GeV, Q-balls
cannot decay into nucleons. The charge of the Q-ball can be determined by numerical
simulations and is given by [103]

¢ 4
-~ (%) (3.35)

where 3 is a numerical coefficient and is determined as 8 ~ 6 x 1072 Hereafter, we
use ¢ as the amplitude of the AD field and ¢ denotes the amplitude at the onset of
the oscillation, in other words, ¢osc = |Posc|- Note that ¢@osc should be smaller than a
threshold value ¢oq given by

%auge(¢eq) = %rav(¢eq)7 (336)

in this case. ¢.q is estimated as

2
mgsy \ 1 Mp
5.2 x 101 GeV ( ) , 3.37
Peq x \200kev/) \5x101GeV (3:37)
for Myess ~ 5 x 10° GeV. Note that $eq has a logarithmic dependence on Mpess. The
gauge-mediated effects dominate over the gravity-mediated effects below the threshold
value @eq.
In the case of ¢osc 2= ¢eq, the gravity-mediated effects dominate over the gauge-

mediated ones, and one can consider two types of scenarios: K > 0 and K < 0. Firstly

3 Precisely speaking, the numerical coefficient 8 depends on the orbit of the AD field in the complex
plane. 8 ~ 6 x 107 for a circular orbit (¢ = 1), while 8 ~ 6 x 1075 for an oblate orbit (¢ < 0.1).
Hereafter, we use 5 ~ 6 x 10~ for simplicity since our results do not change significantly.
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we consider the case of K < 0. The potential of Eq. (3.3) with K < 0 satisfies the con-
dition for Q-ball formation. Q-balls formed in this potential are referred to as “new type
Q-balls” [102]. Even in gravity-mediated SUSY breaking models, Q-ball formation occurs
when the AD field starts to oscillate in the potential determined by the gravity-mediated
effects of Eq. (3.3) with K < 0. Formed Q-balls are referred to as ”gravity mediation type
Q-balls”. The field configuration is approximately given by a Gaussian function [89]:

1 ,
D(r) ~ ESOOB_T?/M%M, (3.38)

where R, w and ¢, are given by

1

R ~ m, (3.39)
W~ Mg, (3.40)
3/4
Yo (@) / msz QY2 (3.41)
respectively. The energy of the Q-ball is given by
E ~ms,Q. (3.42)

In gauge-mediated SUSY breaking models, this type of Q-balls is stable against the decay
into nucleons since dE/dQ ~ mg/, < 1GeV. The charge of the new type Q-ball is given
by [105,106]

—  dose \°
Q~i(L=) (3.43)
mg/2

where 3 ~ 2 x 1072
When K > 0, on the other hand, the condition of Eq. (3.30) is not satisfied, and then
Q-balls are not formed. In this case, the oscillation of the AD field remains homogeneous.

2 after it starts to oscillate. However, when the

Its amplitude decreases as ¢ o< a3/
potential of the AD field becomes dominated by the gauge-mediated effects after the
onset of the oscillation, in other words, its amplitude decreases to ¢y, Q-ball formation
occurs. This type of Q-balls is referred to as “delayed type Q-balls” [103]. The profile
and properties of the Q-ball are the same as those of the gauge-mediation type Q-ball

(see Egs. (3.31), (3.32), (3.33) and (3.34)), while the charge of the delayed type Q-ball is

given by
deq )
0~s(fa)’ s
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The thermal logarithmic potential of Eq. (3.16) also satisfies the condition for Q-ball
formation. If the AD field starts to oscillate by the thermal logarothmic potential, one
can obtain charge of the Q-ball by replacing Mg with T, in Eq. (3.35), where T, is the
temperature at Q-ball formation. The profile and properties become the same as those of
gauge-mediation type Q-balls when temperature decreases sufficiently.

Finally, let us estimate baryon number released from the Q-balls. Even if the Q-ball
is stable against its decay into nucleons, in other words, dF/dQ < 1 GeV, baryon charge
is released from the Q-ball surface via evaporation [107]. At finite temperature, the free
energy of the AD field is minimized when the all confined baryon charges behave as free
particles in the thermal plasma rather than inside the Q-ball. However, baryon charge
inside the Q-ball cannot completely evaporate since the evaporation rate is slower than
the cosmic expansion rate. The total evaporated charge of gauge-mediation type Q-balls
is given by [103, 108]

—2/3 M -1/3
AO ~ 10'6 msusy e /12 4
Q 0 < 1TeV ) 5 x 104 GeV @ (3.45)

In the case of new type Q-balls, it is given by [102, 103]

K| 2B g, Y3 rmgpsy | ~2/3
AQ ~ 10%° |— 82 —— . 3.46
© (0.01> (100 ke\/) ( 1TeV ) (3.46)

On the other hand, the Q-ball can decay into nucleons when dE/dQ > 1GeV and
release baryon charges from its surface. The emission rate is determined by the Pauli
blocking effect on its surface. It is given by [109-111]

‘@ o (214 (3.47)

dt | 9672’

where A is the surface area of the Q-ball. In order to avoid destroying light elements
formed during the BBN due to decay products of Q-balls, the decay temperature is con-
strained as follows:

1d
Tdec ~ ——QMpl Z 0(10) MeV. (348)

Q dt

In gauge-mediated SUSY breaking models, Q-ball formation is inevitable due to the log-
arithmic potential of Eq. (3.4). Therefore, we should take into account the evaporated
charge and Q-ball decay temperature for the estimation of the baryon asymmetry.
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3.3 Case of gravity-mediation models

In this section, we will estimate baryon number produced by the AD mechanism before
dilution in gravity-mediation models with moduli mass of O(1) TeV.* Since we need to
dilute the moduli/Polonyi field density sufficiently, one can know whether the observed
baryon asymmetry is explained by estimating the ratio of the produced baryon number
to the moduli/Polonyi density. For simplicity, we will focus on one moduli field hereafter.

Firstly, we consider the case where the AD field starts to oscillate by the SUSY break-
ing terms ignoring the thermal potential. In gravity-mediation models, the AD potential
at zero-temperature is given by Eq. (3.3). In this case, the Hubble parameter at the onset
of the AD field oscillation is estimated as Hos ™~ mg/o >~ O(1) TeV. Since the field value
of Eq. (3.17) is estimated by the balance between the negative Hubble induced mass term
and the non-renoralizable term that is the last term in Eq. (3.2), it is applicable up to the
Planck scale. Above the Planck scale, the exponential term with Kahler potential lifts
the potential (see Eq. (3.9)). Therefore, the AD field value at the onset of the oscillation

is given as

s Y 2)
oseTpl f Aol >\,
Posc = [ Posc| = ( Pal ) orPel 2 A (3.49)
M,y for [As| S A
where A\, = Hos./My. The ellipticity parameter € is then estimated as
= for |Ae| 2 A, 550
Ao 222 for [Ag| S A

2

osc)

Since the produced B — L asymmetry is about np_p (tosc) =~ € HoscPoge, One can find that
the maximal B — L number density is achieved as np_r (tosc) = ms3 /gszl when |[Ag| =~ A,
in other words, ¢osc > My and € =~ mg/y/Hose ~ O(1) in this case.

Ignoring the thermal potential, the ratio of the baryon number to moduli density is

~ E € ¢osc ? Mo - (3 51)
23 Hose \ My M, ’ '

where we used np_r(tosc) = €Hosc®2,.. Here, we assume that the moduli mass is about

estimated as
3M ; H?
Pn

ng 8 np_r,

py 23 3MZH?

AD osc moduli osc

the gravitino mass and that the AD field and moduli field start to oscillate in the same

4 The case where the moduli mass is about O(100) TeV will be discussed in Chap. 4.
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epoch. This ratio does not change after the moduli oscillation. The baryon asymmetry

after the dilution is estimated as

np np Py 7.0 X% 10—18 pn/s o - Hosc - (z)osc ? (3 52)
—_— = (. € . .
s J 10714 GeV M, 1TeV M,

One can find that the produced baryon asymmetry is much smaller than the observed one

in gravity-mediation models.

Next, we consider the case where the AD field starts to oscillate by the thermal
potential. When the thermal logarithmic potential dominates over the soft mass term
at t = tos, the Hubble parameter is estimated as Hyse =~ agsT./osc, where Tog. =~
(T, }%HMleosc)l/ 4 H.. and T are then calculated as
Hoye ~ a%w (3.53)

2 )
osc

lasM,
Te =~ Tra % (3.54)
Posc

Since afTy, log 75 2 m3 p¢5, the AD field starts to oscillate before the beginning of
the moduli oscillation, in other words, Hos 2 m3)2.

Since the moduli field begins to oscillate after the onset of the AD field oscillation,
there are two cases depending on when the reheating occurs. If the moduli field starts
to oscillate before the reheating, the ratio of the baryon number to moduli density is
estimated as Eq. (3.51). If the moduli field starts to oscillate after the reheating, the
ratio becomes larger by the factor of Txru/T,, since the radiation dominated universe is
realized before the onset of the moduli oscillation. 7T), is defined in Eq. (2.34). The ratio

is estimated as

16 osc ) -
p77 23 Hosc Mpl Mpl

where the factor of R is defined as

1 for TRH S T177
TRH / T’77 for TRH Z T’77

(3.56)

We calculated the baryon number density before Q-ball formation for simplicity. Here we
used € ™~ mg// Hog since the ellipticity parameter is maximized when |Ag| 2 Ax. When
Tru S T5,, the ratio is clearly smaller than the case of ignoring the thermal potential since
Hose 2 mgjo (see Eq. (3.51)). When Try 2 T3, one can find that the produced baryon

Y ~Y
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asymmetry decreases as the reheating temperature becomes higher (see Egs. (3.53), (3.55)
and (3.56)). Therefore, the produced baryon asymmetry is much smaller than the observed
one even when the AD field starts to oscillate by the thermal potential. As a result, the
AD mechanism cannot explain the observed baryon asymmetry with dilution in gravity-

mediation models.

3.4 Case of gauge-mediation models

In gauge-mediated SUSY breaking models, Q-balls are inevitably formed during the os-
cillation of the AD field. Almost all baryon number is absorbed into Q-balls even if
huge baryon asymmetry is produced by the AD mechanism. If Q-balls are stable, baryon
charge is released from QQ-balls via evaporation. In the case of unstable Q-balls, the decay
of Q-balls can release baryon charge. However, it must occur before the BBN epoch in
order to explain the baryon asymmetry. We study if the AD mechanism can work with
dilution in both cases. In this section, we update the analysis in Ref. [112] by using the
lower bound of Eq. (3.7).> The AD potential in the following cases is shown in Figs. 3.1
and 3.2.

A. Stable Q-ball formation when Vauge grav(@osc) 2 Vin(@osc)

Firstly, we consider the case where the AD potential is dominated by the zero-temperature
potential. Since AQ/Q becomes smaller as ) increases, it is more difficult to extract
baryon charge from Q-balls with larger baryon number. In order to produce huge baryon
number, ¢qs. should be large, which leads to increase of baryon charges confined in Q-
balls. Then, the released baryon number generally becomes smaller as ¢ increases. In
the case of the delayed type Q-ball, however, baryon charges of QQ-balls do not increase
even though ¢, becomes much larger than ¢.q. Hence, the delayed type Q-ball seems to
be able to most effectively provide baryon charge outside Q-balls. We then focus on the
delayed type Q-ball.
The finally provided baryon asymmetry is calculated as
np _ s AQ (3.57)
S s @

where N /s is the ratio estimated without considering Q-ball formation. When ¢osc 2 ¢eqs
the AD field starts to oscillate by Vi, that is given by Eq. (3.3) with K > 0. After that,

® This section is based on the work of Ref. [47]. In this thesis, we study all the cases including effects
of the thermal potential while the analysis in Ref. [47] is incomplete.
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Geq s

Figure 3.1: The potential of Vyayge and Vipay. The circles denote ¢ in the case of A and
D.

Peq ¢

Figure 3.2: The potential of Vi, » and Vigay. The circles denote ¢ in the case of B, C, E
and F.
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the oscillation amplitude decreases to ¢y, and then Q-balls are formed. The charge of
the Q-ball is given by Eq. (3.44). At ¢ = tos, the Hubble parameter becomes of the order
of the gravitino mass, Hos =~ mg/2. For the delayed type Q-ball, AQ/Q is estimated as

m ~2/3 —4 / myyy \11/3
& ~ 2% 107" ( ngUei/Y) / (5><1](\]{1FGeV) (2003113\/) / , for Mp 2 Mp. (3.58)
Q 1 for Mp < Mp,
where we have used Eqgs. (3.37), (3.44) and (3.45). Since Mp, is estimated as
Mp, _5 (Msusy\ Y6/ mgjp /12
107 ) ) 3.59
5x 104 GeV Y 200 keV (3.59)

we will consider the case for Mp 2 Mp,. The stability condition, dE/dQ < 1GeV, leads
to the upper bound on the gravitino mass:

m3/2 5 14 GeV, (360)

where we have used Egs. (3.34), (3.37) and (3.44).

In this case, the ratio of the baryon number to moduli density is estimated as
7:6_]3 ~ EmS/Q ¢osc ? o - (3 61)
Pn 23 Hgsc Mpl Mpl ’ .
in the same way with Eq. (3.51). The produced baryon asymmetry is estimated as
e g oqgen (ST (0T ( Hoe N7 (o)
s 0.12 My Hose \ 200 keV My
—2/3 M —4 11/3

% (mSUSY> F ( m3/2 ) ’ (3.62)

1TeV 5 x 10* GeV 200 keV

where we take the gravitino mass as O(100) keV in order to avoid the X-ray background

constraint (see Fig. 2.3). One can find that the estimated baryon asymmetry is too small
to explain the present one, ng/s ~ 8 x 107", even if ¢osc ~ M, and My is taken as the
lower bound of Eq. (3.7).

B. Stable Q-ball formation when Vij, 2(Posc) 2 Verav,gauge (@osc)

~Y

We consider the case where the thermal logarithmic potential Vi, 2 dominates over both
Vaange and Vgray. In this case, a7, 2 Mp and o1, 2 m2 /2qb2 should be satisfied.

0osC v osCc ~v 0osc

The Hubble parameter H,. and the temperature T,,. when the AD field starts to oscillate
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are given by Egs. (3.53) and (3.54). Therefore, the reheating temperature is constrained
below as
MF ¢osc

Try 2 —
~ aS Mpl7

(3.63)

and

TRH Z afﬁ;\sj \/mg/QMpl, (364)

pl

fI’OHl ‘/th,2(¢osc) Z ‘/:gauge(¢osc) and Wh,2(¢osc) Z ‘/grav<¢osc)7 feSpeCtiVelY-
Since the charge of the formed Q-ball is given by Q ~ B(¢osc/Tosc)*, AQ/Q is estimated

as

% ~ 2X 10—120%1/6 (mSUSY)_2/3 ( Mp )_1/3

1TeV 5 x 104 GeV
T 13 g\ 12
x (22 Pose , (3.65)
1010 GeV M,
where we used Eq. (3.45). We can use this relation only when AQ/Q < 1, in other words,
only when
. 433 M —2/33 T 2/3
Pose 7 1073 (Lsusr) (—F> (i) (3.66)
M, 1TeV 5 x 104 GeV 1010 GeV
is satisfied, and the right-hand side does not exceed O(1):
2/11 M 1/11
Thn S 17 x 10% GeVag/? (TS0 ) (—2E ) 3.67
RH -~ 20 s\ TTev 5 x 104 GeV (3.67)
Otherwise, AQ/Q becomes 1.
Moreover, dE/dQ) < 1GeV leads to
Posc ~ 1/3 MFp i Tru S
— 2 0.03 —_— —_— 3.68
My, ~ 0% 5 x 104 Gev 100Gev ) (3.68)
and the right-hand side is smaller than O(1) when
1/2 M -
Tan S 1.7x10%GeVag ™ | ———— ] . 3.69
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When AQ/Q < 1, the produced baryon asymmetry is then estimated as

ns_ 6><1()—29a_13/6< m3/o ) Q,h? m\ (mSUSY>2/3
s S 200keV/ \ 0.12 M, 1 TeV

p

—~1/3 -1/3 1/2
% My _ Trn Posc R, (3.70)
5 x 10* GeV 1010 GeV My,

p

When Ty S T, (R = 1), the lower bounds on the reheating temperature give an upper
bound on the baryon asymmetry. Equation (3.63) leads to

np / m3/2 Q h2 7 -2
"B« 34 10-27 —11/6 ( > n 0
s ~ 0% pokev) V012 )\,

p

(s y (M (o) (3.71)
1 TeV 5 x 104 GeV M, ’ '

p

and Eq. (3.64) leads to

2
ng _og —11/6( mg/o >5/6 Q,h? Mo
"B < gy _Majz NN (T
s~ P %\ 00key 0.12 ) \ M,

p

" <mSUSY)_2/3 MFp AN (3.72)
1TeV 5 x 104 GeV M, ' '
On the other hand, when Tgry 2 T;, (R = Twru/T,), the upper bounds on the reheating

temperature give an upper bound on the produced baryon asymmetry. Equation (3.67)

2 -2
ng _o4 731/6< mg/o )1/2 O,k o
"B < 8410 _Maj2_ o
s ~ °F @ \200keV 0.12 ) \ 11,

p

—6/11 M —-3/11 e 1/2
% <_mSUSY> e ¢ . (3.73)
1TeV 5 x 104 GeV M,

p

leads to

When the equality of Eq. (3.67) is satisfied, Q-balls completely evaporate and the produced
baryon asymmetry is maximized. Moreover, Eq. (3.69) leads to

—2
ng _94 —31/6 ( mg/o >1/2 Q,h? 7o

B« 99 _s2 o
s~ 2 S key 0.12 ) \ M,

msusy —2/3 MF ! ¢osc 12
><<1Tev> (5><104Ge\f) (Ml ' (8:74)

p

From these inequalities (Egs. (3.71), (3.72), (3.73) and (3.74)), one can find that the
produced baryon asymmetry is much smaller than the observed one when Vij, 5 dominates
over both Viray and Viauge-
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C. Stable Q-ball formation when Vi, (0osc) 2 Vin2(dosc) and Vip2(deq) 2 Veauge (Peq)

Next, we consider the case where the AD field starts to oscillate by Vg, and fragments
into Q-balls by the thermal logarithmic potential Vi, 2. In this case, the AD field starts
to oscillate by Vgpay with K > 0. The Hubble parameter at the onset of the oscillation is
about Hye. ~ mg/y. After that, the oscillation amplitude decreases, and then the thermal
logarithmic potential Vi, o dominates. The threshold field value ¢q is determined by
Vin2(0eq) = Virav(Peq), and then ¢eq is roughly given by ¢eq =~ T7,/ms), where Teq is
the temperature in this epoch. The oscillation amplitude scales as ¢ o a~*/? when it
is larger than ¢e,. Assuming that the universe is dominated by the inflaton oscillating

energy, the oscillation amplitude scales as ¢ oc H, which leads to Heq, >~ H, Geq By

sc@
using Hoge =~ m3/p and @eq ~ qu /ms /2, Heq 18 expressed as
T2
Hey >~ ¢eq ) (3.75)

Since the temperature of the dilute plasma is given by Toq =~ (T2yMuHe) 4, Toy is
expressed as

M,
¢0SC

Teq ~ TRH (376)

We now consider the case where Q-balls are formed when Vi, 2(¢eq) dominates over
Vauge(¢eq):

¢osc < 2 (T'RH>2
ag | — | . 3.77
i sod (5 (3.77)

Moreover, ¢os. should be larger than ¢, in this scenario, which leads to

¢osc Z TRH . (378)
Mpl ms/szl

In order for ¢,e. to be smaller than the Planck scale, the reheating temperature is roughly
lower than the moduli oscillation temperature, in other words, Ty S /ms/ oMy ~ T,
Hence, we use R = 1 in this case. Combining Eqs. (3.77) and (3.78), the reheating

temperature is constrained below as

2 2 Mp 20 map \ 12
Trn 2 1.1 x 10> GeVagg (5 — GeV> (sors) (3.79)
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Since the charge of the formed Q-ball is given by Q =~ 8(deq/Teq)*, AQ/Q is estimated

as

AQ ~ 2% 107V (mSUSY>_2/3 Mp 13
Q 1 TeV 5 x 10 GeV

11/3 T “1/3 g \11/6
X (M) R ¢ . (3.80)
200 keV 108 GeV M,y
We can use this relation only when AQ/Q < 1, in other words, only when

Posc 1 x 10° (mSU5y>4/“ My 2/ ( ms3/o >2 Trn )’ (3.81)
M, ™~ 1TeV 5 x 104 GeV 200 keV 106 GeV .

pl

is satisfied. This condition is applied when the right-hand side does not exceed O(1):

Mmsysy \ 2/ Mp i/ ms3)2
T $0CV (T55)  (5xi0iaev)  (ao0key) 52
rit S 30GeV Ty (5 % 104 GeV) 200 keV (3.82)

otherwise it just implies ¢osc S M.
Moreover, dE/dQ) < 1GeV leads to

Dosc < 7 Tru ? mgso \ 72 Mp -
Qo <1 %10 ( ) (soraw ) 3.83
My~ \105Gev ) \200keV)  \5x 104 GeV (3.83)
This condition is applied when the right-hand side is smaller than O(1):
mg/g MF
Thn S 3 102GeV ( ) , 3.84
R~ 22 200 ke 5 x 104 GeV (3.84)

otherwise it just implies @osc S M.

The produced baryon asymmetry is estimated as
B 4w 102 < ms /o )8/3 Q,h? o 2 (mSUSY>_2/3
s 200 keV 0.12 My 1TeV

-1/3 -11/3 23/6
« MF TRH ¢osc : (385)
5 x 10 GeV 106 GeV M,

where we used R = 1. From the above inequalities, one can find that the produced

baryon asymmetry is maximized when Try ~ agMp (see Eq. (3.77)). Therefore, the
baryon asymmetry is constrained as

-2
ng _18 —11/3( ms/o >8/3 Q,h? 7o
"B < 9%x10 Sl (o
s o~ 2% \900kev 0.12 ) \ M,

" <mSUSY>_2/3 Mp T s \ P° (3.56)
1 TeV 5x100Gev ) \M,) |
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Note that if ¢osc is about the Planck scale the conditions of Egs. (3.78), (3.81) and (3.83)
are satisfied when Try ~ aMp. One can find that the produced baryon asymmetry is
too small to explain the observed baryon asymmetry when Vgpay(Posc) 2 Vin2(¢osc) and

‘/th,2<¢cq) ,Z ‘/gaugC(QﬁOq)‘

D. Unstable Q-ball formation when Viuyee grav(@osc) 2 Vin(Posc)

In gauge-mediated SUSY breaking models, unstable Q-balls correspond to the “delayed
type Q-ball” or the “gauge-mediation type Q-ball”. In the case of the delayed type Q-
ball, the condition dE/dQ > 1GeV leads to the lower bound on the gravitino mass as
mg/ 2 1.4GeV from Eq. (3.60). As is the case for the gravity-mediation models (see
Eq. (3.52)), the baryon asymmetry is estimated as

-2 2
np —15 pn/s Mo mgz/2 -1 ¢OSC
— ~ 7. 1 .
s =0 <10—14 Ge\/) (Mpl> (1 GeV> (Mpl ! (3.87)

and it too small to explain the present baryon asymmetry. We then focus on the gauge-

mediation type Q-ball here.
In this case, Vgauge(Posc) 2 Verav(Posc) should be satisfied, which leads to ¢ose S @eq-

~Y

Peq 1s Toughly given by ¢eq ~ M2 /m3 /2, and then the oscillation amplitude is constrained

as
0OSsC M2
¢ < E__ (3.88)
Mpl m3/2Mpl
Moreover, Vgauge(®osc) 2 Vina(@ose) leads to M 2 aZTa., and this inequality is rewritten
as
0OSC 2T2
Gose sl (3.89)
My, M;p.

Combining Egs. (3.88) and (3.89), we obtain a bound on reheating temperature as
M
aS\/mS/ZMpl.
Since MF is related to the SUSY breaking scale as Eq. (3.5), it is constrained as Mp <
V/M3z/2Mpy. Then, Eq. (3.90) implies Tru S /ms3/2 My ~ T, in other words, R = 1.
The charge of the formed Q-ball is given by Q ~ B(¢es./Mp)?*, and then dE/dQ >
1 GeV leads to

Tru < (3.90)

qbosc -5 MF 2
— <12x10 — ] . 3.91
My~ 10° GeV (3:91)
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Since the Q-ball should decay before the beginning of the BBN, the oscillation amplitude
of the AD field is constrained as

¢OSC
M,

pl

(3.92)

My \
106 GeV ’

<1.7%x107 (

where we use Eq. (3.48).
The resulting baryon asymmetry is then estimated as

n_B ~ 036 th2 & - ( msyo ) MF - ¢osc * (3 93)
s P\ 012 )\ ) \200kev/ \ 105 Gev M) |
where we used Hose = M2 /(ose. Since dose is restricted from above by Eq. (3.92), the

baryon asymmetry has an upper bound of

—92 4/5
ng _94 th2 Mo mg/2 MF
"B <30x1 . 94
5 ~ 3010 ( 0.12 ) \ M, (200 kev> 105 GeV (3:94)

Note that Egs. (3.88) and (3.91) are satisfied when we take mg/, = 200keV and Mp =
10°GeV. One can find that the estimated baryon asymmetry is too small to explain the

present baryon asymmetry.

E. Unstable Q-ball formation when Vi, 2(¢osc) 2 Varav,gauge (Posc)

Y

Next, we consider the case where the thermal logarithmic potential Vij, 2 dominates over
both Vgauge and V. In this case, the reheating temperature is constrained from below
as Eqgs. (3.63) and (3.64). The charge of the Q-ball is given by Q ~ B(Posc/Tosc)*. The
condition of dE/dQ) > 1GeV leads to

2/3 2/3
?@ <24 x 10 %ay? (%) : <10?%) / . (3.95)
The BBN constraint (Eq. (3.48)) is expressed as
2/15 2/3
i@l < 6.6 x 1074a/? (102\4@1\[) / (—mﬁiv) / , (3.96)
and is applicable only when
M ~1/5
Trn < 5.9 x 10" GeVag ' <m) (3.97)

Otherwise, Eq. (3.96) just implies ¢ose S M.
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The produced baryon asymmetry is estimated as

—2 —4 6
ng —5 —4 th2 Mo mg/2 Tru Dosc
"B~ 36%1 S (o e
;= 3010 as (0.12 M, (200ke\/> wGev) \ar, ) B9

p

When Tgy S T5, (R=1), Eq. (3.96) gives an upper bound on the baryon asymmetry as

—2 4/5
2K M
e (0.12 My, \200keV/ \106GevV ) - (3:99)

Note that Eq. (3.95) is satisfied when we take mg/, = 200keV and Mp = 10°GeV . In
the case of Try 2 1), (R = Twu/T)), the produced baryon asymmetry is maximized when

we take Try as the maximum value of Eq. (3.97), and it is given by

—92 4/5
np ~19 -2 th2 Mo mg/2 Mp
< i 2
s ~18x 10 as (0.12 M, (200kev> Gy ) - G100

The resulting baryon asymmetry is then too small to explain the observed baryon asym-

metry.

F. Unstable Q-ball formation when Viay (Gosc) 2 Vin2(Posc) and Vin 2(deq) 2 Viauge(Peq)

When the AD field starts to oscillate by V., and fragments into Q-balls by the thermal
logarithmic potential Vi, 2, the condition Vipo(¢eq) 2 Vaauge(@eq) requires

¢0sc aSTl?{H
— < === 3.101
My ™~ M: ( )

where ¢oq is roughly estimated as ¢oq ~ Ti,/maj. Teq is given by Eq. (3.76). The
condition dE/dQ) > 1GeV leads to

gbosc > 4 mg/2 —2 MF - TRH ?
1% 10 _UF ) (_ZRH_) 3.102
M, ~ 5 <200 kev> 15GevV ) \ 106 GeV (3.102)

Combining Egs. (3.101) and (3.102), the gravitino mass is constrained below as

mas 2 1.4GeVay?. (3.103)

Note that this condition is the same with the instability condition of the delayed type
Q-ball (see Eq. (3.60)). The baryon asymmetry is estimated as Eq. (3.87), and is too
small to explain the present baryon asymmetry.
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G. AD field oscillation by V;; 1

When the AD field starts to oscillate by the thermal mass term Vi1, particles coupled
with the AD field should be lighter than the temperature, which requires foosc < Tose.
Here f denotes generic couplings between the AD field and light particles in the thermal
bath. Since Tyq. is estimated as Tye ~ f/ 3T§§’ M;l/ ® the condition is rewritten as

0oscC T 2/3
4 < ( RH ) , (3.104)
Mpl fMpl
and the right-hand side is smaller than O(1) when Try S fM,. Otherwise, Eq. (3.104)

just implies Ppee <

~

M,,.
The produced baryon asymmetry is estimated as

"B 72x1072 f _8/3( mg/2 ) Q,h? o\
s 10— 200 keV 0.12 M,

TRH s ¢osc ?
—_— R. 3.105
8 (106 Ge\/) M, (3.105)
When Try S 75, (R = 1), the condition of Eq. (3.104) gives an upper bound as
—4 2 —2

np -30 f ( m3/2 ) Qh Mo
— < 1.0x10 . 3.106
g MU (10—5) 200keV/ \ 0.12 ) \ M, (3-106)

On the other hand, when Tgry 2 T, (R = Tru/T),), the baryon asymmetry is maximized
for Tru ~ fM,;. We then have the following bound:

-3 2 -2
np o S < mgz/2 ) 12 (Qyh 7o
"B <o5x1072 (L Ty 1
5 ~ 2o <10—5) 200 keV 0.12 ) \ 01, (3.107)

Therefore, we cannot explain the observed baryon asymmetry even in this case.

H. Summary

Q-ball formation is inevitable for the logarithmic potential induced from the gauge-
mediated SUSY breaking effects and becomes a hinderance to the baryon number pro-
duction. In order to produce huge baryon number, the amplitude of the AD field should
be large, which renders the formed Q-ball stable. It is difficult to extract baryon charge
from stable Q-balls and the evaporated baryon charge cannot explain the observed baryon
asymmetry. On the other hand, unstable QQ-balls can release all baryon charge. In this
case, however, the amplitude of the AD field is restricted from above in order to prohibit
Q-ball decay during and after the BBN epoch. Thus, sufficient baryon number cannot
be produced. As a result, the AD mechanism is incompatible with dilution to solve the

moduli problem in both cases.
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3.5 LH, direction in gauge-mediation models

In the previous section, we focused on flat directions that have only soft SUSY breaking
terms and non-renormalizable terms. However, there is an exception. The LH, direction
is special in terms of having the p-term which prevents it from forming into Q-balls.
Moreover, one-loop correction gives a positive correction (K > 0). This implies that the
LH, flat direction does not form into Q-balls.%

First, let us consider the case where the p-term exists before the thermal inflation and
show that it is still difficult to explain the baryon asymmetry. Assuming that the AD field

begins to oscillate because of the pu-term before the dilution, the ratio of lepton number

_ 2m3/2 <¢osc>2 ( To >_2 (3 108)
:U’Q Mpl Mpl ’

where p is the electroweak scale. Here we use Eq. (3.51) that is applicable when the total

to moduli density is given by

nr
Pn

energy of the universe scales as a~3 between the eras when the AD field starts to oscillate
and when the moduli field starts to oscillate. Even if the reheating completes before the
onset, of the moduli oscillation, the AD field immediately dominates the total energy of
the universe when ¢osc >~ M, and the above estimation is valid in that case. The lepton
asymmetry is partially converted into baryon asymmetry through the sphaleron process,

and the produced baryon asymmetry is estimated as

—9 2

np ) th2 Mo ( msz/2 ) < u )‘2 Dosc

"B L 6.0x 1072 () (o . 1

; =00l (0.12 My,) \200kev) \1Tev) \ 1, (3-109)

p p

The resulting baryon asymmetry is then too small to explain the present asymmetry. This
is because the AD field oscillates earlier by the p-term whose scale is much larger than
the gravitino mass scale (1 > mg)2).

In this section, we consider an alternative scenario where the p-term is negligible at
the onset of the oscillation of the AD field and is generated at the end of the thermal
inflation. The coupling between the flaton and Higgs supermultiplets prohibits the u-
term before the thermal inflation and plays the role of generating the p-term by the
flaton VEV after the thermal inflation. In this case, we expect that the scenario changes
as follows. The LH, flat direction produces lepton asymmetry by the SUSY breaking
terms when Hys. ~ mgjp. Then, Q-balls are formed when the oscillation amplitude of
the LH, direction decreases to ¢eq. After the thermal inflation, the generated p-term

6 This section is based on the work of Ref. [47].
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supermultiplets @ d L H, H;y X
2 0 0 0o 2 1

DO | @)

U
Z4 charge 2

Table 3.3: Assignment of Z, charge

violates the condition for the existence of the Q-ball. Q-balls decay and the absorbed
lepton number is released. In the following, we show if the released lepton number can
explain the observed baryon asymmetry.

In order to generate the u-term, we assume that the flaton X couples with the Higgs

supermultiplets as

A
W, = M“XQHqu, (3.110)

pl
where A\, is a dimensionless coupling constant. This term is also motivated by solving the
i problem in the Higgs sector: why is the p-term electroweak scale and so small compared
to the GUT or Planck scale? The coupling is allowed if we assign Z, charge to the MSSM
particles as shown in Table 3.3. Then, the following F-term potential arises:
Ve = M“j@#ﬁ B> = 12(X) |9, (3.111)
pl
where ® denotes the up-type Higgs scalar field, namely the AD field. For convenience,
we introduce the p parameter defined as Eq. (3.111). Considering a model with the Z,

symmetry breaking term (see Sec. 2.5.1), the flaton potential is then expressed as

a"Ax MR e, PP e
V(X):V()Jr( X3—|—h.c.) + | X+ - | XS (3.112)
My, Mgl Mgl

where we neglect the linear terms and the quartic terms in Eq. (2.54). Before the ther-
mal inflation, the flaton VEV is so small that p-term (Eq. (3.111)) is negligible for the
dynamics of the AD field compared with SUSY breaking terms, which implies that the
AD field forms into Q-balls when the oscillation amplitude is about ¢e,. The flaton then
acquires the VEV after the thermal inflation, and the pu-term is provided for the AD field
potential. Q-balls decay if the u-term breaks the condition for the existence of the Q-ball.
The lepton charge is released to the thermal plasma.

The p parameter must increase from the outside to the inside of the Q-ball in order to
violate the condition for the existence of the Q-ball. Namely, the following relation must
be realized:

(X (|Pinl))

(X ([ Boe]) )
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®;, and P, show the AD field values inside and outside the Q-ball, respectively. From
Eq. (3.111), one can find that the u parameter explicitly depends on | X|. | X is determined
by the potential of Eq. (3.112), and depends on |®| via the interaction of Eq. (3.111). Thus,
one can find that the p parameter depends on the AD field value.

Since |®| # 0 inside the Q-ball, the coupling term between the flaton and the AD field
lifts the flaton potential and | X| inside the Q-ball is smaller than that outside the Q-ball.
Hence, Eq. (3.113) is not satisfied at the tree level. Taking into account the one-loop
correction, however, we find that the pu-term can be steeper than a quadratic mass term
for a larger VEV of the AD field |®|. It is expressed as

Al M* [

where we assume that K > 0 and |K| ~ 0(0.1-0.01). The parameter M is the flaton
VEV. For different amplitudes of the AD field (|®i,| > [Pout|), the ratio of the p-term is
estimated as

V:

D2, (3.114)

2 (I)in M~4 q)inQ
(1l M, <1+Klog| | ) (3.115)

M2<|(D0Ut‘) B M4 ‘ 0ut|2

out

where M;, and M, are the flaton field values at |®;,| and |Pgy|, and satisfy My, < Moys.
Precisely speaking, when the second term in the parenthesis is O(1), the perturbation
breaks down and one should solve renormalization group equations. For simplicity, we
assume that the one-loop correction factor is 2 at most” and require

1 M2

| 3.116

2 ~Y M4 ( )

out

to realize the condition of Eq. (3.113). Here, M;, and M,y correspond to the flaton VEVs
inside and outside the Q-ball. Note that M;,/M,, < 1 is always satisfied because of the
p-term in Eq. (3.112).

Because the p-term damps the flaton VEV inside the Q-ball, it should be smaller than
the higher dimensional terms in order for M;, not to be highly damped compared with
Moy Thus, the AD field value inside the Q-ball, ¢q, should be small to suppress the
p-term. ¢ is proportional to the oscillation amplitude in the case of the gauge-mediation
type Q-ball and the new type Q-ball. On the other hand, in order to produce huge baryon
number, ¢q. should be large. In the case of the delayed type Q-ball, ¢g is determined

7 Even if we assume that the correction factor is larger than 2, our result does not change significantly.
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only by ¢eq. Then, ¢y does not get larger even if we take ¢os larger than ¢.,. Hence, we
focus on the delayed type Q-ball hereafter.

Let us rewrite the condition for Q-ball formation in terms of the model parameters.
In the case of the delayed type Q-ball, ¢g is determined by the field value, where the
gauge-mediation effect is comparable to the gravity-mediation effect, and is estimated as

1 1/4 13 mgja \ 1 Mp 2
~ oq 22 D. 1 _ ] . 11
Po = 5B Peq 2 5.8 X 107 GeV (200ke\/> 5 % 101 GeV (3.117)

Here we used Eq. (3.37). Substituting this estimated value into the flaton potential of
Eq. (3.112), the flaton VEV inside the Q-ball is obtained by solving the following equation:

e N b Y RN D S 3
M2 2121 0 s MP = 11
—32xd 3, Mt T3 32X i M 0. (3.118)

In order to estimate the parameter a;, we introduce a dimensionless parameter ( as follows:

| Ax| M

ol =
ol = ¢

(3.119)

Note that ¢ = 1 corresponds to the case without the p-term (see Eq. (2.55)) and that

¢ > 1 is satisfied. Using Eqs. (2.55) and (3.119), one can find that the ratio of the flaton

VEV inside to outside the Q-ball is given by
My 1
Mout B m’

(3.120)

and the condition of Eq. (3.116) leads to 1 < ¢ < 1.7. By solving the equation of
Eq. (3.118), one can obtain

2| A" 5
M2 = __~17# 70 3.121
73— DP (3420
in terms of (. Then, from Eq. (3.119), the parameter « can be estimated as
I P
ol = 3.122
ol =< (2122

By using the expression of the p-term as Eq. (3.111) and 1 < ¢ < 1.7, one can obtain the

)

_ /
o = ¢ [3@

(I)ou‘) ¢0
> 90 % 101 Gey? [ 1o . 12
< 20X 107GeV (300GeV 5.8 x 101 GV (3123)
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Hence, when the symmetry breaking parameter « satisfies the above constraint, the con-
dition of Eq. (3.113) can be realized including one-loop corrections. Hereafter, we assume
the Z; symmetry breaking term of the order of |a| ~ 2 x 10'® GeV?.

From Eq. (2.56), the energy of the thermal inflation is estimated as

2
~ 32 4 ||

The flaton and R-axion masses are estimated as

600 GeV il REL R (3.125)
~ Mg, eV|——— — , :
M = May 2 % 1016 GeV? 5 x 10

where the coupling constant |Ax| is assumed to be small enough for the flaton mass to
be smaller than sparticle mass, which keeps it from decaying into sparticle pairs. From
Eq. (2.55), the flaton VEV at the true minimum is given by

My ~ 10" GeV o] P el N (3.126)
out = 2 % 1016 GeV? 5x105) '

Then, the u-term outside the Q-ball is given by

| Aul Mo\
| ®oue]) 2 830 GeV ( =2 ) (o) (3.127)

where the coupling constant || is also assumed to be as small as 10~7 to obtain the
p-term of the electroweak scale.

After the thermal inflation, the flaton VEV violates the condition for the existence of
the Q-ball and Q-balls decay. Before the thermal inflation, the produced lepton asymme-
try is estimated as

~ ~ in 2
s _ | _fiw_ | puse _ Tii <¢> (3.128)
Si Pn,BB Si 4m3/2 Mpl 7

where we used Egs. (2.32) and (3.108) assuming that Hes =~ mg/2. The released lepton
number is converted into baryon number through the sphaleron process. From Egs. (2.60),
(3.24) and (3.128), the baryon asymmetry provided after the thermal inflation is estimated
as

L U G| (S ™ Vo B
s 5 x 107 GeV ) \200keV 4 x 1032 GeV*

TI%(H Tend ’ ¢osc 2
. 12
x (10 Mev> (20 Te\/) M, (3-129)
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One can find that the observed baryon asymmetry, ng/s ~ 8 x 107!, could be explained
if the AD field begins to oscillate near the Planck scale. Q-balls collapse irrespective of
the oscillation amplitude of the AD field, which is contrary to the case of unstable Q-balls.
Next, we estimate the temperature at the end of the thermal inflation, T,,q, and
the reheating temperature of the flaton decay, T}};. The thermal inflation ends when
Tena ~ clT/ ?(]X|]) because thermal particles which couple with the flaton become massive.
From Eq. (2.59), the temperature at the end of the thermal inflation is estimated as

Tona = 20 TeV o] 1/3< a2 )1/3 (3.130)
end = S22V A 95 1016 GeV? 200keV/) '

where we assume c¢p ~ O(1). Note that the released lepton number is successfully con-
verted to baryon number through the sphaleron process since the thermal inflation ends
before the electroweak symmetry breaking.

As for the reheating temperature, Tiy is estimated from the decay rate of the flaton.

Since m, > 2my, the flaton mainly decays into two Higgs bosons at the tree level and
they decay into the standard model particles. The decay rate is estimated as

1 (A M2 N\ md 1 [\ m
[(x — 2h) ~ DA X = — N 3.131
(x ) 167 < Mym, ) M2, 167 \m,,) M2’ ( )

ou out

where 1 = |\,|M2,/M,. Note that the flaton can decay into two higgsino if it is kine-
matically allowed, which may lead to overproduction of the LSP. We therefore assume
that such a decay is kinematically forbidden, i.e., m, < 2p. The reheating temperature,

X .
Tiy is then expressed as

90 1/4
TN, ~ (wzg) VT = 2h)M,

N<|(I)0ut’) ? My -1/ Mo -
~ 78M _out 132
"8 eV<300Ge\/ <600GeV> oigev) @ (3132

where we use g, = 10.8. Hence, the reheating temperature can be higher than O(1-10) MeV,
which can avoid spoiling the success of the BBN.

We turn to estimate the density parameter of the moduli. From Egs. (2.60) and (2.61),
the density parameter of the Big-Bang moduli after the entropy dilution is given by

O, pph? ~ 1.1x107° T Vo -
g - 5x 107 GeV ) \ 4 x 1032 GeV*

T]%H Tend ’ Mo 2
. 1
% (101\/[6\/) (20Te\/') M, (3.133)
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Figure 3.3: The density parameters of the Big-Bang moduli (blue line) and the thermal
inflation moduli (red line) are plotted by taking T3t = 5 x 107 GeV, Teqa = 20 TeV,
Tiy = 10MeV and 79 = M,. The left (right) panel corresponds to the case where
m, = 200keV (1MeV). In the green shaded region, the condition for Q-ball formation
is not violated (see Eq. (3.123)), and Q-balls do not disappear. In the orange shaded
region, the moduli field could not start to oscillate when the thermal inflation occurs
((Vo/3M2)** Z m,). The dashed line shows the observed dark matter density parameter.
One can find that even when m, = 1 MeV, the fine-tuning of n9/M,; ~ O(107?) is needed
to suppress the thermal inflation moduli since it scales as 3.

It is found that the Big-Bang moduli is sufficiently diluted. On the other hand, the density
parameter of the thermal inflation moduli is given by

-
Q ruh? ~ 1.9x1082% (———2
7. TH H 4 % 1032 GeV*

2
ms/2 >_2 Ty "o 134
8 <200keV <1o Mev ) \ D1, ) (3.134)

where we used Eq. (2.63). We show the density parameters of these relic moduli in
Fig. 3.3. One can find that the density of the thermal inflation moduli is much larger
than the observed dark matter density. Therefore, in order for this scenario to work, the
separation between the local minimum determined by the Hubble induced term and the
true minimum should be of the order of ny ~ 1074 M.

Although this may result from 0.01% fine-tuning of the moduli potential, we have
no motivation for the thermal inflation in that case since the moduli problem can be
solved when Tgry =~ 10MeV and ng/M,; ~ O(1073%) (see Eq. (2.32)). Furthermore, in
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the orange shaded region where (V4/ 3M§z)1/ ? > m, the moduli field could not start to
oscillate when the potential energy of the flaton dominate the energy of the universe.
This implies that the thermal inflation cannot work. Note that when m, = 200keV, the
orange shaded region is overlapped with the green shaded region, where the condition for
Q-ball formation is not violated. Hence, it is found that this scenario does not work.

If the moduli field has no couplings with photons, the constraint from the X-ray
background spectra is irrelevant. In this case, the moduli field with mass of O(1) MeV,

which cannot decay into electrons, could be the dark matter and the fine-tuning can be
relaxed to 0.1%.

The situation does not get better even when the p-term is generated in other ways,
e.g., in the case that (X)) oc | X|?". The thermal inflation moduli is overproduced because
of the high scale vacuum energy V5. In order to satisfy the condition of Eq. (3.116), Vj
should be larger than the p-term inside the Q-ball. This is because the flaton VEV inside
the Q-ball drastically changes when Vo < p?( Mo )@3 (see Egs. (3.111) and (3.112)). ¢y is
constrained from below since M has the lower bound (see Egs. (3.7) and (3.117)). The
1 parameter should be of the electroweak scale. Therefore, there always exists a lower
bound to V; similar to Eq. (3.123).

In summary, we have considered the alternative scenario where the L H,, direction plays
the role of producing the baryon asymmetry with destruction of Q-ball in this section. In
order to destroy Q-balls, the coupling term between the Higgs and the flaton should be
smaller than the vacuum energy Vj inside the Q-ball. The lower bound of Vj implies that
the thermal inflation begins before the moduli field starts to oscillate, or thermal inflation
moduli are always overproduced even when m, ~ O(1) MeV. Hence, we conclude that
the observed baryon asymmetry cannot be explained with dilution of the moduli density

in these scenarios.

Finally, we comment on other possible baryogenesis scenario after dilution. In gravity-
mediation models with mg/, ~ O(1) TeV, the modified AD mechanism, which has been
proposed by Ref. [113], could explain the observed baryon asymmetry. In this model, the
soft mass of the LH, flat direction is negative (m3 +m% < 0). The LH, flat direction
begins to roll down to the large VEV at the end of thermal inflation and receives the
angular kick when the flaton gets the large VEV. The LH, flat direction provides lepton
number after thermal inflation. The dynamics of the LH, direction is so complicated
that numerical simulations are necessary. Some works have revealed that this modified
AD mechanism can work in gravity-mediation models. In Refs. [114,115], the A-terms of
the flaton field are taken around the electroweak scale, but these terms are suppressed in
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gauge mediation models when the flaton field exceed the VEV larger than the messenger

scale. Therefore, it is unclear if it can also work well in gauge-mediation models.
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Chapter 4

Heavy moduli/Polonyi scenario

In the previous chapter, we found that the AD mechanism cannot produce baryon number
enough to survive after dilution even though it is one of the most promising candidates
for baryogenesis with such dilution. In this chapter, we consider a scenario that the
moduli/Polonyi field is heavy enough to decay before the onset of the BBN. As mentioned
in Sec. 2.5.2, if the moduli/Polonyi mass is about O(100) TeV, the density of LSPs with
mass of 0(0.1-1) TeV often exceeds the dark matter density.

There are several ways to avoid the overproduction. One way is to make all SUSY par-
ticles to be as heavy as moduli field and to forbid the moduli decay into LSP particles. In
this case, however, successful electroweak symmetry breaking requires a somewhat severe
fine-tuning because all the soft mass parameters are about O(100) TeV. The other way is
to make the moduli decay temperature higher than O(1) GeV. This generically requires
that the moduli field is heavier than the 5PeV assuming that d,, ~ O(1). The R-parity
violation would also be a solution to the overproduction problem. If the overproduc-
tion problem is solved, the baryon asymmetry could be explained by the AD mechanism
though the produced B — L number density is diluted by the entropy production from
the moduli decay.

In this chapter, we focus on the scenario where the moduli mass is about O(100) TeV
and the LSP mass is about O(0.1-1) TeV.! Since the non-thermal production of LSPs
leads to the cosmological problem, we need a dilution mechanism with some baryogenesis
mechanism. Actually, it is known that the AD mechanism faces a difficulty if the soft
mass is smaller than the gravitino mass. In the anomaly-mediation models, for example,
SUSY breaking effects are transmitted by the super-Weyl anomaly [116,117]. The soft

masses of the observable sector are generated at the loop-suppressed order of the gravitino

1 This chapter is based on the work of Ref. [48].
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mass in these models. We firstly explain that the AD mechanism has a problem in these
cases and introduce one way to avoid the problem in the next section. We assume that
the soft mass of the AD field, mg, is smaller than the gravitino mass (me < ms /2) in this
chapter.

4.1 AD mechanism in high scale SUSY models

When the AD potential is lifted by the non-renormalizable superpotential, the AD field
potential is given by

Mo’
Mjﬁ—ﬁ

m:
V(®) = (m3 — cyH?) |9)* + nM“ﬁg (ando®" + c.c.) +

pl

@7, (4.1)

where ¢y is a coefficient of the Hubble induced mass term. The origins of these terms
are mentioned in Chap. 3 except for the soft mass term. The soft mass is assumed to
be generated by loop-suppressed mediation effects (me < mg/2) as seen below. When

me <K mg/2, the AD potential always has global minima as

‘q)min‘ ~ |: pl ) (42)

(n—1)[Ae|

because of the relatively large A-terms. At the global minima, masses of the phase

[ n
me =~ n—1 ]an] m3/2. (43)

As with the conventional AD mechanism explained in the previous chapter, the AD

direction, my, is estimated as

field is trapped in the local minima determined by the negative Hubble induced mass and
the non-renormalizable operator before the AD field oscillation. When H =~ ms/,, the
amplitude of the AD field is about ®,,;,, and the phase direction starts to roll down to
the global minima. This leads to the charge/color breaking universe [118-121].

In order to avoid the problem, we assume that SUSY breaking effects including the
A-terms are provided by the Kéahler potential. To obtain the large field value, we assume
that the AD field does not appear in the superpotential.? In supergravity Lagrangian, we

2 For example, U(1)g symmetry can prohibit appearance of the AD field in the superpotential.
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consider the following terms in the Kéhler potential:®

- K
E@ = /d2@d28 —3M51 exp <—37p2l>

(4.4)

D /d29d2§-f |®|* + fi+cc +fﬂ+---
! ZnM;;_Q o 3M51
where f; (i = 1,2, 3) is an arbitrary real function of SUSY breaking fields, which satisfies
fi= f; for i = 1,3. From these terms, the potential for the AD field ® is given by
2 4
ms 9 n s |P
(@, ®" +c.c.) + c4m3/2M—p2l

V(®) =m3 @] — — =
(®) = mg [P Y

+ e (4.5)
where we assume that ¢4 is a positive dimensionless parameter. The quartic term pro-
portional to mg /2 is originated from the quartic term in Eq. (4.4). Note that the quartic
term in Eq. (4.4) is generically present since any symmetry cannot forbid such terms.

Because of the positive quartic term of the AD field, the amplitude of the global minima
is estimated to be about the Planck scale in this case. In supergravity, a scalar potential
is lifted around the Planck scale by the exponential factor of the Ké&hler potential (see
Eq. (3.9)). Therefore, the global minima are expected to disappear when ¢, is positive.

Let us focus on the dynamics of the AD field in this potential. Due to the negative
Hubble induced mass term, the AD field takes its field value of the order of the Planck
scale until H ~ ms;,. When H < mg)s, the position of the local minimum of the AD
field, that is determined by a balance between the negative Hubble induced mass term
and the positive quartic term, becomes smaller than the Planck scale. Since the position
is quickly driven towards the origin of the potential, the AD field cannot track the local
minimum and starts to roll down to the origin when H ~ mg/, [21,122].

We will explain the evolution of the AD field when H ~ ms/, in more detail. When

me S H S mygje, the AD potential for the radial component is given by
ik
M,

V(®) ~ —cg H?|®] + cym3jy—g + -+ . (4.6)

Here, we omit the soft SUSY breaking mass term assuming that H 2 mg. The amplitude
of the local minimum determined by the potential is given by

CH MpZH
204 m3/2 .

|DPocal| = (4.7)

3 The second term in the second line is equivalent to a superpotential term suppressed by the gravitino
mass.
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One can find that |®),c.| decreases as a2 from the Planck scale after the Hubble scale
becomes about the gravitino mass scale, H ~ myg/,.
We can write down the equation of motion for ¢ = |®|//2 as
¢ d¢ ¢’

+3H— — ¢y H? 2 =0 4.8

Using the number of e-folding N = In(a/a;) as a time variable, this is rewritten as

26 3 do

v QO up 3/2
aNZ T 2aN

M2 7 — g =0, (4.9)

—cpd+

where we take a; as the scale factor when H; ~ ms/,. Rescaling the AD field value ¢ as

o M, H;
¢ 6%7 leocal,i = e ) (410)

Plocal,i ¢y my /2

(&

we can eliminate the dependence on the time variable in the coefficients. In terms of 1,
the equation of motion is rewritten as
d*> 3 dy

—_— — —_—— — 3 s

Note that the coefficient of the friction term is negative. This implies that the AD field
cannot track the local minimum and starts to oscillate around the origin* when H ~ mj /2-
B — L asymmetry is effectively produced at the onset of the oscillation. After that, the
asymmetry is conserved since the amplitude of the AD field decreases, and the U(1)p_r
symmetry breaking terms become ineffective.

As with Eq. (3.21), the produced B — L asymmetry is estimated as

m§/2 |(1)osc|n

np_r(tosc) == 2|a,| sin [n; + arg(a,,)] —, (4.12)
Hosc Mpl 2
and the ellipticity parameter € is given by
m§/2 ’(I)osc|n_2
€ ~ 2f3|a,|sin [nd; + arg(ay,)] (4.13)

HgSC M;)/;_2
The AD field starts to roll down to the origin from the field value of O(M,;) when
Hose o myjs. Therefore, the B — L asymmetry is estimated as np_r (fosc) 2 €ms 2| Posc|?,

where € >~ O(1) and |®os| = My, if the potential for the AD field is given as Eq. (4.5).

4 Reference [122] numerically confirms this behavior in the context of the evolution of the PQ field.
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4.2 Baryon asymmetry and dark matter abundance

In this section, we show that the baryon to dark matter ratio is simply given by the
LSP mass and a branching fraction of the moduli/Polonyi decay into superparticles in
this scenario. Before calculation, let us summarize our scenario. When H ~ m, =~
mgse ~ O(100) TeV, both the moduli and the AD fields roll down to their origins with
the amplitudes of the order of the Planck scale. At that time, the AD field generates
the B — L asymmetry which is later converted to the baryon asymmetry through the
sphaleron process. Then, entropy production occurs by some mechanism and dilutes
both the moduli density and the baryon asymmetry. After the dilution, the moduli field
decays into superparticles which consequently decay into LSPs before the epoch of the
BBN. Thus, the dark matter density is determined by the abundance of the non-thermally
produced LSPs, assuming that the thermal relic density of LSPs is negligible.

Firstly, we estimate the produced baryon asymmetry. Assuming that the inflaton
decays after the onset of the oscillation of the AD field, the baryon to entropy density
ratio is estimated as
ng 8 1 3T%ng

s  23A Aping

L2 € T (o] (4.14)
o 23Am3/2 M, ’ '

pl

osc

where pi,¢ denotes the energy density of the oscillating inflaton, and A is the dilution
factor defined in Eq. (2.60). Tgry is the reheating temperature after the inflaton decays.
Note that the baryon number density is comparable to the density of the moduli field
because both the AD field and moduli field simultaneously begin their oscillation with
the same amplitude of the order of the Planck scale.

Let us make a comment on Q-ball formation. In our scenario, the AD field value at
the onset of the oscillation is as large as the Planck scale. Thus, the formed Q-balls may
be too large to decay before the BBN if Q-ball formation occurs, which renders the AD
mechanism ineffective. Hence, the beta function for the soft mass of the AD field may
need to be positive in order to prohibit the Q-ball formation. This requires the AD field
to involve scalar fields which have large Yukawa couplings.

Next, we estimate the dark matter abundance. From Eq. (2.32), the LSP-to-entropy

ratio is estimated as

— s = (4.15)

. f 2
PLSP 2Brgusy ny _ Brsusy Tgamuse ( Mo )
— )
S A s A 4m,, ol

where Brgysy denotes a branching fraction for the moduli/Polonyi decay into two super-
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particles,” and mygp denotes the LSP mass. The number of the produced superparticles is
almost equal to that of the LSPs due to the R-parity conservation. Here we assume that
the moduli field decays after the dilution and that the pair annihilation between LSPs is
not efficient. This assumption depends on the annihilation cross section (see Eq. (2.66)).
When the neutral wino with a mass of O(1) TeV is the LSP and the moduli decay tem-
perature 7, is about O(10) MeV, the first term of Eq. (2.66) exceeds the observed dark
matter abundance as explained in Sec. 2.5.2. Therefore, if the LSP abundance estimated
in Eq. (4.15) does not exceed the dark matter abundance, the pair annihilation is not
efficient. Moreover, we assume that the decay products other than the LSPs do not con-
tribute to the dark matter abundance. Hence, the dark matter abundance is explained
by the non-thermally produced LSPs in this scenario.

Let us compare the dark matter abundance with the baryon asymmetry created by
the AD mechanism. The ratio of moduli to B — L number density remains the same
after they begin their oscillations since the densities of both components decreases as a=3.
From Egs. (4.14) and (4.15), we obtain the following relation:

Qp 8 ¢ mymy, <\<IDOSC|)2
Orsp 23 Brsusy mrspms/2 \ 7o
BrSUSY - mrsp -1 ‘®OSC’ 2
~ 0.33¢ [ 3USY <—) Posel ) 416
6( 10-3 ) 1TeV Mo (4.16)

where m,, represents the proton mass (m, ~ 0.938 GeV). Here, we assume m,, =~ ms/s.
Note that 79 and |®us| are of the order of the Planck scale and that € is of O(1). One
can find that the baryon to dark matter ratio is determined by the LSP mass and the
branching fraction of the moduli decay into superparticles. Assuming that the LSP mass
is of O(1) TeV, Brgysy is required to be of O(1073) in order to realize the observed value,
Qp/Qpum =~ 0.18 [2].

This scenario needs the entropy production, e.g., the thermal inflation. Let us estimate
the required amount of the entropy production. The observed dark matter to entropy
density ratio is given by [2]

(obs)

PDM . 44 x 1071° GeV, (4.17)
S0

where pg)f/[s ) denotes the observed dark matter energy density. Comparing Eq. (4.15) with

5 Gravitinos are not produced from the Polonyi decay assuming that the decay is kinematically for-
bidden (mz < 2mg/3). The abundance of gravitinos produced during the reheating becomes negligible
after the dilution.
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Eq. (4.17), the dilution factor of the required entropy production is estimated as

Tt mrsp Brgyusy m L/ no 2
A~19x 10" RH ( L ) ( " ) o 418
8 ( 7 Gev ) \itev) \ 10— ) Goorev) \ar,) - 418)

p

where we assume that the inflaton decays after the moduli and the AD field start to oscil-
late. This is the case for Tit < 1012 GeV(m,,/300 TeV)Y2. m, should be of O(100) TeV
in order to relax the constraint from the BBN. Note that the dilution factor is estimated
assuming that the entropy production occurs before the moduli decays.

When the moduli field decays through dimension 5 operators suppressed by the Planck
scale, the branching fraction of the decay into SUSY particles is generally comparable to
that into the standard model particles (Brgysy >~ O(1)). Moreover, the AD mechanism
discussed in the previous section works the most efficiently since € ~ O(1) and |Ppgc| ~
M,;. Therefore, it is found that the AD mechanism cannot explain the observed baryon
asymmetry even if the moduli mass is as heavy as O(100) TeV (see Eq. (4.16)).

4.3 Sequestering model and decay process of Polonyi
field

In the previous section, we concluded that the AD mechanism cannot explain the baryon
asymmetry assuming that the branching fraction of the moduli decay into SUSY particles
is O(1). In this section, we focus on the Polonyi field and study a way to suppress
the branching fraction into SUSY particles (Brsysy =~ O(107?)). Here, we consider the
so-called sequestering model [116,123],% in which the SUSY breaking (Polonyi) sector is
sequestered from the visible sector.

The Kéahler potential and the superpotential are given by

fvis + fhid
K =-3M2%log |1 — 25251 (4.19)
P [ 3M51
and
W = Weis + Whid, (420)

respectively. The subscripts of ;s and p;q denote the visible and the hidden sectors (SUSY
breaking sector), respectively. We also assume that the standard model sector does not

6 The sequestering model has been introduced in the context of extra dimension [116]. It is also
realized in a four dimensional strongly coupled CFT [124-127].
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directly couple to the hidden sector:

1 Aa
Leange = / a0 h%W“Wﬁh,c. : (4.21)

where W denotes field strength supermultiplets of the visible standard model gauge
sector, and T is a holomorphic function which depends only on visible sector fields.

In this setup, gaugino masses vanish at tree levels because the Polonyi field does not
appear in the gauge sector. The quantum corrections to the gaugino masses arise only at
loop-suppressed levels, which mainly come from the anomaly mediation [116,117]. Then,
the lightest gaugino is the neutral wino with a mass of O(1) TeV when m3,, ~ O(100) TeV.
This is compatible with our scenario with the neutral wino LSP.

Soft scalar masses also vanish at tree levels when the Ké&hler potential is given by
Eq. (4.19). They acquire loop-suppressed contribution from the anomaly mediation [116,
117], Planck-suppressed interactions [128] and so on. If the MSSM scalars acquire their
masses only from the anomaly mediation, slepton masses would become negative. This is
problematic in terms of the phenomenology. Thus, there should be other sources to give
them positive masses. One of such candidates is one-loop corrections from the Planck
suppressed interactions [116,128]. When a cut-off scale is taken around the gravitational
scale, one-loop correction can exceed the anomaly-mediated masses which appear at the
two-loop level.” In this case, sfermion masses are of O(10) TeV when mg /s >~ O(100) TeV.®

When the soft masses and the supersymmetric masses (u-term) of the Higgs fields are
of O(10) TeV and of O(1) TeV, respectively, the B-term (~ pmss) is comparable to the
scalar masses, which leads to the successful electroweak symmetry breaking. The higgsino
with mass of u ~ O(1) TeV could be the LSP instead of the neutral wino. When the soft
masses are of O(1)TeV, the B-term is generally too large to realize the electroweak
symmetry breaking. In the Next-to-MSSM,? however, the supersymmetric Higgs mass
term is generated as the breaking term of the scale invariance, and the (effective) B-term
appears at loop-suppressed levels.

Since the SUSY breaking sector is now sequestered from the AD field, the functions f;
(i =1,2,3) in Eq. (4.4) do not contain the Polonyi field.!® Even in this case, the potential

7 When the one-loop correction determines scalar masses, the mass spectra of MSSM scalar particles
become UV sensitive, which is contrary to the anomaly-mediated masses. Thus, we lose a solution to
the SUSY FCNC problem unless the universality condition is imposed at the UV scale. There also exists
other UV insensitive models which solve the negative slepton mass problem [129-133].

8 The lightest Higgs boson mass acquires radiative corrections from stop one-loop diagrams [134-138].
Stop mass of O(10) TeV is compatible with the relatively heavy observed Higgs boson mass of 125 GeV.

9 For a review, see Ref. [139].

10 Tn the early universe, the inflaton sector breaks the SUSY, which generates the Hubble induced mass
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for the AD field involves the holomorphic A-terms and the quartic term of O(mj /2) due
to the explicit breaking of the conformal symmetry. By requiring that the vacuum energy
vanishes, the coefficients in Eq. (4.5), a, and ¢4, are estimated as a, ~ —fo(n — 1) and
cs ~ f3 when f; = 1. Note that the estimated values contain uncertainties of O(1).

Let us consider the decay process of the Polonyi field, Z (for details, see [140, 141]).
Firstly, the Polonyi field generally decays into 2 gravitinos at tree levels when mz > 2mss,
where myz denotes the mass of the Polonyi field. This decay process is incompatible with
our scenario since the branching fraction of the decay of the Polonyi into SUSY particles
is required to be of O(1073). Hence, we assume that the decay into 2 gravitinos is
kinematically forbidden (my; < 2mg)s).

The decay into matter scalars comes from the kinetic terms for the sequestered po-

tential:

Ly = gij*ﬁu(bi&#@b*ju (4-22)
where ¢' denotes the matter scalar fields, and g;;+ = %. The kinetic terms are
converted into the following form up to a total derivative:

4 © 92 %]

pl

Using the equation of motion, interaction terms from the kinetic terms are proportional
to the scalar mass squared. Thus, the branching fraction of the decay mode Z — ¢'¢p*
is suppressed by a factor of O(mj/m7) ~ O(107*-107°) when the scalar mass is smaller
than the Polonyi mass. The Polonyi field also decays into matter scalar fields through
one-loop diagrams by Planck-suppressed interactions, but the rates of these decays are
the same order with that of the tree-level decay. Similarly, the branching fraction into
matter fermions is proportional to fermion mass squared and is negligible. The decay
rate into higgsinos with masses of u ~ O(1) TeV is the same order with that into matter
scalar fields since it is suppressed by a factor of O(u?/m%) ~ O(107%).

Decay into three-body final states is suppressed for the sequestered potential. In
general, the decay of Z — ¢'x’x*, where x* denotes the matter fermions, occurs through
the following interaction:

K

1 5= K o
Lineo = —=eMt | =2 W — 3T, Wi | Zo'x'X* + hee., (4.24)
2 Mz

term. In order to generate the negative Hubble induced mass term for the AD field, the inflaton sector
should not be sequestered from the visible sector.
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where the subscripts represent the derivative by the scalar fields, and F;.k = ¢ gjix. One
can find that this term vanishes if the Kéhler potential is given by the form of Eq. (4.19).
For the same reason, the decay of Z — ¢'¢/¢"* does not occur, either.

Since the Polonyi field is not directly coupled with the gauge sector, it does not decay
into gauge bosons and gauginos at tree levels. However, it can decay into them through
the anomaly-mediated effects. When the mass of the Polonyi field is dominated by a
supersymmetric mass term, the interaction term between Z and the gaugino \ are given
by [142]

Ckbomz KZ
Lonomaly = —2 2 22 753\ T hee., 4.25
ty 247TMpl Mpl the ( )

where o = g?/4m represents a gauge coupling constant, and by = 3T — Ty is the coef-
ficient of the beta function. Since the SUSY breaking mass term is comparable to the
supersymmetric mass term, the interaction terms are deviated from Eq. (4.25) by O(1).
From Eq. (4.25), the decay rate is estimated as [142]

N N, | K 7> m3,

[(Z = 2)\) ~
T S VERS VA

(4.26)

where Ny is the number of gauginos. The decay rate of Z into 2 gauge bosons is also the
same as Eq. (4.26). The most important process is the decay into gluons and gluinos. We
can estimate its rate by using NV, = 8 and by = 3.

In summary, the Polonyi field mainly decays into gluinos and gluons through the
anomaly-mediated effects for the sequestered Kahler potential. If it is the leading pro-
cess, however, the Polonyi field becomes long-lived, and the constraint from the BBN is
again severe even with mz ~ O(100) TeV. We need some other efficient decay processes.
Note that those decay processes should not yield large dark matter abundance. As a
suitable decay process, we consider the decay of the Polonyi field into a (pseudo-)Nambu
Goldstone Boson (NGB). To be specific, we introduce the QCD axion [143-146]. The ax-
ion is a pseudo-NGB associated with the spontaneous breaking of the Peccei-Quinn (PQ)
symmetry and appears as a phase direction of the PQ field. Here we assume that the
PQ field also belongs to the visible sector, which is natural as the PQ field must directly
couple to standard model charged particles.

Let us consider the following supersymmetric axion model [133,147]:
Wpq = kY (PP —v}g) + APXX, (4.27)

where Y is a gauge singlet superfield with no PQ charge. P and P are PQ fields with
PQ charge of +1 and —1. X and X are superfields that have the standard model gauge
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charge and global PQ charge of —1/2. k and A are dimensionless coupling constants. vp

denotes the scale of the PQ symmetry breaking. The F-term scalar potential is given by
Ve = |l [PP = v + 1Y (1PI* + | P[*) (4.28)

where we omitted the contribution from the second term in Eq. (4.27) assuming that
the scalar fields of X and X are stabilized at the origin. From the first term, one can
find that (PP) = U%Q at the global minimum. On the other hand, the scalar field of Y
acquires the VEV of (|xY|) >~ myg/s considering linear terms from the supergravity effects,
V ~ ay/in]%Q + h.c., where ay is a dimensional parameter of the order the gravitino
mass. Therefore, P and P acquires equal masses of the order of ms/. In this case, the
VEVs of P and P are almost the same, and they are expanded as

P = wpgexp (5—1—2m) : (4.29)
20pg
P = wpgexp (—S —i;za) , (4.30)
20pq

where s and a denote the saxion field and the axion field, respectively.
As is the same with Eq. (4.23), the PQ fields interact with the Polonyi field through
the kinetic terms as follows:

Z 7 _ -
Lx = |c——P0*P* + h.c.) - (E—PGQP* - h.c.) , 4.31
" < Mpl Mpl ( )

where ¢ and ¢ are dimensionless constants assumed to be complex. Substituting Eqs. (4.29)
and (4.30) for Eq. (4.31), one can find that there exists kinetic mixing terms between the
Polonyi field and (s)axion. In other words, Eq. (4.31) contains the following terms:

‘Cmixing = —eRaquﬁ"s - ERaHZ[aMG — elaqua“a -+ 6](9#2[8“5, (432)
where €r and €; are given by

(cr — CrR)VPQ (cr — ¢r)vpq
ER=—F—+—"""5, €=-——""2. (4.33)
\/§Mpl \/iMpl
Here, zg and z; denote a real and an imaginary component of the Polonyi field (Z =
\/iﬁ(zR +izr)), respectively. cg (¢g) and ¢; (¢1) also represent a real and imaginary part
of ¢ (¢), respectively. Note that eg < 1 and ¢; < 1 when the PQ breaking scale is much
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smaller than the Planck scale. On the other hand, these fields are considered to have the
following mass terms:
Logo, 1 o o 1 5 5

Vinass = émss + §mZRZR + §m21217 (434)
where mg, m,, and m,, represent the saxion mass, and the Polonyi masses of the order
of the gravitino mass. This term is obtained from the second term in Eq. (4.28). In order
to estimate the rate of the Polonyi decay into axions, we need to diagonalize the kinetic
mixing terms and transform the bases into mass eigenstates.'’ From Eq. (4.31) in these
bases, we obtain the following interactions:

2 5
L= —Ep—20,00"0 + & —r

\/§M pl \/§M pl

0,a0"a, (4.35)

where £r and &; are given by

Cr + Cr cr+cr

SRZ 92 ) 5[2 2 3

(4.36)

at the leading order of ez and ¢;. Here, we used a to show the mass eigenstate of the

massless direction. Zr and Z; also denote the mass eigenstates of the Polonyi field.

12

The rate of the Polonyi decay into axions'” is estimated as

2 m3
['(z — 2a) = 64Z7r MQZ’ (4.37)
pl

where the subscript of i represents R or I. Assuming that &; is of O(1), the Polonyi decay
temperature 7 is estimated as

mz )3/2 (4.38)

T, ~71M (—
7z = TIMeV 50Ty

Note that the Polonyi density does not dominate the universe at its decay since we assume
that the dilution occurs before the decay. Even when the Polonyi field is a subdominant
component of the universe, it must decay before the BBN in order not to destroy synthe-
sized light elements. Hence, the Polonyi should be as heavy as O(100) TeV.

11 Diagonalizing the kinetic mixing terms leads to the non-diagonal mass matrix of the canonical scalar
fields. After that, the mass matrix is diagonalized by the rotation matrix.

12 The decay products of the Polonyi field could contain the saxion and the axino that is a superpartner
of the axion. Since the decay into them could lead to the overproduction of LSPs, we assume that such a
decay process is kinematically forbidden, in other words, 2ms > myz and 2mg > myz, where mg represents
the axino mass.
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The rate of the loop-suppressed decay (Eq. (4.26)) is much smaller than that of the
tree-level decay (Eq. (4.37)), and we obtain the branching fraction of the Polonyi decay
into superparticles as

['(Z — 2 superparticles)
['(Z — 2 axions)

Brgusy = ~1x1077. (4.39)

Since the axion mass is typically much smaller than the LSP mass, the abundance of
axions produced from the Polonyi decay is negligible compared with the LSP abundance.!?
Therefore, the dark matter abundance is determined by the abundance of the decay
products of the suppressed decay into superparticles. The axion also gives a negligible
contribution to the dark radiation. From Eqs. (4.16) and (4.39), it is found that the
observed baryon-to-dark matter ratio of Q5 /Qpy =~ 0.18 is explained in the sequestering
model with the (pseudo-)NGB.

In summary, we have considered the cosmologically consistent scenario in the pres-
ence of a heavy moduli/Polonyi field. When the moduli/Polonyi field is as heavy as
O(100) TeV, it can decay before the onset of the BBN, but the abundance of LSPs pro-
duced by the decay is often overproduced. In the case of the moduli field, even the AD
mechanism cannot explain the observed baryon asymmetry when some mechanisms di-
lute the moduli abundance in order to avoid the LSP overproduction. In the case of the
Polonyi field, the baryon asymmetry can be explained by the AD mechanism if the visi-
ble sector and the SUSY breaking sector is sequestered and the visible sector contains a
(pseudo-) NGB, which can be identified with the QCD axion. In this model, the Polonyi
field decays into NGBs at the tree level, which do not contribute to the dark matter abun-
dance. On the other hand, it decays into superparticles mainly through anomaly-induced
interactions and hence is suppressed compared with the decay into NGBs.

13 We also assume that the density of the coherent oscillation of the axion field does not exceed the
observed dark matter density, which implies vpg/Npw ~ 10912 GeV.
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Chapter 5

Conclusion

In this thesis, we considered the cosmological consistent scenarios explaining the observed
baryon asymmetry in the presence of the moduli/Polonyi field. As mentioned in Chap. 2,
although the thermal inflation can dilute the moduli abundance sufficiently, well-known
baryogenesis scenarios such as the leptogenesis cannot produce baryon number enough to
survive after dilution.

In particular, the AD mechanism is the most promising baryogenesis with such huge
dilution. In Sec. 3.3 and 3.4, we reviewed that the AD mechanism cannot explain the
baryon asymmetry in both gravity-mediation and gauge-mediation models for the moduli
mass of m, < O(1) TeV. It has been pointed out that Q-ball formation makes it difficult
to explain the baryon asymmetry in Ref. [112]. We refined the estimated baryon number
using the new lower bound of the SUSY breaking scale (Eq. (3.7)), and show that this
scenario is more unlikely to work. In Sec. 3.5, we considered alternative scenario without
Q-ball formation using the LH, direction, which has not been considered in Ref. [112].
However, it was found that the thermal inflation moduli are overproduced in this scenario.

In Chap. 4, we considered the case of the heavy moduli/Polonyi field with m, =~
O(100) TeV. We introduced one simple way for the AD mechanism to work the most
efficiently in high scale SUSY models. However, we showed that the AD mechanism
cannot explain the baryon asymmetry when the moduli abundance is diluted in order to
avoid the LSP overproduction. In the case of the Polonyi field, we showed that the correct

baryon-to-dark matter ratio can be achieved in sequestering models with a (pseudo-) NGB.
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