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Abstract

The origins of baryon asymmetry and dark matter are outstanding myster-
ies in cosmology and particle physics. In particular, the observed amount of
energy densities of baryon and dark matter are equal to each other up to a fac-
tor of unity, which is known as the baryon—dark-matter coincidence problem.
In this thesis, we investigate the Affleck-Dine baryogenesis in supersymmetric
theories to account for the origins of baryon asymmetry and dark matter, and
propose two scenarios to account for the coincidence between their energy den-
sities. In the first scenario, we consider the case that non-topological solitons
called Q-balls form after the Affleck-Dine baryogenesis and decay into baryons
and light supersymmetric particles before the big-bang nucleosynthesis epoch.
The light supersymmetric particles then decay into the lightest one, which
is the candidate of dark matter. Thanks to the fact that the branchings of
Q-ball decay are determined by the Pauli blocking effect, there is a natural
coincidence of energy densities of baryon and dark matter. The second sce-
nario is based on our new scenario of the Affleck-Dine baryogenesis, where the
baryon asymmetry is generated just after the end of inflation in contrast to
the ordinary scenario. When inflaton decays mainly into gravitinos, the sub-
sequent decay of gravitinos is a non-thermal source of dark matter. We find
that the resulting baryon-to-dark-matter ratio is naturally of order unity in
hybrid inflation models. As a result of these two scenarios, we conclude that
the Affleck-Dine baryogenesis is a promising mechanism to explain the origins
of baryon asymmetry and dark matter and the coincidence between their en-
ergy densities. Those scenarios would be tested by future collider experiments

and direct and indirect dark-matter searches.
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Chapter 1

Introduction

The discovery of the Higgs boson completes the contents of particles in the Standard Model
(SM) of particle physics [1, 2]. However, there are several mysteries in cosmology that cannot
be explained by the SM: the origin of baryon-anti-baryon asymmetry, existence of dark matter

(DM), and inflation.

The Big Bang theory explains the expansion of the Universe, the cosmic microwave back-
ground (CMB), and the amounts of light element abundances, which says that the Universe
was filled with the thermal plasma in the early Universe with a certain baryon abundance.
In fact, the Big Bang nucleosynthesis (BBN) theory explains observed helium (*He) [3, 4]
and deuterium (D) [5] abundances by only one parameter Y, = n,/s, where ny, is baryon
number density and s is the entropy density at present. In addition, the spectrum of CMB
temperature anisotropies is sensitive to the baryon abundance and the observed spectrum is
consistent with the one obtained from the BBN theory [6]. Those facts implies that there is
baryon asymmetry of Y; ~ 8.6 x 107! at least at the temperature of order 1 MeV [7].

However, it confronts severe initial-condition problems, such as the horizon problem and
the flatness problem. Then the paradigm of cosmology is shifted to the inflation theory,
where those initial condition problems are explained by an exponentially expanding era in
the early Universe [8, 9, 10, 11]. Tt also provides a natural mechanism of producing primordial
perturbations that seed the large-scale structure of the Universe [12, 13, 14]. It predicts a
spectral index of the spectrum of primordial perturbations. It is precisely measured by the
observations of CMB temperature anisotropies, so that we could say that the inflation theory
is confirmed experimentally [15, 6].

Unfortunately, the inflation theory implies that the baryon abundance is washed out by
the exponential expansion of the Universe. Therefore, we still have a problem to generate



the baryon asymmetry. There should be a mechanism to generate the observed amount of
baryon asymmetry after inflation.

In order to generate baryon asymmetry, we have to satisfy the Sakharov conditions,
which clarify that it is generically difficult to generate the baryon asymmetry [16]. First, we
of course need a baryon number violation operator to generate baryon asymmetry. Secondly,
charge conjugation symmetry (C) and parity and charge conjugation symmetry (CP) need to
be broken. This is because baryon and anti-baryon are odd under these symmetries. Thirdly,
we need departure from thermal equilibrium. In particular, if the above symmetry-violating
operators are in thermal equilibrium, no net baryon asymmetry is generated. Although all
of these conditions are satisfied in the SM, we cannot generate enough baryon asymmetry
to explain that observed. This means that we need physics beyond the SM to explain the
baryon asymmetry.

In addition, cosmological and astrophysical observations reveal that there must be invis-
ible massive particles in the Universe, called dark matter (DM). There is no candidate of
such an invisible particle in the SM, so that we require new physics beyond the SM. Since
inflation washes out the abundance of DM, we also need a mechanism to generate it after
inflation. Remarkably, observations reveal that the energy densities of baryon and DM are
equal with each other within of order unity [6]. This is known as the baryon-DM coincidence
problem. This coincidence may imply that the baryon and DM may have a common origin

or at least have a common parameter dependence in their production mechanism.

The origin of baryon asymmetry and DM imply new physics beyond the SM. Supersym-
metry (SUSY) is a promising candidate of new physics in particle physics. It is a symmetry
that relates fermions and bosons, which results in a cancellation of the quadratic divergences
of scalar fields and addresses the hierarchy problem between the electroweak scale and the
Planck scale. SUSY is assumed to be softly broken about the TeV scale, so that new particles
are introduced around the TeV scale via SUSY. In particular, the lightest SUSY particle is
stable and is a good candidate of DM.

In SUSY theories, baryon asymmetry can be generated by the Affleck-Dine mechanism,
where B — L asymmetry is generated via the dynamics of scalar partner of quarks and/or
leptons [17, 18, 19]. A B — L charged scalar field with a flat potential, called an Affleck-Dine
(AD) field, can obtain a large tachyonic effective mass and have a large vacuum expectation
value (VEV) during and after inflation. As the energy of the Universe decreases, the effective
mass becomes inefficient and the AD field starts to oscillate coherently around the origin of



its potential. At the same time, the phase direction of the AD field is kicked by its A-term
potential, which breaks C, CP, and B — L symmetry. Since the B — L number density is
proportional to the phase velocity of the AD field, the B — L asymmetry is generated through
this non-equilibrium dynamics. When the coherent oscillation of the AD field decays and
dissipates into thermal plasma, the B — L asymmetry is converted to the desired baryon
asymmetry through the sphaleron effects [20, 21].

Depending on the potential of the AD field, the Affleck-Dine baryogenesis (ADBG) may
predict formation of localized lumps composed of condensation of the AD field carrying
enormously large baryon charges [22, 23, 24, 25]. The lump is referred to as a Q-ball [26],
which is long-lived due to the conservation of baryon charge. The Q-balls emit quarks from
their surfaces and release their charges into standard model particles [27]. In this scenario,
baryons are generated from the decay of Q-balls. In addition, since Q-balls consist of squarks,
their decay produces light SUSY particles. Therefore, their decay may be the origins of
DM as well as baryons, which may provide us a solution to the baryon-DM coincidence
problem [24, 28].

In this thesis, we focus on ADBG in SUSY theories to explain the origin of baryon
asymmetry and the coincidence problem, which are partially related to inflation models.
We provide two scenarios to account for the coincidence between the energy densities of
baryon and DM. We also provide a new scenario of ADBG, which broaden parameter spaces
explaining the observed amount of baryon asymmetry. These topics are based on the works
by the author [29, 30, 31, 32, 33].

In Chap. 5, we explain a scenario to account for the coincidence via Q-ball decay. The
decay rate of Q-ball is determined by the Pauli blocking effect, so that its branching ratios
into quarks and SUSY particles are determined by simple counting of degrees of freedom [27,
34, 35, 30]. As a result, the resulting baryon-to-DM ratio from Q-ball decay is found to be
naturally of order unity.

In Chap. 7, we provide a new scenario of ADBG, where the AD field starts to oscillate
around the minimum just after inflation [33]. Then in Chap. 8, we show that the resulting
baryon-to-DM ratio is naturally of order unity in hybrid inflation models, which is another
possibility to account for the coincidence problem [31].

As a result of these two studies, we conclude that the Affleck-Dine baryogenesis is a
promising candidate for baryogenesis to account not only for the observed baryon asymmetry
but also for the baryon-DM coincidence problem.



This thesis is organized as follows.

In Chap. 2, we explain the mysteries of baryon asymmetry, DM, and inflation. In particu-
lar, the observed energy densities of baryon and DM are equal to each other up to a factor of
order unity. This coincidence is known as the baryon-DM coincidence problem. In Chap. 3,
we review the ADBG in the conventional scenario. Then in Chap. 4, we explain Q-ball,
which is a non-topological soliton of a complex scalar field. It sometimes form after ADBG
and modifies its scenario. Its decay rates into quarks and SUSY particles are important to
discuss the co-genesis of baryon and DM.

Chapter 5 is one of the main part of this thesis. In Sec. 5.1, we explain the scenario
for co-genesis in general models of gravity mediation. In Sec. 5.2, we apply it to the con-
strained minimal SUSY SM (CMSSM) and show that the observed baryon asymmetry, DM
abundance, and the 126 GeV Higgs boson can be simultaneously explained in that scenario.
We determine a parameter region to realize the scenario and find that it would be tested by
future collider experiments and direct and indirect DM searches.

In Chap. 6, we explain the relation between ADBG and inflation. We focus on three
important inflation models; F-term hybrid inflation, D-term hybrid inflation, and chaotic
inflation. In particular, we investigate the backreaction of the AD field to inflaton dynamics.
We also explain that the scenario for co-genesis from Q-ball decay is naturally realized after
a chaotic inflation model.

Chapter 7 and 8 are the other main part of this thesis. In Chap. 7, we provide a new
scenario of ADBG, where the AD field starts to oscillate around the minimum just after
the end of inflation. The resulting baryon asymmetry is independent of low-energy SUSY
parameters but is dependent on parameters in inflaton sector. We investigate the scenario
in F-term hybrid inflation, chaotic inflation, and D-term hybrid inflation and show that the
observed baryon asymmetry can be explained in this new scenario. In Chap. 8, we apply
the new scenario to some models and consider non-thermal DM production from gravitino
decay. Although the baryon and DM are not generated from a common origin, their resulting
abundances are related through same parameters in inflaton sector. As a result, the energy
densities of baryon and DM naturally coincide with each other. This is another scenario to
account for the baryon-DM coincidence problem.

Chapter 9 is devoted to the conclusion of this thesis.



Chapter 2

Cosmological problems

In this chapter, we briefly explain mysteries in cosmology: the origin of baryon-anti-baryon
asymmetry, dark matter (DM), and inflation. The observed amount of light elements implies
that the baryon-to-entropy ratio is of order 1071°, whose origin cannot be explained in the
Standard Model (SM) of particle physics and cosmology. Astrophysical and cosmological
observations reveal that the Universe is partially filled with DM, which is an unknown particle
beyond the SM. In the early Universe, there is an era of exponential expansion called inflation,

which explains initial condition problems in the Big Bang cosmology.

2.1 Origin of baryon asymmetry

The Universe seems to be isotropic and homogeneous for a scale larger than of order 100 Mpc.
The metric of its geometry g, is then described by the Friedmann-Robertson-Walker metric:

G = diag[—1,a*(t), a*(t), a*(t)], (2.1)

where a(t) is the scale factor and we neglect the curvature of the space. When the energy-
momentum tensor for matter is isotropic and homogeneous, Einstein’s field equations lead

to the following equations called the Friedmann equations:

P
H? = 2.2
30, (22)

p = —3H(p+p), (2.3)

where p and p are the energy density and pressure of matter, and

a 1lda

(@4



is the Hubble parameter. When the Universe is filled with the thermal plasma, the energy
density and the pressure is given by

— g —T 2.5

p 935 (2.5)
p

p— —_— 2.6

p 3 (2.6)

where g, is the effective degrees of freedom of relativistic particles. This implies that the
Hubble parameter is given by H(t) = 1/2t, T o a~(t), and a(t) o t'/2. Therefore, the
temperature increases as we look at the earlier Universe. The early Universe is filled with a
high temperature plasma, which is called the Big Bang cosmology.

The early Universe is filled with a hot dense plasma, so that the quarks and anti-quarks
are in thermal equilibrium and are relativistic. Their abundance is determined by the thermal
abundance and the fraction to entropy density is of order 1/10. As the temperature decreases
due to the expansion of the Universe, the QCD phase transition occurs and baryon and anti-
baryon form. Then their abundance exponentially decreases due to annihilation. Here, if
there is asymmetry between the abundance of baryon and anti-baryon, baryons remain in
the thermal plasma while anti-baryons completely disappear. The light element abundances,
including *He and D, form from the remaining baryons. The observed abundance of these
light elements implies that the baryon-to-entropy ratio after the annihilation is of order
1/10000000000. The origin of this small amount of asymmetry between baryon and anti-
baryon is a mystery in cosmology.

2.1.1 BBN theory

The Big Bang theory explains the expanding Universe, cosmic background radiation called
CMB, and light-element abundance. The light-element abundance is calculated by using only
well-known physics such as the quantum electrodynamics, weak interactions, and nucleosyn-
thesis. The initial condition is the Universe filled with the hot plasma with some abundance
of baryon asymmetry. The resulting amount of light-element abundance thus depends on the
initial baryon asymmetry. In this subsection, we briefly explain the BBN theory and estimate
deuterium (D) and helium (*He) abundance following Ref. [36]. We then compare the results
with observed abundance, which gives us information of initial baryon abundance.

Suppose that the Universe is filled with a hot plasma with a temperature higher than
1 MeV and below the QCD scale. At such a high temperature, there are protons and
neutrons, where the weak interaction p+ e <+ n+ 1, is in the thermal equilibrium. The ratio



of their number densities at a temperature of T' is given by

Ty,
— = exp(—Am/T) (2.7)
np

Am = m, —m, ~ 1293 MeV, (2.8)

where m,, (~ 938.272 MeV) and m,, (~ 939.565 MeV) are proton and neutron masses,
respectively [7]. The weak interaction freezes out at the temperature of T given by I'(T}) ~
H(T}y), where I'(T}) ~ G%T" is the reaction rate of weak interaction and G ~ 1.17 x 107°.
We obtain

—-1/3

Ty ~ (GzMp) '~ ~ 0.8 MeV. (2.9)

The ratio of number densities is fixed at this time such as n, /(n, + n,) ~ 1/6. After that,
the neutron abundance decreases via its decay and we obtain

Ny, 1 Zf—tf
~ - — : 2.10
ny, + Ny, 6eXp{ T ] (2.10)

where 7, (~ 880sec) is the lifetime of neutron [7]. Since the ratio of number densities is
determined by this relation, their number densities are determined once we set the baryon
abundance, i.e., their total abundance. Note that neutrons do not decay after deuterium
formation.

Next we estimate deuterium abundance. We can understand the reactions of nucleosyn-
thesis by minimizing the Hermhortz free energy F' = E — T'S, where E is energy and S
is entropy. At a high temperature, protons and neutrons, whose binding energy is about
2.2 MeV, move independently so that the entropy can be small. As the temperature de-
creases due to the expansion of the Universe, deuteriums form because of the energy loss of
their binding energy:

p+n — D+1. (2.11)

The binding energy of deuterium is 2.2 MeV, so that their abundance is related as

3/2
np _§ 4m / 2.2 MeV/T
= e , (2.12)
nan, 4 \m,T

by the detailed balance. Using n,, ~ n, ~ n;, and the photon number density of n, ~ 7%, we

rewrite this as

7\ 32
np - < ) 22 MeV/T (2.13)
Ty my



where 1, = ny/n., is the baryon-to-photon ratio. Deuteriums form at a much low temperature
than the energy scale of the binding energy because photons are much abundant than protons
(i.e., my < 1). The deuterium abundance is sufficiently generated at the time when np =~ ny,

or, at the temperature of
T =1Tp ~0.06 MeV (1 + 0.03 Logniy) , (2.14)

where 719 = 1,/1071°. This corresponds to the time of

3.36\ '/*
t =tp ~ 200sec (1 — 0.06 Lognio) ( ) . (2.15)

*

For a very rough estimation, we could assume that deuteriums are generated at this time
and then combine into heavier elements 3H and *He:

D+D — *H+p (2.16)
D+D — “He+n. (2.17)

In this assumption, the Boltzmann equation of deuterium is approximately written as [36]

dx 1
dtD = —5 (oV)pp s X, (2.18)
(V) pp =~ 82 GeV 2T, 2 exp (—4.258/T91/3) (2.19)
~ 0.86 GeV™?  for T =0.06 MeV, (2.20)

where Xp = 2np/np is the mass fraction of deuterium. Once we approximate the cross
section as a constant value with 7" = 0.06 MeV (7, ~ 0.7), we can calculate the deuterium

abundance such as

*10_10
Xp =~ 1.2x 107 Vgg v (2.21)
10710
~ 56x107° 2.22
X107, (2.22)

where Y, = n,/s and g, is the effective degrees of freedom of relativistic particles for entropy
density. We have used g, = 3.36 and ¢,; = 3.91 in the second line. Note that s = 7.04n,
(i.e., Y, = m/7.04) at present. The deuterium mass fraction is inversely proportional to the
initial baryon abundance. This is because the deuterium abundance is determined by its
cross section and is almost independent of its initial abundance.



We can easily estimate *He abundance. It is so stable that we can assume that all neutrons
are contained in *He. Thus we obtain

4n4HC

Xige = , 2.23
e = 2 (2.23)
2ny,
~ (2.24)
Np + Non | popy,

For larger baryon asymmetry, the temperature of deuterium formation increases, so that more
neutrons are contained in nucleons before they decay. As a result, “He abundance increases
as baryon asymmetry increases.

Here let us compare the above results with observations. Aver et al. reported *He

abundance such as [3]

X OPSAYD) — 0.2465 + 0.0097. (2.26)

It was also reported by Izotov et al. such as [4]

X ops1oton) — .2551 + 0.0022. (2.27)

Observed deuterium abundance is usually expressed by the ratio of number densities of
deuterium and hydrogen:

Xp
D/H = — 2.28
/o= 2 (2.28)
Ny + Ny,
~ Xp— 2l ~ 0.4Xp. (2.29)
2(n, — ny) T—Tp
It is measured such as [5]

(D/H)“") = (2.53 4+ 0.04) x 1075, (2.30)

These observed values can be explained by the above rough estimation with the baryon
asymmetry of order ¥, = O(1071%). More detailed calculations show that observations of

light element abundance imply the baryon abundance of
QPPN = 0.02202 £ 0.00046, (2.31)
which can be rewritten as

v, PPN — (8.33 £ 0.17) x 107, (2.32)



2.1.2 CMB temperature anisotropies

The CMB temperature anisotropies also have information of baryon abundance at the time
of recombination epoch. Since protons, electrons, and photon interact strongly before the
recombination epoch, they behave like fluid. There is a typical frequency for their density
perturbation, which is related to the sound velocity. Since the sound velocity is smaller
for larger baryon abundance, the typical frequency for density perturbation becomes larger.
In addition, the free-streaming length of photon is inversely proportional to the number
density of electrons, so that the length scale of damping due to its free-streaming, called
the Silk damping, is smaller for larger baryon abundance. The observed CMB temperature
anisotropies therefore give us information of baryon abundance and it is given by [6]

QIOMBIR2 — (002222 + 0.00023). (2.33)

This remarkably agrees to the results of the BBN theory and observations of light-element
abundances [see Eq. (2.31)].

In this thesis, we use the following values reported in Ref. [7]:

v = 86 x 107! (2.34)
QPR = 0.0227. (2.35)

2.1.3 Sakharov conditions

In order to generate baryon asymmetry, we need to satisfy the Sakharov conditions [16].
First, we need a reaction that violates baryon number conservation. Otherwise the time

evolution of baryon number vanishes:
iy X [H B} —0, (2.36)

where H and B are operators of Hamiltonian and baryon charge, respectively. Secondly,
we need C' and C'P violations, where C' is the charge conjugate symmetry and P is the
parity. This is because if C' (C'P) is conserved, the reaction rate for baryon production is
the same with that C' (C'P) conjugated, which produce anti-baryon. Thus the net baryon
asymmetry cannot be generated in C' or C'P conserving theory. The third condition is
realization of departure from thermal equilibrium. If the baryon violating interaction is in

10



thermal equilibrium, the density matrix can be written as e~H/T Tn this case, we obtain

<B> - [ ~8/T zﬂ, (2.37)
- [ T B(CPT)(CPT)" } (2.38)
— v e HT(CPT)B (OPT)—l}, (2.39)
- T (CPT) /T B(CPT)~ 1} (2.40)
- T _e*H/TB}, (2.41)
~ 0, (2.42)

where T is the time-reversal. Thus we need non-equilibrium process to generate baryon

asymmetry.

The baryon number is violating in the SM due to anomaly [37, 38]:

2
00ty = 041t = 1y (gm0 = (P ). (23
where ny is the number of family, g; and go are the gauge couplings of U(1)y and SU(2),
respectively, and (F*) and (W#)* are their field strength tensors. The baryon violating
process requires a tunnelling effect associated with instanton and its rate is exponentially
suppressed at the vacuum [39]. At a higher temperature than the electroweak scale, on the
other hand, the process is efficient and in thermal equilibrium due to thermal effect called
sphaleron effect [40, 20]. Since B + L number is washed out via the sphaleron effect, we
need a B — L violating interaction to realize baryogenesis at higher temperature than the
electroweak scale. Therefore, the first Sakharov condition is rephrased such that we need a
reaction violating B — L asymmetry to generate baryon asymmetry at higher temperature
than the electroweak scale. By the detailed valance, resulting baryon asymmetry is related
to B — L asymmetry such as [41]

8
ny ~ —n 2.44
b — 23 B—L; ( )
at higher temperature than the electroweak scale in SUSY theories. Note that when we
aim to generate baryon asymmetry after the electroweak symmetry breaking, we still need a

baryon violating process rather than the B — L violating one.
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2.2 DM

The idea of DM is first proposed by Zwicky, motivated by the unexpected high velocities
of nebulae in the Coma cluster [42]. Then, in 1978, Rubin et al. found that the rotation
curve of velocity distribution around galaxies becomes constant with increasing distance from
their galaxy center [43]. This behavior cannot be explained by the energy density of visible
matter around the galaxies, while an uniformly distributing DM can. Gravitational lensing
measurements give a further hint for the existence of DM [44, 45]. Trajectory of light is
deformed by the gravitational lensing effect, which results in the deformation of observable’s
image. The mass distribution can be reconstructed via observations of such deformed images
and it reveal that there must be energy density other than luminous objects. In particular,
mass distribution reconstructed around galaxy-cluster collisions is separated from luminous

gas clouds. This indicates that DM is collisionless (see, e.g., Ref. [46]).

The observations of CMB temperature anisotropies reveal that the plasma is homoge-
neous within of order 107 at the recombination epoch. If there was no DM, the density
perturbation of baryons, which are tightly coupled with photons, cannot develop to form
large scale structures because of the lack of time after the recombination. In addition, its
density perturbation is smoothed out by the free-streaming of baryon-photon plasma before
the recombination and the density perturbations are smoothed out for the scale of galaxies.
These problems can be addressed when we introduce DM. Since DM is non-baryonic, the
evolution of its density perturbation is different from that of baryons. In particular, DM is
decoupled from photons, so that its density perturbation can develop before the recombina-

tion epoch and its diffusion length is smaller than that of baryons.

If DM is relativistic at present, it is called hot DM. In this case, density perturbations
are smoothed out for the scale of superclusters so that the large scale structure of the Uni-
verse forms by fragmentation, where superclusters form first and subsequently fragment into
smaller objects. This disagrees with the observed large scale structure. On the other hand,
when DM is non-relativistic, i.e., when DM is cold, the large scale structure forms hierarchi-
cally, where smaller objects form first and then cluster into larger ones. This scenario agrees
with observations very well. This implies that DM is cold, and in particular, relativistic
neutrinos cannot play its role [47]. Therefore we need new physics beyond the SM to account
for DM.

The CMB temperature anisotropies are affected by the contents of the Universe. While
baryons are tightly coupled with photons, DM is decoupled from these particles. The gravi-
tational potential of DM with density perturbations gives rise to the characteristic oscillation
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pattern in the spectrum of CMB temperature anisotropies. If the DM abundance is less than
that observed, the epoch of matter-radiation equality becomes close to the recombination
epoch. As a result, the peak height of the spectrum of CMB temperature anisotropies is
lower for less DM abundance. In addition, since the gravitational potential well is not con-
stant, the integrated Sacks-Wolfe effect contributes more significant to the final anisotropy
spectrum than the case withe larger DM abundance. The results of Planck measurement are

given as [6]
Qpumh? = 0.1197 4 0.0022. (2.45)
This can be rewritten as
pDTM ~ (355 eV) x Qpyh?, (2.46)
~ (0.425 4 0.008) eV. (2.47)

To construct a consistent cosmological scenario, it is necessary to account for the above DM

density as well as the baryon density.

2.3 Inflation

Inflation solves some initial condition problems in the Big Bang cosmology, including the
flatness problem and the horizon problem. It can be realized by a potential of a scalar field
called an inflaton when it is specially homogeneous and slowly rolls towards its potential
minimum. After the slow roll ends, the inflaton starts to oscillate around its potential
minimum and then decay into radiation. The resulting Universe is then consistent with the
Big Bang theory. Here we shortly explain the motivation of inflation while in Appendix B
we briefly explain inflation, its realization by a scalar field, reheating, and its predictions.

If the curvature of the Universe K is nonzero, the Friedmann equation is written as

H2 14 K

- _rr _ = 2.48
3ME a* (248)

where p is the total energy density of the Universe, a is the scale factor, and Mp; (~ 2.4 X
10 GeV) is the reduced Planck scale. The parameter K is bounded above by the observation
of CMB temperature anisotropies such as |Q| = |K| /(a2HZ) < 0.01, where ap and Hy are
the scale factor and the Hubble parameter at present. However, the curvature term in the
Friedmann equation is proportional to a~2, so that the combination of | K| /a> H?(t) has to be
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extremely smaller than unity in the early Universe. Such an extremely small dimensionless
parameter is a mystery known as the flatness problem.

The observations of CMB temperature anisotropies show that the background tempera-
ture of the Universe is homogeneous up to a factor of of order 107°. However, if the Universe
begins from the radiation or matter dominated era, there is no correlation for the whole
observable Universe. There is no reason that the whole Universe is homogeneous without
correlations. This is known as the horizon problem.

The above flatness and horizon problems are explained by an era of exponential expla-
nation called inflation. Suppose that the early Universe is dominated by a constant energy
density. In this case, the Friedmann equation implies that H = Hj,y = const. and the scale
factor exponentially increases such as a(t) = a(tini) exp[Hine(t — tini)], where t;; is the time
at the beginning of inflation. Therefore the curvature term in the Friedmann equation de-
creases exponentially compared with the constant energy term, which explains the smallness
of the curvature term. Note that the Hubble-horizon length is given by a(ti,)H (tn;) at the
beginning of inflation. The volume of this correlated region exponentially increases due to
inflation, so that it explains the homogeneous Universe. Finally, the constant energy density
is converted to radiation at a time denoted by t.,q. When we define e-folding number such
as N(t) =log (a(tena)/a(t)), N(tmi) ~ 50 — 60 is sufficient to solve those problems.

Inflation can be realized by a potential energy of a scalar field called inflaton. The quan-
tum fluctuations of inflaton during inflation is a seed of large scale structure. In particular, the
observations of CMB temperature anisotropies give us information of density perturbations
and confirm predictions of inflation models (see Appendix B for a short review). Unfortu-
nately, inflation washes out baryon asymmetry and DM. Therefore we need mechanisms to
generate them after inflation.

2.4 Discussion

Here let us consider some solutions to the origin of baryon asymmetry and DM.

The thermal leptogenesis is a simple mechanism to generate baryon asymmetry via the
decay of heavy right-handed neutrinos and the B + L violating sphaleron process [21]. Tt
can be realized when the mass of the lightest right-handed neutrino is larger than of order
10° GeV and the reheating temperature of the Universe after inflation is larger than its mass
(see, e.g., Ref. [48]). Unfortunately, such a high reheating temperature may be inconsistent
with the gravitino and /or LSP overproduction problem in SUSY theories, unless the gravitino
mass is larger than of order 100 TeV and the LSP mass is sufficiently small [49, 50]. The
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electroweak baryogenesis is another candidate of baryogenesis, where the baryon asymmetry
is generated via the sphaleron process in front of bubble of Higgs phase transition [20]. This
requires a modification of Higgs potential to realize a first-order electroweak phase transition,
so that it is expected that some signals are observed in collider experiments in the near future.
However, it might be inconsistent with the experiments of the neutron electric dipole moment
unless we allow some amount of cancellation in CP phases.

The relic density of DM can be explained by freeze-out mechanism when the DM is a
weakly-interacting massive particle (WIMP). The WIMP is thermal equilibrium in the hot
plasma and then decoupled at a temperature below its mass. Its annihilation cross section
determines its relic density, which is of order the observed amount of DM for the WIMP
with mass of order the electroweak scale. It is motivated also by particle physics, such as
supersymmetric theories. However, the non-observation of new physics at the LHC puts
questions on this scenario because there should be new particles around the electroweak
scale.

Here let us reconsider the baryon and DM abundance. From Egs. (2.35) and (2.45), we
obtain the baryon-to-DM ratio such as

Q 1

=0(1). (2.49)

Therefore, there is a coincidence between the energy densities of baryon and DM. This coinci-
dence may imply that the baryon and DM are generated from a common origin. However, the
above mechanisms generate baryon asymmetry and DM independently, so that they cannot
explain the coincidence.

In this thesis, we focus on another mechanism to generate baryon asymmetry called the
Affleck-Dine baryogenesis (ADBG). It is based on SUSY theories, where SUSY partners
of quarks called squarks are introduced. The ADBG generates baryon asymmetry via the
dynamics of squarks in the early Universe, which subsequently decay and release their baryon
charge into SM particles. Here, in SUSY, the lightest SUSY particle (LSP) is stable and is
good candidate of DM when we assume R-parity conservation. Therefore, the decay of
squarks may be a non-thermal source of DM in the scenario of ADBG. This fact may result
in a coincidence between the resulting energy density of baryon and DM. In Chap. 5 and 8,
we show that ADBG can in fact account for the coincidence problem as well as the observed
baryon asymmetry.
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Chapter 3

AfHleck-Dine baryogenesis

In this chapter, we review the conventional scenario of Affleck-Dine baryogenesis (ADBG).

3.1 Overview of ADBG

Before we explain the detail of the ADBG, in this section we overview its mechanism. In
supersymmetric (SUSY) theories, baryon asymmetry can be generated by ADBG using a
B — L charged flat direction called an AD field [17, 19]. The AD field is assumed to have
a negative effective mass term, called a Hubble-induced mass term, due to a finite energy
density of the Universe via supergravity effects, which implies that it obtains a large VEV
during and after inflation. As the energy density of the Universe decreases, the effective mass
decreases. Eventually, the effective mass becomes comparable to the soft mass of the AD field,
and then the AD field starts to oscillate around the origin of its potential, whose dynamics is
far from thermal equilibrium. Non-renormalizable terms, which break B (or B — L) symmetry
in general, are relevant for the dynamics of the AD field due to its large initial amplitude. The
difference between the initial phase of the AD field and the phase in the potential minimum
(along a nonzero VEV) leads to CP violation. In this way, the Sakharov conditions for
baryogenesis [16] are satisfied and B (or B — L) asymmetry is generated. In fact, its phase
direction is kicked by its non-renormalizable A-term potential at the beginning of oscillation.
The asymmetry is actually generated through this dynamics because the B — L number
density is proportional to the phase velocity of the AD field. Note that the amplitude of the
oscillation decreases due to the Hubble expansion, the non-renormalizable terms becomes
irrelevant and B (or B — L) symmetry is approximately restored soon after the beginning
of oscillation. Finally, the coherent oscillation of the AD field decays and dissipates into the
thermal plasma. If the AD field releases its charge into the standard model particles after
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the sphaleron process [20] freezes out, the AD field should have B charge to account for the
baryon asymmetric Universe. On the other hand, if the AD field releases its charge before the
sphaleron process freezes out, the AD field should have B — L charge so that the sphaleron

process does not wash out the asymmetry.

3.2 Flat directions in the MSSM

In SUSY theories, there are SUSY partners of quarks and leptons, called squarks and sleptons,
which are complex scalar fields carrying B — L charges. Let us consider one of them and
denote it as ¢. When we write its B — L charge as ¢, the number density of B — L asymmetry
associated with ¢ is written as
npp =ig ("6 - 66) = 2qim 67| (3.1)
This implies that we can obtain a large amount of B — L asymmetry when the field ¢ rotates
in the complex plane with a large amplitude. Thus we focus on a B — L charged scalar field
that has a very flat potential. In fact, the potentials for scalar fields are severely restricted
by SUSY, which especially results in existence of many flat directions. Flat directions are
scalar fields whose potentials are absent within the renormalizable level as long as SUSY is
unbroken.
Here, we illustrate how the potentials for scalar fields are absent in SUSY theories by

taking a flat direction called the u¢dd® flat direction as an example. Let us focus on a scalar
field constructed by right-handed squarks through the following orthogonal matrix:

1) 1 1 1 1 Eu?g
-l =—= . d°); , (3.2)
AR ()5
where the lower and upper indices represent flavour and color, respectively. The dots repre-
sent other directions, which we are not interested in. Since the inverse matrix is given by the
transposed matrix, we obtain
)a(to)(
d)§ =—1!11 - - N (3.3)
( dc)éi’ \/§ 1 .
In the MSSM, the superpotential is given by Eq. (A.7) within the renormalizable level. F-
term potentials are determined by superpotential W as

ow

2

: (3.4)
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where @; generically denote the fields in W. It is easy to see that the F-term potential for
the field ¢ is absent. The D-term potential is also absent like

a C * a C C * a C C * a C 2
DS = g2 |(ue)R T ()R 4 (d) T (do)F + (d) BT (d°) 2| (3.5)
2
= Pl T (1) =0, (3.6)
2
DI = =2 |+ 5 @]+ 5 [@)F]| = (3.7

where |D¢|* and |Dy|* are D-term potentials for SU(3) and U(1)y, respectively. Therefore,
the field ¢ has a flat potential and is called a flat direction. The above example consists of
right handed squarks of u¢, d° d¢, and is called the u®d°d® flat direction. It is known that
every flat direction is characterized by gauge-invariant monomial in this manner.

The following combination is another famous example of flat directions called LH, flat

direction [18]:
n-g(8) =g (0) 6

where L and H, are left-handed slepton and up-type Higgs, respectively. The directions in
the MSSM are listed in Table. 3.1 with their B — L and B charges [51].! Note that there
are many flat directions even in such a simple model. It is expected that the dynamics of
such a flat direction can generate a large amount of B — L asymmetry. Hereafter, we call a
B (or B — L) charged flat direction as an AD field and investigate its dynamics in the early
Universe.

Although flat directions have no potential within the exact SUSY limit and the renormal-
izable level, they obtain nonzero potentials through SUSY breaking and nonrenormalizable
operators (i.e., underlying higher energy theory). These potentials induce non-trivial dynam-
ics of flat directions. The next section is devoted to discussing this point.

3.3 Potentials for flat directions

In this section, we discuss the induced potentials for flat directions through SUSY breaking,
thermal effect, and nonrenormalizable operators. Flat directions have soft (SUSY breaking)
masses of the order of sparticle masses, which are subject to collider experiments and should

! Although LH, flat direction has a potential coming from the Higgs p-term, it is assumed that ju is of
order the soft mass scale and absorb it to the meaning of my [see Eq. (3.9)].

19



Table 3.1: Flat directions in the MSSM and their B — L and B charges [51].

flat directions B—-L B

LH, -1 0
H,H, 0 0
ucded* -1 -1
LLe -1 0
Qd°L -1 0
QREQL 0 1
QucQd® 0 0
QucLe¢ 0 0
u‘ucd’e” 0 -1
d°dd°LL -3 -1
uucucee 1 -1
QuQuce” 1 0

QQQQu* 1 1
(QQQ).LLLe -1 1
wutdeQdeQde -1 1

be larger than O(10%3) GeV [52, 53]. In addition, the finite energy density of the Universe
contributes to potentials for flat directions. For instance, scalar fields obtain so-called Hubble
induced terms through supergravity effects during inflation because inflation is driven by a
finite energy density [19]. This is also the case during the inflaton oscillation dominated era
as we explain in Sec. 3.3.2. In a finite temperature plasma, flat directions acquires thermal
potentials due to thermal effects [19, 54, 55, 56]. Finally, when a flat direction has a large
VEV, nonrenormalizable operators become important.

3.3.1 Soft terms

In low energy, the AD field obtains soft terms coming from the low-energy SUSY breaking
effect. In gravity-mediated SUSY breaking models, soft terms of the AD field is given by [see
Eq. (A.37)]

Vioft, = mi(qﬁ) |qz§|2 + amg/QW(AD) +c.c., (3.9)

where my, is the soft mass of the AD field, mg/, is gravitino mass, and a (= O(1)) is a
constant. The higher-dimensional superpotential of the AD field W(AP) is determined below.
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Note that not only soft masses but p-term can also contribute to my if the flat direction
consists of Higgs field.
In models of gravity-mediated SUSY breaking, the soft mass is approximately constant

such as

me(¢) =~ my, (3.10)

where m, is roughly of order the gravitino mass [see Eq. (A.37)]. We take into account the
renormalization running effect in the next chapter but we neglect it for simplicity in this
chapter. On the other hand, in models of gauge-mediated SUSY breaking, SUSY breaking in
a hidden sector is transmitted to the standard model sector by gauge interactions mediated by
a messenger sector.? Since the AD field has some gauge charge, gauge fields acquire effective
masses of the order of g |¢|, where g generically stands for the Standard Model gauge coupling.
The transmission of SUSY breaking effect is therefore suppressed for g |¢| > M,,, where M,,
is a messenger scale [57], and thereby the soft mass of the AD field is suppressed. The
following potential is well fitted with an analytical result [see Eqgs. (A.51) and (A.58)]:

m? o2 for g |¢| < M,

2,272 3.11
M4 [loggML’;'} for g |p| > M,,. (3:.11)

m3(9) |of° = {

A parameter M2 is proportional to the VEV of the F' component of a gauge-singlet chiral
multiplet in the messenger sector as

m2 M?
ME=—0s 9V

= T ) (3.12)

where ¥y is a coupling constant for the interaction between the gauge singlet chiral multiplet
and the messenger field [see Eq. (A.42)]. The mass of the gravitino is related to the SUSY
breaking F-term as

(Fo) = kV3mgpMp, (3.13)
ko<1, (3.14)

where a factor k is less than one when the messenger sector indirectly couple to the SUSY
breaking sector. Hereafter we redefine the combination of yk as k (< 1).

2Here we implicitly assume that the AD field is not identified with LH, flat direction. It has a SUSY
mass from the Higgs p term, which is not suppressed above the messenger scale.
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The above potential can be understood as follows. Since soft masses are proportional to
the SUSY breaking parameter Fj, mi X |FS|2. From the dimensional analysis, its propor-
tionality coefficient is given as mj(u?) ~ |, /12 at the energy scale of y that is higher than
the messenger scale. Since we consider the potential of the AD field, u should be replaced
by ¢, so that we obtain a suppressed mass term such as mj(¢?) |¢|> ~ |F,>. Note that in
gravity mediated SUSY breaking models, the cutoff scale is of order the Planck scale and
mg ~ |F,|” /M2, so that there is no suppression up to the Planck scale.

3.3.2 Hubble-induced terms

During and after inflation, the AD field obtains effective potentials from the energy density
of inflaton I via supergravity effects [19]. The potential for a flat direction ¢ is modified by
supergravity effects during and after inflation. The energy density of the Universe is so large
that we have to consider its effects on the potential for the flat direction. In the supergravity,
scalar potentials are written in terms of superpotential, W, and Kahler potential, K. The
potential of scalar fields is written as Eq. (A.29).

We introduce an inflaton I and treat it as a background field. As explained in Appendix B,
the potential energy of inflaton drives inflation. We assume that the F-term potential of 1
drives inflation and satisfies \W1\2 ~ 3H2;M3,, where Hy, is the Hubble parameter during
inflation. We consider a Kahler potential of

&
K= ’¢|2+U|2+W\¢\2|I\2> (3.15)
Pl

where ¢ is an O(1) constant. In this case, the supergravity potential of Eq. (A.29) includes
the following interaction:

K
V D exXp (W
Pl

~ |F? <1+(1—C)M—lgl>, (3.17)

where we assume (¢) , (I) < Mp and neglect irrelevant higher-dimensional terms. Thus the

) W (K™~ 'wr (3.16)

AD field ¢ obtains an effective mass term of order the Hubble parameter during inflation:

Vi = cpH |0 (3.18)

1

cyg = —3(c—1), (3.19)

where we use |Fy|* = 3H2;M2,. This is called a Hubble-induced mass term.
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If there is a Kéhler potential of I |¢|* /Mp| + c.c., it leads to a Hubble-induced A-term

such as

(n A;glf’g He" + c.c.) , (3.20)
where ay is an O(1) constant. However, the above Kédhler potential is absent and the Hubble-
induced A-term is suppressed when the field which has a non-zero F-term during inflation is
charged under some symmetry and its VEV is less than the Planck scale during inflation [58].
These conditions are satisfied for models of hybrid inflation [59, 60] and high-scale inflation
in supergravity [61, 62] and thus we set ay = 0 in this thesis. Note that other small A-terms
play important roles in our new scenario of ADBG explained in Chap. 7 though they do not
in the conventional scenario explained in this chapter.

After inflation ends, the inflaton starts to oscillate around the potential minimum and
its oscillation energy dominates the Universe. During this inflaton-oscillation dominated era,
the Hubble-induced mass comes also from higher-dimensional kinetic interactions, which are
determined by the Kahler potential as

Liin = Ki50,0'0" ¢, (3.21)

where ¢; generically represents the fields of ¢ and I. There is a kinetic interaction of

el (3.22)

2
Lyin O K7 ‘I‘

2
Ve i

A typical time scale of the dynamics of the AD field is at most of order the Hubble parameter
as shown below. That of inflaton is the curvature of its potential, which is larger than the
Hubble parameter during inflaton-oscillation dominated era. Thus we can take a time-average
over the inflaton-oscillation time scale to investigate the dynamics of the AD field. Assuming
that the inflaton oscillates in a quadratic potential after inflation, we obtain an effective

Hubble-induced mass for ¢ after inflation:

Vi = e HA(t) |9 (3.23)
cy = —3 <c - %) : (3.24)

where we use the Virial theorem and include the contribution from the F-term potential.?

3 Inflation may be driven by a D-term potential of inflaton [63, 64]. In this case, the Hubble-induced mass
is absent during inflation but the AD field stays at a nonzero VEV due to the Hubble-friction effect [67, 65, 66].
The inflaton obtains nonzero F-term after inflation ends, so that the AD field obtains a Hubble-induced mass
during the inflaton oscillation dominated era. Thus the scenario of ADBG and resulting B — L asymmetry
are the same with the ones in F-term inflation.
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3.3.3 Thermal-log potential

After inflation ends and before reheating completes, inflaton gradually decays into radiation
(see Appendix B.4). Therefore, even if the energy density of the Universe is dominated by
that of oscillating inflaton, there is a background plasma with temperature of Eq. (B.18). In
the finite temperature plasma, the AD field acquires an effective potential via the thermal
effect [55, 56]. In this subsection, we explain the origin of thermal-log potential, focusing on
LH, flat direction.

The free energy of the thermal plasma F' depends on QCD coupling g3 in the next-to-

leading order as
3
F=2(1+ NG ()T, (3.25)

where N }th) is the number of family in the thermal plasma. Here, quark multiplets obtain
effective masses via the Yukawa interactions when LH, flat direction has a large VEV [see
Eq. (A.7)]. When its VEV is larger than the temperature of the plasma, the renormalization
running of gz is affected and its value at the energy scale of 7' depends on the VEV of LH,
flat direction [see Eq. (A.25)]:

dl(()igu8g_7r22 = BN-F), (3.26)
9 = 9 (1 - %7‘1 {(3]\7 ~ F)log (ﬁ)D , (3.27)

where the renormalization scale u should be replaced by ¢. When there are AF particles
that obtain the effective mass larger than the temperature, the renormalization running is

9(10) = g (1 . 1g§r2 {[3N — Fllog (ﬁ) + AFlog (g) }) . (3.28)

Therefore the free energy depends on ¢ and LH, flat direction acquires a potential depending

given by

on temperature. Since the renormalization running has a logarithmic dependence, it is written

as [55, 56]

~ era®Tog [ 120
Vr(¢) ~ craiT log T | (3.29)

with cr = 45/32 for y|¢| > T, where a, = g2/4m and y generically stands for Yukawa
couplings for quarks. This is sometimes called thermal log potential.
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Note that temperature is given by Eq. (B.18) during the inflaton-oscillation dominated
era. Since many MSSM particles are decoupled from the thermal plasma due to the effective
mass from the VEV of the AD field, it is calculated as g.(T") ~ 142.5 before the LH, flat
direction starts to oscillate around the origin of the potential. Assuming that the reheating

completes after the oscillation, we obtain ¢.(Try) = 228.75.

3.3.4 Higher-dimensional terms

As we explain in the next section, we assume that cg is negative during and after inflation to
realize ADBG. This means that the AD field has a large tachyonic mass and obtains a large
VEV during the time of H(t) 2 my. Since the AD field has a large VEV, we have to take into
account non-renormalizable terms to investigate its dynamics. Although the superpotential
of the AD field is absent within the renormalizable level, it may have a higher-dimensional

superpotential such as

WAD) — A(b—n_g, (3.30)

nMp,
where n (> 4) is an integer depending on flat directions and Mp; (~ 2.4 x 10'® GeV) is the
reduced Planck scale. For example, since the neutrinos have nonzero masses (denoted as

m,, ), we introduce a superpotential of

my,
WLH) - — A% (L;H,)”, (3.31)
A ¢*
= - for — = LH,, 32
o or 3 (3.32)

where (H,) = sin f x 174 GeV and tan 5 = (H,) / (H;). Thus LH, flat direction corresponds
to the case of n =4 in Eq. (3.30). In the case of the u°d°d® flat direction, it may come from
a term like

cdede 2 6
(w0

W=
63, 63,

(3.33)

where we use Eq. (3.3). In this case, the power of superpotential n is 6. The superpotential

leads to a F-term potential of ¢ as

2n—2
2 o™

2n—6"
Mg

Vir(¢) = A (3.34)

where we neglect irrelevant higher-dimensional terms in the supergravity potential.
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3.3.5 Summary of this section

Here we summarize the potential for the AD field. It is given by

V(¢) = Veott + Vi +Vp+Vr (3.35)
= mé((lﬁ) |(Z§’2 + amg/QW(AD) + c.c.
+ H2 t 2 )\2 |¢’2” ? 2T4]. ‘¢’ 3 36
CH ( ) |¢| + 26 + cra og T2 | ( . )
Pl

where the soft term V. depends on SUSY breaking models and is given by Egs. (3.10) or
(3.11). We assume negative Hubble induced mass term (cy < 0) during and after inflation.
Hereafter, we set the phase of the AD field and the SUSY-breaking F-term such that Im[a] =
0.

In the next section, we investigate the dynamics of the AD field with the above potential.

3.4 Dynamics of AD fields and baryon asymmetry

In this section, we explain the dynamics of the AD field and calculate B — L asymmetry.
As explained in the previous section, the potential of the AD field is given by

V(g) =~ Vg+Vr (3.37)

>
— M
M

- 1nf |¢| + /\2 (338)

> |¢| 7' V2, and neglect the soft terms. The coeffi-
cient ¢y is assumed to be negative so that the AD field has a tachyonic mass and obtains a
large VEV. The VEV of the AD field at the potential minimum is given by

n— /(2n—14)
e | HR Mpr
R . (3:30

during inflation, where we assume H?,

When we decompose the AD field as ¢ = pe'? /v/2, the equations of motion are written as

IV (p)

¢+ 3Humsp — PPp+ —2 = 0 (3.40)
ot
oV
9+3Hmf9+2909+ 5 =0 (3.41)
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Since Hi,¢ is almost constant during inflation, the AD field damps to the potential minimum

exponentially fast:

3 4
|| — (|@]),.5, =~ exp [_EHinft (1 —4/1— ‘SH|>] : (3.42)

The phase direction has a Hubble-friction term (3H 0), so that it stays at a certain phase
during inflation. We denote the initial phase of the AD field as 6;,;, which is expected to be
of order unity.

During the inflaton-oscillation dominated era and the time satisfying H(t) > (|¢| ' VI, +
||~ V)12, the potential of the AD field is given by

V(ig) = Vu+ Ve (3.43)

= cpH*(t) o) + N2 (3.44)

where H(t) = 2/3t. Here, we redefine the parameters such as [19]
logt, (3.45)

T 1/(n-2)

z

n—1

Then the equation of motion is written as

. n—4. 4] cq| n—3 Aleq| 2n—3
— "2 = 0. 3.47
X+ X ( 9 +(n—2)2)x+ g X (3.47)

We find that the parameter x oscillates around the minimum of

n — 1/2(n—2)

O The oscillation amplitude is damped for the case of n > 4. Therefore, the AD field follows
the potential minimum of Eq. (3.39) with the replacement of Hi,y — H ().

When the Hubble parameter decreases to (|¢| " V2 q+|¢| ™" Vi)'/2, the potential of the AD
field is dominated by these terms and it starts to oscillate around the origin of the potential.

We write the Hubble parameter at the time of oscillation as

_ _ 1/2
Hose = (1] Vi + 0] 1 V7). (3.49)
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The VEV of the AD field at that time is given by

n—6 1/(2n—4)
Qb ~ ’CH‘ HgscMgl ‘ (3 50)
osCc — )\2<’}’L _ 1) . .

Note that the curvature of the phase direction is given by

1 0’V nlAayl ms ">

2:
T o T M

(3.51)

Since the amplitude of the flat direction decreases as time evolves due to the Hubble ex-
pansion, the curvature of the phase direction, which is proportional to some powers of ¢,
decreases fast. Thus we can estimate the phase velocity of the AD fields such as
2
. m
0~ —2 0. 3.52
Hosc " ( )

This means that the AD field starts to rotate in the phase space, which is the dynamics that
generates the B — L asymmetry [see Eq. (3.1)]:

a’(t) 12
_ = 2 .
Annenlt) = 210f (3.53)
= eqHoscd’ (3.54)
2
my .
€ ~ H29 S1n (n@im) s (355)

where a(t) is the scale factor and we define the ellipticity parameter €. Since the B— L density
is smaller than the charge times the number density of AD field, € is smaller than unity. The
amplitude of the flat direction decreases as time evolves due to the Hubble expansion and the
B — L breaking effect (i.e., the A-term) becomes irrelevant soon after the oscillation. Thus,
the generated B — L asymmetry within a comoving volume is conserved soon after the AD
field starts to oscillate.

In the case that the oscillating AD field decays and dissipates into radiation before the
sphaleron process freezes out [68], the sphaleron effect relates the B — L asymmetry to the
baryon asymmetry as Eq. (2.44) [20, 21]. We can calculate the resulting baryon-to-entropy
ratio Y, such as

g 8 np_r

Y, = —~ — 3.56
b s 23 s |gu ( )
8 3IRunp—r
~ O JMRHNB-L 3.57
23 4pinf osc ( )
8 6qTRH (bosc ?
~ 53 1H. (Mm) , (3.58)
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where pis (= 3H?(t)M3,) is the energy density of the inflaton and Try is reheating temper-
ature. On the other hand, in the case that the oscillating AD field decays and dissipates
into radiation after the sphaleron process freezes out [68], e.g., in the case that Q-balls form
after the oscillation and decay after the sphaleron process freezes out as explained in the next
chapter, we should replace the B — L charge ¢ with the B charge ¢g and remove the factor
of 8/23 to calculate present baryon asymmetry in the above equations.

In the following subsections, we consider the cases that the dynamics is determined by
the soft mass term in gravity-mediated and gauge-mediated SUSY breaking models and the
thermal-log potential. We explicitly write H.s. and derive the epsilon parameter to calculate

baryon asymmetry in each case.

3.4.1 Gravity-mediated SUSY breaking models

In this subsection, we consider gravity-mediated SUSY breaking model where the soft mass of
the AD field is given by Eq. (3.10). We neglect the thermal-log potential, which is discussed
in Sec. 3.4.3.

When the Hubble parameter decreases to my, the potential of the AD field is dominated
by the soft mass term and it starts to oscillate around the origin of the potential. Here we
denote the Hubble parameter at the time of beginning of oscillation as Hg:

Hoge ~ —2 (3.59)
|cal
For a rough estimation, we can use Eq. (3.55) and obtain
€ ~ Ma/2 sin (nby;) , (3.60)

me
where we use Eq. (3.50).
Here we calculate B — L asymmetry in more detail. The evolution of equation for the
B — L number density is written as
ov

T'LBfL + 3HanL = —q902 (@) s (361)

where ¢ denotes the B — L charge of the AD field. We semi-analytically and numerically
solve this equation and obtain

ov
a*np_p(t) = —/dtqa3(t)<p2% (3.62)
= qHose 920’ (tosc) (3.63)
aln=2) _mys sin (nfy,;)  for e <1, (3.64)

Vvn—1(n—3) my

e ~ (1-2)x
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Figure 3.1: Evolution of B — L number density in a comoving volume (left panel) and the AD field
(right panel) in the conventional scenario of ADBG. We set n = 6, cy = —1, amg/y/mg = —1, and
p = m/10. The dimensionfull quantities are rescaled such as t — t/mg and ¢ — ¢/ (|9|),_ 1.

osc

where we assume cy = —1 in the last line. This result confirms the rough estimation of
Eq. (3.60). We have numerically solved the equation of motion for ¢ and have obtained the
numerical factor of (1 — 2) in Eq. (3.64) for cg = —1 and € < 1. One of the numerical
results is shown in Fig. 3.1, where we set n = 6, cy = —1, amgs/mg = —1, and 6, = 7/10.
One can see that the phase direction is kicked and the B — L asymmetry is generated at
t ~ m;l ~ H,!. The generated B — L asymmetry within a comoving volume is conserved
soon after the AD field starts to oscillate as one can see in Fig. 3.1.

We can calculate the resulting baryon-to-entropy ratio Y} such as

8 6qiTRH ¢osc 2
Y — 3.
’ 23 4:-[—-losc (MPI) ( 65)
T —1/2
~ 1.2 x 107 Peg Y2 (100 Fgle\/> (177T1:V) for n =6. (3.66)

In the last line, we use Eq. (3.50). The resulting baryon asymmetry can be consistent with
the observed baryon asymmetry of Y})(Obs) ~ 8.6 x 107 [7]. Since we expect g ~ 1, a
relatively low reheating temperature is required to explain the observed amount of baryon

asymmetry unless the parameter A\ is much larger than unity.

3.4.2 Gauge-mediated SUSY breaking models

In models of gauge mediation, the gravitino mass is much smaller than the soft mass of the
AD field. In addition, the soft mass term of the AD field (other than LH, flat direction)
becomes flat for a larger VEV than the messenger scale such as Eq. (3.11). In this case, the
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Hubble parameter at the beginning of oscillation is determined as*

Heoge ~ (/¢ 1V! (3.67)

gauge"*

As a result, the ellipticity parameter may be much smaller than unity. Since the curvature of
the potential at the energy scale of || is roughly given by M2/ |pesc|, the AD filed begins
to oscillate at the time of Hyge ~ M2/ |posc|- Using this and Egs. (3.50), (3.12), and (3.13),
the VEV of the AD field at the beginning of its oscillation is calculated as

m 1/3 -1/3
G| 3x 108 kY3 (735) 7 () for n = 4, (3.68)
10 k175 (1m(3;£2v)1/5 (10/\—4)_1/57 for n = 6.

We can calculate the ellipticity parameter € (~ mg/2/Hos) and the required reheating tem-

perature as

ex {10720 (75) " (o) for n = 4, 3.69)
4x107% k~ 4/5(1még,) ( ) 1/5 for n = 6,
and
3 % 100 GeV k2/3 (M2 )~13 (A )48 for n = 4,
= { 3 GeV k;ﬁ/i’ (T ()%/%;C(V )A )4/(510 ! fzi Z =6 (3.70)
1 GeV 10—4 ) -

respectively. Here we use the observed value of baryon-to-entropy ratio.

3.4.3 Case with thermal effects: LH, flat direction

In this section, we take into account thermal log potential. It is particularly important for
the case of n = 4, including the case of LH, flat direction.

In the previous two subsections, we neglect the thermal potential and the AD field starts
to oscillate around the origin of the potential at H(t) ~ y/|¢| ™' V.. When the thermal log
potential dominates the potential before that time, the AD field starts to oscillate at the
time of

Howe = /0~ 1V. (3.71)
Using Egs. (3.50) and (B.18), this can be rewritten as

Hoge ~ 0.60,,V ATgn, (3.72)

4Here we implicitly assume that Ho. is larger than the gravitino mass. Otherwise the AD field starts to
oscillate due to the soft mass from the gravity-mediated SUSY breaking effect and Hog. is given by mg /o [69].
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Figure 3.2: Evolution of B — L number density in a comoving volume (left panel) and the phase
direction of the AD field (right panel) in the conventional scenario of ADBG. We set cy = —1,
agmgja/Hose = —0.01, and 6y = 7/10. The dimensionfull parameters are rescaled as t — t/Hosc

and 6 — ¢/ {|6]),_p1.

osc

where we assume |cy| = 1 and n = 4.
We numerically solve the equation of motion for ¢ and obtain the ellipticity parameter as

msy2

e = (0.4—3.5) xasin(nby) 7 (3.73)
_ms3y2

= e—— .74

EHOSC, (3.74)

where we define € that is expected to be of order unity. One of our results is shown in Fig. 3.2,
where we set ¢y = 1, amgs/Hose = —0.01, and 6y = 7/10. The ellipticity parameter € is
much smaller than unity in this numerical calculation, so that the phase direction is kicked
slightly. We are difficult to see that the AD field rotates in the phase space in the right panel
of Fig. 3.2 though it actually does.

The large numerical uncertainty comes from the fact that the AD field does not stay at
the VEV of Eq. (3.39) during the inflaton oscillation dominated era for the case of n = 4.
Rather, it continues to oscillate around a VEV of order Eq. (3.39). Then at the time of
H ~ H, it starts to oscillate and rotate around the origin of the potential. The amount of
the baryon asymmetry depends on the oscillation amplitude, which depends on the evolution
of the AD field during the inflaton oscillation dominated era.

The baryon-to-entropy ratio is calculated as

8 q€m3/2
Y 23 40, \3/2 M) (375)
10 A —3/2 m3/2
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where we assume [cy| = 1, n = 4, and o, = 0.1 and use € = émg)s/Hose. This result is
independent of the reheating temperature [56].

The observed baryon asymmetry can be explained when the coupling A satisfies

m3/2 )2/3
1 TeV ’

where we assume € = 1. When we identify the AD field as LH, flat direction, this result
implies that the lightest left-handed neutrino has a tiny mass of

A~ 2.6x 1071 ( (3.77)

A
~ 16x107°eV | —2" .
- 6 x 10 ev(2.6><10—4> (3.78)
~ 1.6x107 eV <w>2/3 (3.79)
- 1 TeV ' '

Since the mass squared differences of the left-handed neutrinos are measured by observations
of atmospheric and solar neutrino oscillations, this determines the total neutrino mass such

as

0.06 eV for NH
Zm,, - { 0.1 eV for TH, (3.80)

for the cases of normal hierarchy (NH) and inverted hierarchy (IH), respectively. We can also
calculate the upper and lower bounds on the effective Majorana mass for the Ov33 decay
process such as [56, 70]

0.001 eV < |mgs| < 0.004 eV for NH (3.81)
0.01 eV < |mgs| S 0.04 eV for TH, (3.82)

where we take the values for the experimentally measured parameters from Ref. [71]. These
results of total neutrino mass and effective Majorana mass are too small to measure in the
near future at least for the case of NH. Therefore, if we would measure the total neutrino
mass or the effective Majorana mass in the near future, we can falsify the scenario of the
ADBG by LH, flat direction.

Here we write the condition that the thermal effect dominates the soft mass term at the
oscillation in the case of n = 4. Tt is written as Try > mg(¢)/(0.6a,v/ ) [see Eq. (3.72)]. For
a typical parameter set, it is rewritten as

Mg (6 N\ 2
Tru = 2 x 10° GeV (1 %(e\Z) (1o4> , (3.83)
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where we use a, ~ 0.1. Next we write the condition that the thermal effect can be neglected
in the case of n = 6. It can be given by Vi < Vi at the time of oscillation, so that in
gravity-mediated SUSY breaking models,

Mo
Tray S 2]\4—1/2771@5 , (3.84)
Pl
0.1 3/4 ( Mpy \*/?
~ 7.0 % 107GeV (?) (g%) (M:) for n = 6, (3.85)
while in gauge-mediated SUSY breaking models,
Mlg?_g)/(Qn_Q) n/(4n—4
Tre S W‘/ga{l(gc ), (3.86)
Pl
6/5
0.1\ [ Vittogo Mp )™
~ 10%GeV (?) <10§Giv> (M—:) for n = 6. (3.87)

For reheating temperature below these values, we can neglect the thermal-log potential and
can use the results of the previous two sections. In fact, observed abundance of baryon
asymmetry favours reheating temperature much lower than these bounds for the case of
n =6 [see Egs. (3.66) and (3.70)].

3.5 Baryonic isocurvature constraint

Hubble-induced A-terms are absent during inflation if the field which has a non-zero F-term
during inflation is charged under some symmetry and its VEV is less than the Planck scale
during inflation [58]. In this case, since the phase direction of the AD field is massless during
inflation, it has quantum fluctuations during inflation. As a result, baryonic isocurvature
density perturbations, which are tightly constrained by recent observations of CMB temper-
ature anisotropies, are produced. The ADBG after high-scale inflation results in a sizable
baryonic isocurvature fluctuation [65, 66, 58], unless the vacuum expectation value (VEV) of
the AD field is very large during inflation.

The phase direction of the AD field acquires quantum fluctuations during inflation as [65,

66, 58]

2I—[in
|50ini| ~ \/_ ! .
2 |¢inf‘

(3.88)
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Since the baryon number is related to the initial phase [see Eq. (3.55)], this fluctuation

induces a sizable baryonic isocurvature fluctuation as

oY,
Sb'y = —B ~ n cot (n@ini) 50ini- (389)

Yp
The baryonic isocurvature perturbation is constrained by observations of the cosmic mi-
crowave background, which have shown that the density perturbations are predominantly
adiabatic [15, 6]. The Planck Collaboration puts an upper bound on the totally uncorrelated

isocurvature fraction as [72]

Pss(ki)

< 0.038, 3.90
Prr(ks) + Pss(h) ~ (3.90)

where Prr and Pss are power spectra of the adiabatic fluctuation and isocurvature fluctu-
ation, respectively, and k, (= 0.05Mpc™') is a pivot scale. Since we are interested in the

baryonic isocurvature fluctuation, we use the following relation:

Q \?
Pss = O Ps,, Sy, - (3.91)
DM
Thus we obtain an upper bound on the baryonic isocurvature fluctuation as
Q
|Sby| < % (0.038 x 2.2 x 1079) /2 ~ 5.0 x 107, (3.92)
b

where we have used Prr'/? ~ 2.20 x 1079 [6]. This implies that the VEV of the AD field

during inflation is bounded from below:

Hinf
|¢inf| 2 4 x 1017 GeV xn |C0t(n0ini)| <m> . (393)

Using Eq. (3.39), the baryonic isocurvature constraint can be rewritten as

-4 Hin -1 o
L1 (550t aov) for n =6,
where we assume |cy| = 1 and |cot nbi,;| = 1. This constraint is severe for high-scale inflation

models such as chaotic inflation, where the energy scale of inflation is of order 104 GeV.
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Chapter 4

Q-ball

In this section, we explain the dynamics of QQ-ball, which is a non-topological soliton formed
after the Affleck-Dine mechanism in many SUSY models [26, 22, 23, 24, 25]. We first explain
the condition of the Q-ball to form and then review its decay processes.

4.1 Q-balls in SUSY theories

After the AD field starts to oscillate and rotate around the low energy vacuum, the amplitude
of the oscillation decreases due to the Hubble expansion. Since baryon number-violating
terms are higher-dimensional ones, their effects become irrelevant and the generated baryon
number is conserved soon after the beginning of the oscillation. Thus, in this section, we
assume baryon number to be conserved and investigate the stable configuration of the AD

field in a system with non-zero baryon charge.

4.1.1 Formation of Q-ball

Let us first consider an AD field with conserved baryon symmetry. The Lagrangian density

is written as
L=—-0,0"0"p— V(o). (4.1)
The energy of the AD field is given as
-2
B= [ & [lof +16 +V (o)) (4.2)
We are interested in the case with sufficiently small value of the VEV of the AD field, for

which the potential is approximated by V = mi(qﬁ) |¢|2. Since the baryon density is already
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generated via ADBG, we consider a system with non-zero baryon charge. The baryon charge
is given by

Q= —2/d3x1m [qﬁ*gb} , (4.3)

[see Eq. (3.1)], where we have omitted the factor ¢ for notational simplicity. The scalar field
configuration which minimizes the energy given in Eq. (4.2) with a fixed baryon charge Qg
is obtained by minimizing the following combination;

E+m{%+2/@ﬂmb%ﬂ, (4.4)
where wy is a Lagrange multiplier. Terms with time derivatives are rewritten as

) . . . 2 9 9
91 + 2wolm [6°6] = |+ iwo| — oI (45)

Thus, the minimization condition determines the time dependence of the AD field as
o(r,1) = p(r)e” " /V/2, (4.6)

Assuming a spherically symmetric ansatz, ¢(r) = ¢(r), we obtain the following equation
which determines ¢(r):
0? 20 5

R — = V(p)=0. 4.7
52¥ T o5ty S0(%@) (4.7)

The boundary conditions are ¢'(0) = 0 and ¢(oc0) = 0 since we are interested in smooth
and localized configurations. Regarding ¢ and r as a position x and a time variable ¢, we
can interpret Eq. (4.7) as the equation of motion of a particle in one dimension with a
friction term (2/t)0z /0t and a potential of wiz?/2 —V (z) (see Fig. 4.1). In this analogy, the
boundary conditions imply that the initial velocity is absent and the position is asymptotic
to the origin at t — oo. Since the total energy decreases due to the friction term, there is a
solution only when the initial potential energy is larger than the one at x = 0. This requires
a condition of Max, [wix?/2 — V(z)] > 0, which can be rewritten as Min,, [2V (z)/2?%] < w?.
It is also needed that the curvature of the potential at the origin is negative so that there is
an asymptotic solution. This requires another condition of wi — V”(x) < 0. Thus, one can
find the following condition for existence of a spatially localized configuration, referred to as

Q-ball [26]:

2V (p)
(,02

Mm@{ (4.8)
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Figure 4.1: Examples of potential that have Q-ball solutions. These examples satisfy the condition
of Eq. (4.8).

The energy of the Q-ball per unit charge is given by wy because

0E = /d3x [w05w0g02 + wipdp — Apdp + V’(cp)égo} (4.9)
= wo/d‘gaz [5wog02 + 2w0<,0590] (4.10)

If there is a Q-ball solution, a condensed scalar field is more stable in the Q-ball configu-
ration than in the homogeneous one. Therefore, the AD field, which is homogeneous for the
first time, is unstable and fragments into Q-balls soon after the beginning of oscillation. In
fact, linear analyses indicate that there are instability bands during the oscillation of the AD
field if the condition of Q-ball formation Eq. (4.8) is satisfied [23, 24]. This means that the
coherently oscillating AD field is unstable and fragments into Q-balls soon after the onset
of its oscillation. A typical charge of Q-balls is roughly estimated by the charge which is
contained in the volume of a typical instability wavelength (which is roughly equal to the
Q-ball size R) at the formation time:

a (tosc>
a (tform>

where we have included the dependence on the scale factors a because it needs some time

3
Q ~ nB(tform>R3 ~ < ) Wo |¢osc|2 RB, (4.12)
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for Q-ball to be formed completely. The numerical simulations have shown that Q-balls
are indeed formed when the condition of Q-ball formation Eq. (4.8) is satisfied, and have
determined the proportional constant including a®(tese)/a®(ttorm) of Eq. (4.12) for the cases
we are interested in [see Eqgs. (4.32) and (4.40)] [25, 73].

In the following subsections, we consider gravity-mediated and gauge-mediated SUSY
breaking models, where my(¢) is given by Egs. (3.10) and (3.11), respectively, and derive
solutions of Q-ball.

4.1.2 Q-balls in gravity-mediated SUSY breaking models

In gravity-mediated SUSY breaking models, the soft mass term my(¢) is approximately
constant of order the gravitino mass. However, the mass of the AD field m(¢) logarithmically
depends on |¢| due to the renormalization group running of squark masses (see Appendix

A.1.2). We simply write the potential of the AD field in gravity mediation as

Vo= mi(e) sl (4.13)
~ mj|g[? (1 + Klog@) , (4.14)
Mg,

where the second term in the parenthesis represents renormalization group running. In many
cases in gravity mediation, the strong interaction dominates quantum corrections for a typical
flat direction, and we obtain K < 0 and |K| ~ 0.01 — 0.1 [24], which satisfies the condition
for Q-ball formation of Eq. (4.8). The configuration of the AD field is obtained by solving

Eq. (4.7) with the above potential. The solution is well approximated by [24]

B(r, 1) oe T /A gm0t (4.15)

1
V2

where R, wp, and ¢ are given as

1
B R (o) (10
o = (), (@17)
oy =~ (K ! 1/2 418
0 — T m¢(¢0)@ ) ( . )

where mg(¢o) is the mass of the AD field at the energy scale of ¢g. Since the energy of the
Q-ball, Mg, is calculated from Eq. (4.2) as

Mq =~ my(do)Q, (4.19)
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we find that the energy of the Q-ball per unit charge is equal to wy =~ my(¢o). Note that this
is of order the TeV scale and is much larger than the proton mass, which fact is important
to discuss the decay of Q-ball as explained in Sec. 4.3.

Here we consider the instability of the AD field by the linear analysis. When we decompose
the AD field as ¢ = pe'? /v/2, their equations of motion are given by

1 . 1 oV
54 3H) — —Ap— o+ — (8,020 + 2 = 4.2
o+ 3Hy Tty g0+a2(6z)cp+&p 0 (4.20)
. 1 25. 2 :
HO— —A —0 — —(0; § = 0. 4.21
0+ 3H0 = 0 + g09 a%(ale)(a ©) 0 (4.21)

Let us consider the time just after the AD field starts to oscillate coherently. The coher-
ent oscillation of the AD field is approximately specially homogeneous, so that we set a

perturbation such as

e = (t)+dp(x,t), (4.22)
0 = 0(t)+0(x,t), (4.23)

so that their equations of motion are written as

. : 1 . .
do+3Hop — EA(&QO) —200(00) + V"6 — %60 = 0, (4.24)

. 1 20 . 20 200
50+ 3HS0 — — A(06) + 260 + —5p— 2 50 = 0. (4.25)

a ¥ ¥ ¥
Let us expand the solution such as

Sp = Spop(t)e™ (4.26)
60 = fpetTike, (4.27)

and seek a growing mode o > 0. Eliminating dx, and 06y, we obtain a dispersion relation

such as

k2 2¢ Vv’ k? 2 .
2+ 3Ha+ —+La+ V" — | |2 +3Ha+ — + La| +46%* =0,  (4.28)
a’ g @ a? @

when we assume V' = Vp?" and use the Vilial theorem of oy = —3H/(n + 1), we obtain

1— k 1— k? :
0?3~ "Ha+ -~ — 4n(1 —n)* 2V, | |a? — 3= "Ha+ | £ 462 = 0. (4.29)
n a 1+n a?
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Then we can find that for the case of 0 < n < 1, the mode in the interval of [0, kyax| grows,

where k. is given by

Fmax () = a(t)\/4n(1 — n)V/e2. (4.30)

We expect that Q-balls are originated from these growing modes, so that a typical size of
Q-balls are given by of order kyay. The logarithmic potential of the AD field of Eq. (4.14)
can be approximated as V ~ ¢?0H5) 5o that kpyay is given by
—2 ~ 2| K|mj. 4.31
Note that k. is of order R™! [see Eq. (4.16)].

Using wy >~ my and R ~ md_)1 in Eq. (4.12), we estimate a typical charge of Q-ball formed
after the Affleck-Dine baryogenesis as

2
Q ~ p (|¢°SC|> : (4.32)
me
N 23 | Posc| ’ me \ 2
= 2x10 <3 x 1015 Ge\/) <1TeV) ' (4.33)

The numerical simulations have shown that the coefficient /3 is approximately given by [25, 73]

-2 >
B:{leO € for e 2 0.01, (4.34)

2x 1071 for € < 0.01,

which we have used in the second line in Eq. (4.33).

4.1.3 Q-balls in gauge-mediated SUSY breaking models

In this subsection, we consider the AD field in gauge-mediated SUSY breaking models and
calculate the solution of Q-ball.! As shown in Sec. A.1.5, the soft mass term for the AD
field is absent for a VEV larger than the messenger scale because the transmission of SUSY
breaking effect is suppressed for such a large VEV. Thus the potential of the AD field is
written as Eq. (3.11).

"We implicitly assume that the AD field is not identified with LH, flat direction. It has a SUSY mass
from the Higgs p term, so that there is no Q-ball solution.
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For the potential in Eq. (3.11), there exists a Q-ball solution, approximated to be [74]*3

sinfwor) o —iwot  forp < R = L
olr ) = { (\)[(Z5 wor forr ; R, o (4.35)
where wy and ¢g are given as
~ \VAreMpQ 4, (4.36)
\/7MFQ1/4 (~ cMF> (4.37)

Here, the parameter c is fitted as [77]
¢ ~ 1.7log(ms/wo) + 2. (4.38)

The energy of the Q-ball is calculated as
4v/4Ame
3

Using R ~ m/wg and wy ~ M%/¢ in Eq. (4.12), a typical charge of Q-balls formed after
the Affleck-Dine baryogenesis is estimated as

Mg =~ MpQ**4, (4.39)

¢OSC
Q (’ MF’ , (4.40)
N 93 1.—6/5\—4/5 [ M3/2 \ 70/ _
~ 3 x10% k%A T MoV for n = 6. (4.41)
e

We have used Eq. (3.68) in the last line. The numerical parameter 5 has been calculated by
the numerical simulation of Q-ball formation and is given by [25]

6 x 10~ % for e ~ 1
B~ { 6 x 1075 for e < 1. (4.42)

Note that there are instability modes even if € — 0, which means that the baryon charge does
not generated by the dynamics of the AD field. This implies that both anti-Q-balls, which
carry negative baryon charge, and Q-balls form to compensate the total baryon charge. This

feature is actually found in numerical simulations.

2If Posc OF Py is less than about the messenger mass M (~ gM3%/my), the suppression on the transmission
of SUSY breaking effect is absent and the situation is similar to models of gravity mediation [75, 76]. We
have checked that ¢osc and ¢q is larger than M in the case we are interested in, if the mass of the AD field
myg is larger than 10 TeV or that of gravitino mg/, is less than 10 GeV.

3If ¢g 2> M%/mg/z, the potential of the AD field is dominated by the soft mass of the form m§/2\¢)|2,
which is induced by gravity mediated SUSY breaking effect. In this case, a Q-ball solution is known as a
“new type Q-ball” [69], which is stable and is a DM candidate for the case of mg,5/ |q| <1 GeV. Note that
if k ~1, a “new type Q-ball” is never formed.
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4.2 Evaporation and dissipation of Q-ball

After Q-balls form, they interact with particles in the thermal plasma and release their
charges. There are two important processes: dissipation and evaporation.

4.2.1 Evaporation

Q-balls evaporate via collisions of particles in the thermal plasma [78]. The evaporation rate
par unit time is given by

d@

Fevap = a ~ _C(ﬂQ - Mplasma)T247TR2, (443)
where 1o = wy is the energy of Q-ball per unit charge. The parameter ¢ (< 1) is the collision
rate of particles in the thermal plasma. In the case of T' 2 my, the AD field (i.e., squarks)
exists in the thermal plasma, so that the collision rate is of order unity. Since the AD field

decouples below that temperature, ¢ is suppressed for T < m.

4.2.2 Dissipation

If the transfer of baryon charges around a Q-ball is not sufficiently fast, the chemical equilib-
rium is realized around the Q-ball. In this case, a dissipation rate determines the evaporation
rate of Q-ball [79].
The dissipation equation is given by
1 9?

0
aﬂB (7“, t) = DATLB = D;ﬁ (7’77,3) s (444)

where D is the dissipation coefficient. For squarks, it is given by D = A/T and A = 4 — 6.
Assuming that the baryon density is constant in time around the Q-ball, i.e., np(R,t) =

ns(R), we obtain the solution such as

R
ng (r,t) = ng—. (4.45)
r
Thus the charge current is calculated from
. eq R
Jj=—DVnp = Dng—, (4.46)
r
so that the evaporation rate of Q-ball is given by
_do _ : q >
Fa = T (R,t)dS >~ —4nDRn%' ~ —4rDRugT*. (4.47)

44



In the last equality, we use n%' ~ ugT? for T = my.
The evaporation rate of Q-ball is determined by the smaller rate between the evaporation
and dissipation rates. Since their ratio is given by

Lais A Wo
Pevap (TR (T’

(4.48)

we find that the dissipation rate determines the evaporation rate. Since ( is suppressed for
T < my, we should integrate Eq. (4.47) for T' 2 m.

4.2.3 Summary in this section

When Try S my, we use Eq. (B.18) and obtain

AT TH 3
— ~_ T —_°TH 4.4
dt ~ 4 H 8 (4.49)

so that the solution is given by

8 5
—6Q ~ 47 (Rwy) AgTE{HMpl

Trn \ -3
2~ 8x10' (ﬂ) <ﬂ> . (4.50)
Mg

TeV TeV

On the other hand, when Tgy 2 my, the radiation dominated era contributes to the integral:

2 1/2 43
ar _(me) " 1T (4.51)
dt 90 Mp,
Thus we obtain
90MP1 1 18 m¢ -1
_50 ~ 4 AZEPL D 51 (—) . 452
Q 7 (Rwy) ng/Q e 5x 10 Tov (4.52)

In either case, Q-balls with charge smaller than 10'® disappear and dissipate into thermal

plasma.

4.3 Decay of Q-ball

In this section, we explain the decay rate of Q-ball and calculate its decay temperature. Let
us focus on a QQ-ball which consists only of squarks for simplicity.

Numerical simulations have shown that almost all of the baryon charge of the AD field
are transferred into Q-balls [25, 73]. As explained in the previous section, small Q-balls soon
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dissipate into thermal plasma. When a typical charge of Q-balls is larger than about 10'8, it
survives at low temperature. Then Q-balls decay and release their baryon charge into quarks
if they are unstable. The AD field interacts (i.e., squarks) with quarks via gauge interactions
and thus Q-balls lose their baryon charge by emitting quarks from their surfaces [27].* The
condition for Q-ball decay is that the energy of the Q-ball per unit baryon charge, wy/ |b], is
larger than masses of baryons in the hadron phase, m; ~ 1 GeV. This is satisfied for Q-balls
in gravity-mediated SUSY breaking models. On the other hand, in gauge-mediated SUSY
breaking models, this condition can be rewritten as

2
< 1029422 f4<m3/2> 4

where k and ¢ are parameters defined in Egs. (3.13) and (4.38), respectively.

4.3.1 Decay of Q-ball into quarks

The baryon charge density inside a Q-ball is so large that a naive rate estimated by squark
decay exceeds an upper limit by the Pauli blocking effect around the Q-ball surface. The
rate of (massless) particle emission from the Q-ball surface is therefore determined by the
Pauli blocking effect on its surface and is given as [27]

AN -
n.j; ~ 2/dg—k0(E»/2—|k|)9(k n)k-n
]2 i (27'(')3 (3
E3
= L 4.
9672’ (4.59)

where n is the outward-pointing normal vector, j is particle flux, and R is the effective
radius of the Q-ball given by ¢(R) ~ wy [34]. The interaction energy E; is given by the
energy of the Q-ball per unit charge, wy, when the relevant elementary process is squark
decay, such as (squark) — (quark) + (gaugino). In addition, the baryon charge density inside
the Q-ball is so large that the scattering process via gaugino (and/or Higgsino) exchange
(squark) + (squark) — (quark) + (quark) occurs efficiently. It has been shown that the rate
of this process is also saturated by the Pauli blocking effect, and the interaction energy F; is

4Far inside Q-balls, field values of squarks are large and hence gauginos and quarks are heavy. Therefore,
Q-balls cannot decay into them.
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given by 2wy in this case [34].° The rate of Q-ball decay is dominated by the latter process
and thus its lifetime I‘él is given by

- 1dN\ !
. —1
R*3
~ <8nq 247r5> , (4.57)

where n, is the number of species for quarks interacting with the AD field and is typically
O(10).

4.3.2 Decay of Q-ball into SUSY particles

Q-balls decay into SUSY particles if the decay process is kinematically allowed. From kine-
matics and the conservation of baryon charge, Q-ball can decay only into particles lighter
than the energy of the Q-ball per unit charge, wy. Since wy is less than the mass of the AD
field [see Eq. (4.8)], Q-balls cannot decay into the AD field itself. This is another explanation
of the stability of Q-ball. On the other hand, Q-balls decay into gauginos and/or Higgsinos
if they interact with the Q-balls and their masses are less than wy. However, in contrast to
the case of quarks, gauginos and Higgsinos cannot be produced through a scattering process
like (squark) + (squark) — (gaugino) + (gaugino) due to the conservation of baryon charge.
Thus if we could neglect their masses, their production rate from Q-ball decay is given by
Eq. (4.55) with E; = wy.

Here, let us take into account nonzero masses of gaugeinos and higgsinos [35]. While flux
of a massless particle at the Q-ball surface is calculated as in Eq. (4.55), that of a massive
particle is suppressed by its mass. Here we consider the Q-ball decay through an elementary
process (squark) — (quark) + (particle x). We denote the mass of x as m,. Since the
total energy of this process is given by the energy of the Q-ball per unit charge, wy, the
particle y obtains energy in the range of [m,,wp| and the quark obtains energy in the range
of [0,wy — m,]. Their flux is determined by the following procedure. Due to conservation of
energy and angular momentum, quark flux with the energy of E have to coincide with y flux
with the energy of wy — E. Since either of them cannot exceed upper bound on their flux due
to the Pauli blocking effect, their flux is determined by the severer bound. The quark flux
with the energy of E is proportional to dpguark = d&, while the x flux with the energy of

5Tt has been shown that the rates of N (> 3) body scattering processes are not saturated by the Pauli
blocking effect and we can neglect these processes.
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wo— E is proportional to vy xdp, = py/Ex E/pydE = dE, where we use p} = (wo—E)*—m

We obtain their flux at the Q-ball surface as

2
X

AR T
gy~ o : dE min [E?, (wo — E)* —mZ] . (4.58)

This integral can be performed analytically and we obtain the following correction to the
flux given in Eq. (4.55):

3

. w
B 1—622+823—32% for 0<2 <1
flz) = { 0 for 1 <ax. (4.60)

The fluxes of massive gauginos and/ro higgsinos are given by this formula.

4.3.3 Decay temperature

Q-balls completely lose their charge and energy when the condition I'g ~ H is satisfied. The
decay temperature of Q-ball is thus determined as

1/4
. Trnt ( /ﬂgg* F%é\ipl) for Tyecay > TwrH, (4.61)
e T v Lo M, for T, < .
In2g, QVip1 Or 1 decay RH,

where the first line is the case where Q-balls decay before reheating completes while the
second one is the case where Q-balls decay after reheating completes. In the latter case,
the energy density of Q-balls may dominate the Universe. Since QQ-balls are localized lumps
much smaller than the horizon scale, their energy density decreases as a=3, where a is a scale
factor. Thus the energy density of QQ-balls never dominate that of the Universe when the
following condition is satisfied:

T
1 > e ~ P9 ( RH), (4.62)
Prad T=T4ccay Prad T=Tryu Tdecay
T 2 T
~ P ( RH): osc ( RH), (4.63)
Pinf | osc Tdecay 3MP1 Tdecay

where pg, prad, and pine are the energy densities of Q-balls, radiation, and inflaton, respec-
tively.
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Here we write a typical decay temperature of Q-balls. In gravity-mediated SUSY breking

models, it is given by

wo 2/ Q ~1/2

where we assume n, = 10, R =20 Jwo, and Ty > Tgecay. In gauge-mediated SUSY breking

models, it is given by

o vl g\
Thecny =~ 0.1 L . .
decay = 0 GeV(100GeV> (1023) (4.65)
~ 0. 34 (182 = 4
0.08 GV (F250) T (155 ) (4.66)

where we assume n, = 10, ¢ = 6, and Truy > Thecay, and use R = 7/wo. These low decay

temperatures imply that the decay of Q-balls can be a non-thermal source of DM.
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Chapter 5

Co-genesis from (Q)-ball decay

This chapter is based on the work done by the author [30]. As explained in Chap. 2, the
observed baryon and DM densities are equal up to a factor of 5, which indicates that the
baryon asymmetry and DM have a common origin. In this chapter, we provide a scenario that
explains the coincidence in gravity-mediated SUSY breaking models including the CMSSM,
where the baryons and DM are generated simultaneously through the late-time decay of
Q-balls. In particular, the scenario can be naturally realized in chaotic inflation models as

shown in the next chapter.

5.1 Scenario for co-genesis from Q-ball decay

As explained in Chap. 2, the observed energy densities of baryon and DM are equal to each
other up to a factor of 5. This coincidence is a mystery known as the baryon-DM coincidence
problem.

In this section, we provide a scenario for co-genesis of baryon and DM to overcome the
baryon-DM coincidence problem in models of gravity-mediated SUSY breaking [24]. The
baryon asymmetry is generated in the early Universe as a form of squark (§) condensation
by ADBG, which then fragments into Q-balls (see Chap. 4) [24, 26, 22, 23, 25]. Although
Q-balls are very long-lived, they decay before the Big Bang Nucleosynthesis epoch through
baryon-number-conserving elementary processes, such as the decay of squark into quark (gq)
and gaugino (g) (see Sec. 4.3) [27]. Since the gaugino subsequently decays into the LSP DM,
the baryon (quark) and DM (LSP) are generated simultaneously by the decay of Q-balls.
In the original work of the scenario for the co-genesis proposed in Ref. [24], they focused
on the process of squark decay into quark and gaugino, which implies that the number of
quarks is the same as that of the LSP due to the R-parity conservation. To explain the
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baryon-DM coincidence problem, they concluded that the mass of DM has to be O(1) GeV.
Since this is excluded by the collider experiments, alternative scenarios have been proposed
in Refs. [28, 80, 81, 82]. However, as we see in Sec. 4.3, we should take into account the
annihilation of squarks inside Q-balls. As a result, we find that the branching ratio into
SUSY particles is of order 0.01 and the resulting baryon-to-DM ratio is naturally of order
unity for the LSP with mass of O(100) GeV [35, 30].

In this section, we generically consider gravity-mediated SUSY breaking models, where
the mass of the AD field my(|¢|) logarithmically depends on |¢| due to the renormalization
group running of squark masses. In many cases, the strong interaction dominates quantum
corrections for a typical flat direction, and we obtain K < 0 and |K| ~ 0.01 — 0.1 [24] [see
Eq. (4.14)], which satisfies the condition for Q-ball formation in Eq. (4.8).

Since we are interested in the non-thermal production of DM from Q-ball decay, it has
to be generated from Q-ball after DM freezes out for the pair annihilation of LSPs to be
ineffective. This implies that the Q-ball decay temperature of Eq. (4.64) is much smaller
than the mass of DM. This indicates that the charge of Q balls should be @ > 10%° and thus
the magnitude of the scalar field at the onset of oscillation is given by ¢g = 10™my (o).

As we have explained in Sec. 4.3, the decay rate of Q-ball is saturated and determined
by the Pauli blocking effect. While SUSY particles are produced from the Q-ball sur-
face only through elementary decay process like (squark) — (quark) + (gaugino), quarks
are dominantly produced through scattering process via gaugino or Higgsino exchange like
(squark) + (squark) — (quark) + (quark) [34]. Thus, the ratio of the Q-ball decay into
sparticles and quarks is calculated as

Br(Q—ball — (gauginos))  ng
Br(Q—ball — (quark))  8n,’

where a factor of 8 is due to the difference of the elementary processes. The factor ng is the

(5.1)

effective number of sparticles into which Q-balls can decay. Since the flux of massive particles
from a Q-ball surface is smaller than that of massless particles, there is a correction due to
non-zero sparticle masses [see Eq. (4.60)]. Thus we obtain

ne =Y gaf (mefwp), (5.2)

where my is the mass of the sparticle s, g, is the number of species for the sparticle and f is
a function given in Eq. (4.60). For example, g5 = 1, 3, and 8 for the bino, wino, and gluino,
respectively.! However, Q-balls can decay only into particles lighter than the energy of the

INote that g5 also depends on the flat direction. In the case of add flat direction, Q-balls do not decay
into winos, gwino = 0, because they consists of only right-handed squarks [35].
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Q-ball per unit charge, wy, which is approximately equal to the mass of squarks at the energy
scale of |¢| (~ 10" GeV). In a typical model of gravity mediation, a mass of squarks at the
energy scale of 10'® GeV is mostly smaller than the mass of the gluino and larger than that
of the bino (LSP). Thus in the typical models Q-balls can decay into binos, and not into
gluino.? Depending on a model, Q-balls can also decay into winos and Higgsinos. Hereafter,
we assume Q-balls can not decay into Higgsinos, for simplicity.

Since all sparticles eventually decay into binos,> we obtain the following formula for the

baryon-to-DM ratio:*

o _ Mg 7 (5.3)
Q |b| m,, 81y’ '
mg Zs f(ms/w0> (5 4)
|b] m, 8n, ' '

We should emphasize that this ratio is independent of the reheating temperature and the
charge of Q-balls. As an illustration, let us calculate two asymptotic solutions. When m, <
wp, the function f approaches 1 [see Eq. (4.60)] and ns ~ 12, where we have included
contributions from gauginos. On the other hand, if m; — wy with other particles mass larger
than wp, a combination of myns/wy approaches 4(1 — m;/wg)® < 1. Thus we obtain two
asymptotic solutions for the bino mass, which yields the correct ratio of DM and baryon

density;
0.7n, |b| mpgg;bM ~ 10 GeV  (wp > my)
my = O 1 1/3 (5'5)
wo (1= (2ng 161 2 22) | (g = wo),
where we assume n, = 10 and b = 1/3 in the first line. The bino mass of 10 GeV is

unrealistic for ordinary models in gravity mediation. We conclude that we can explain the
observed baryon-to-DM ratio if the bino mass is close to below wy.

In Fig. 5.1, we show the constraint on wy and mj;. On the boundary of and inside the blue
shaded region, the DM density produced by the decay of Q-balls is equal and larger than the
observed value respectively. Here, we have assumed the grand unified theory (GUT) relation,
where the masses of the wino and gluino are two and six times larger than that of the bino

2Even in this case Eq. (5.2) is valid since f(z > 1) = 0.

3For the case of the axino LSP, see Refs. [81].

4We do not include the quarks from the process of (squark) — (quark) + (bino), because the quarks
production rates are determined by the Pauli exclusion principle and the phase space of the quarks produced
by the squark decay is a subset of that of the quarks produced by the squark annihilation.
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Figure 5.1:  Exclusion plot in a model of gravity mediation with Q-ball formation. We
assume that the number of quarks interacting with Q-ball, n,, is 10 and baryon charge of the
AD field, b, is —1/3. We also assume that the masses of the wino and gluino are two and
six times larger than that of the bino, which is a typical case in gravity mediation with the
grand unified theory relation. The abundance of DM produced from Q-ball decay is larger
than that observed in the blue shaded region. In the red shaded region, the gluino mass is
smaller than 1.4 TeV and excluded by the gluino search at the ATLAS Collaboration [83].
The green-dotted and yellow-dashed lines indicate the limit of m; — wy and m; — 10 GeV,
respectively.

(see Appendix A.1.2). Under the GUT relation, the red shaded region is already excluded
by the gluino search at the ATLAS Collaboration [83].

5.2 Application to the CMSSM

In this section, we apply the scenario explained in the previous section to the CMSSM,
which is defined by only five parameters at the GUT scale (~ 2 x 10'® GeV) and is one of
the simplest SUSY extended Standard Models. The discovery of the 125-GeV Higgs boson
by the LHC experiment [1, 2] and theoretical 3-loop calculations of Higgs mass implies that
the masses of SUSY particles are O(1) TeV [84, 85].

We assume a reheating temperature lower than the LSP freeze-out temperature to dilute
the thermal relic density of the LSP. Note that since we consider a scenario for non-thermal
production of DM, the phenomenological aspects are different from those of conventional
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bino thermal relic scenarios. In conventional scenarios, the bino LSP and the stau have to
be nearly degenerate in mass and their mass has to be smaller than about 1TeV to obtain
the required annihilation cross section. On the other hand, co-genesis mitigates the required
degeneracy and allows heavier SUSY particles. It follows that our scenario is compatible
with both the discovery of 125 GeV Higgs boson and null-detection of SUSY particles. The
abundance of DM produced through the reheating process is negligible for a sufficiently low
reheating temperature Try < O(100) MeV and a sufficiently large inflaton mass [86]. Such
a low reheating temperature is also favoured in light of baryonic isocurvature constraints as
shown in Sec. 3.5 [65, 66, 58, 29]. Hereafter, we take the reheating temperature as a free
parameter less than O(1) GeV.

If the beta function of the mass for the AD field K is negative, it leads to an instability
of the homogeneous solution of the AD field. This results in the formation of Q-balls [24, 26,
22, 23, 25]. We have calculated beta functions for the mass of flat directions using the code
SOFTSUSY 3.3.6 [87] and have found that the beta function is indeed negative in most of the
parameter space in which the co-genesis scenario can be realized (see Figs. 5.2 and 5.3).

Q-balls decay during inflaton-oscillation (matter-dominated) era in the relevant CMSSM
parameter region (shown in Figs. 5.2 and 5.3). Thus we define the Q-ball decay temperature
T4 by the first line in Eq. (4.61). In the CMSSM, Q-balls can decay solely into binos among
SUSY particles via the squark decay®

Qpm ~ 3my f(mg/wo)

5.6
Qp m, 8n, (5.6)

where mj; and m, are the bino mass and the proton mass, respectively. We should emphasize
that the resulting baryon-to-DM ratio Eq. (5.6) depends only on the masses of SUSY particles
except for n,, which is typically O(10). This simple ratio illustrates that our co-genesis
scenario can be realized not only in the CMSSM but also in a wide class of SUSY models.
Note that the resulting baryon-to-DM ratio of Eq. (5.6) naturally results in O(1) when the
mass of the LSP mygp is O(1) TeV and the function f is O(0.1).

The annihilation of LSPs produced via Q-ball decay might spoil the baryon-to-DM ratio
of Eq. (5.6).% Here we check its efficiency. One might wonder that the spatial distribution
of LSPs is localized around the Q-balls. However, the spatial distribution of LSPs becomes

5The decays into the other gauginos and higgsinos are kinematically forbidden for the parameter set in
which the following co-genesis scenario is realized and the Higgs mass is consistent with the observation,
though we correctly take into account these decay channels in our analysis.

STf we consider the case that the pair annihilation is effective, the resultant LSP density is determined by
the mass of LSP, the pair annihilation rate of LSP, and the decay temperature of the Q ball [28, 80]. Thus,
the branching ratios of the Q-ball decay do not affect the ratio of the baryon to LSPs.
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homogeneous due to their free streaming before its thermalization and annihilation become
effective [24]. The annihilation is ineffective when npy (ov) < H is satisfied at the time of Q-
ball decay. We estimate the annihilation cross section (ov) as follows. First, we check whether
the LSPs kinematically thermalized due to elastic interactions with the thermal plasma or
not. Since the LSP is mostly bino, the elastic scattering through sfermion exchange is in
charge of losing their energy. The energy-loss rate is given as

dE; 3173 , T° mz\ [ E?
T Edt 2. 512091m_gE5 b O !

%

2 2
v Vi )
XS | ——%—| +|———— : (5.7)
<m?L/m§—1> (mfR/mg—l

with ¢; = \/5/3gy, left/right-handed sfermion masses M e Y, = —1/2,1/6 for leptons
and quarks, and Yz = —1,2/3,—1/3 for charged leptons, up- and down-type quarks. The

summation is taken for all relativistic particles. We average the energy-loss rate over non-
thermal distribution, that is, we integrate it in terms of the energy of the bino E; with the
weight given by the flux of bino at the surface of Q-ball. If the energy-loss is larger than the
Hubble expansion rate, we use the thermally averaged annihilation cross section. Otherwise,
we adopt the non-thermal annihilation cross section. The sfermion exchange dominates the
annihilation of LSPs, whether the produced LSPs are thermalised or not. For the thermally
averaged annihilation cross section, we consider s- and p-wave contributions [88]. When
we calculate the non-thermal annihilation cross section, we ignore the fermion masses and
average it over non-thermal distribution determined by the Q-ball decay.

Note that the Q-ball decay temperature Ty is proportional to Q' 4Tf1{§ and hence is
proportional to Tgﬁl [see Egs. (3.66), (4.12), and (4.64)]. This implies that when we consider
a sufficiently high reheating temperature, the energy-loss rate Eq. (5.7) is so large that the
bino-like LSP is thermalized. If the LSP is thermalized (high Tky), its annihilation cross
section is so small that its annihilation can be neglected. If the LSP is not thermalized (low
Tru), its annihilation cross section is independent of Try and is sizable. Here, noting that
at the time of Q-ball decay npy oc T5/Thy; and H oc T /T3y [see Eq. (4.61)], we find that
npwm/H is independent of Try. It follows that the efficiency of the annihilation npy (ov) /H
at T' = Ty is independent of Try once the LSP is not thermalized. Therefore, there should
be a region in which the annihilation can be neglected independently on Try (see the light
green lines in Figs. 5.2 and 5.3).

We explicitly calculate the baryon-to-DM ratio of Eq. (5.6) in the CMSSM, where all
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Figure 5.2: Allowed contours consistent with observations in two (mg, My/2) planes of the
CMSSM, with tans = 10 and Ay = 0 with sign[u] = +1. We can account for the baryon-to-
DM ratio as well as baryon density in the blue shaded region, where we use n, < 36. The
red lines represent contours for the mass of the Higgs boson. The annihilation of the LSP is
ineffective above the light green lines, which is plotted in the case of Try < 0.1 GeV. Above
the magenta dot-dashed line, K < 0 for all squarks. In the light gray region, the averaged
value of K is positive. The dark gray shaded areas are excluded either because the LSP
is charged, there is no consistent electroweak vacuum, or the mass of chargino is less than
100 GeV. The light green regions are excluded by the ATLAS search. The 14 TeV LHC with
100 fb~* and 3000 fb~! would probe the parameter space below the magenta and blue dotted
line, respectively. We assume that the top quark pole mass as mP*'® = 173.3 GeV.

parameters are defined at the GUT scale (~ 2 x 10'® GeV); the universal scalar mass (my),
the universal gaugino mass (M), the universal trilinear scalar coupling (Ay), the ratio of the
VEV of the two Higgs fields (tan/3), and the sign of the higgsino mass parameter (sign|u]).
Low scale SUSY parameters, especially mass spectrum used in Eq. (5.6), are obtained by
solving renormalization group equations. To this end, we use SOFTSUSY 3.3.6 [87].

Let us summarize our procedure. Given a reheating temperature Try, we obtain the

57



M1/2 [TEV]

Figure 5.3: Same as Fig. 5.2 but with tanf = 30 and Ag = —2my.
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VEV of the flat direction ¢os. from Eq. (3.66), which then determines the charge of Q-balls
from Eq. (4.12). For each CMSSM parameter set, we obtain the beta function K and the
mass of the flat direction mg and bino mj by solving the renormalization group equations
numerically with the code SOFTSUSY 3.3.6 [87]. Here we take the parameters K and my as
averages of beta functions and masses over all squarks at the energy scale of ¢y. Then we
can calculate the baryon-to-DM ratio from Eq. (5.6). Figure 5.2 is the result for the case of
relatively small tang and Ag, which require relatively large stop mass to explain the 125-GeV
Higgs boson. Figure 5.3 is the result for the case of relatively large tanf and large mixings in
the stop sector (i.e., Ag/mg ~ £2.5), where relatively small stop mass can be consistent with
the 125-GeV Higgs boson. The figures show that the baryon-to-DM ratio and their absolute
abundance can be consistent with the observed values in the blue shaded region. The result
implies the relation mg ~ M; /5 to realize the co-genesis scenario. This is because the function
f in Eq. (4.60) has to be suppressed for bino mass of O(1) TeV, that is, m; =~ wy (=~ my).
Note that the result is insensitive to the value of reheating temperature Try because wq in
Eq. (5.6) depends on Try only logarithmically.

We have checked whether or not the beta function of the mass for the flat direction K is
negative, which is a condition for Q-ball formation. Above the magenta dot-dashed line in
Figs. 5.2 and 5.3, the beta functions of all squarks are negative, which means that Q-balls
are always formed after the Affleck-Dine baryogenesis. In the light gray region, the averaged
value of K is positive and Q-balls cannot be formed unless the flat direction consists mainly
of first and second family squarks. One can see that Q-balls actually form after ADBG in
most of the blue shaded regions.

The annihilation of the LSP is ineffective above the light green lines in Figs. 5.2 and 5.3,
where we assume Try < 0.1 GeV. For higher reheating temperature, the annihilation of the
LSP is less effective, as long as the reheating temperature is sufficiently lower than the mass
of the LSP such that the thermal relic density of the LSP can be ignored. This is because for
a higher reheating temperature, LSP’s are well thermailzed and its annihilation cross section
is p-wave suppressed. One can see that the annihilation effect is irrelevant in most of the
blue shaded regions and Eq. (5.6) is justified.

In Figs. 5.2 and 5.3, the red curves are contours of Higgs mass calculated with the nu-
merical code FeynHiggs 2.10.0 [89, 90, 91, 92, 93]. Note that there are uncertainties in the
predicted Higgs mass coming mainly from the uncertainties in the top mass and higher loop
corrections. We have found that the co-genesis scenario can be consistent with the observed
125 GeV Higgs mass.

The light green regions are excluded by the ATLAS search for /7 events with 20 fb™' of
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Figure 5.4: Spin-independent cross sections for the interactions of the LSP on nucleons as a
function of LSP mass, and sensitivities of future DM direct detection experiments [98]. The
green, blue, and red curves are the future sensitivities for XENON1T [99], XENONnT, and
DARWIN [100], respectively. The yellow region is experimentally unaccessible due to irre-
ducible neutrino backgrounds [101]. The blue dots correspond to sets of CMSSM parameters
for the co-genesis scenario, while the red ones correspond to those realizing the observed
Higgs mass as well as the co-genesis scenario.

data at 8 TeV [85], which has been shown to be independent of tans and A, [94]. The 14 TeV
LHC with 100 fb~! and 3000 fb~! would probe the parameter space below the magenta and
blue dotted line, respectively [84, 95, 96]. Our results with the observed 125-GeV Higgs
boson is consistent with the ATLAS results and would be partially tested by future LHC
experiments.

We also use the code micrOMEGAs 3.6.9 to calculate the spin-independent interactions of
the LSP on nucleons [97]. The CMSSM parameters are generated randomly in the ranges
mo = 0-10TeV, My, = 0-10TeV, Ay = (=3my) - (3my), tan = 1 - 60, and sign[u] =
+1 with a flat distribution. The results are plotted as blue dots in Fig. 5.4 when the co-
genesis scenario is realized, while they are plotted as red dots when the Higgs mass, baryon
density, and DM density are consistent with the observations. We find that XENONnT and
DARWIN [100] can test a significant part of the parameter region for the co-genesis scenario
consistent with the 125 GeV Higgs boson.
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Chapter 6

Inflation and ADBG

This chapter is based on the works done by the author [29, 32]. In this chapter, we investigate
the relation between ADBG and inflation. We focus on three typical models of inflation in
SUSY theories: F-term hybrid, D-term hybrid, and chaotic inflation.

As we can see from Eq. (3.66), the baryon asymmetry generated via ADBG may depend
on reheating temperature Try. To determine it, we consider the decay of inflaton for each
inflation model.

Since the AD field obtains a large VEV during inflation, we may need to take into account
its effect on inflaton dynamics via supergravity effects.! In fact, there are many works
revealing that a constant term in superpotential and a scalar field with a large VEV may
affect inflaton dynamics [104, 105, 106, 107]. These effects may rescue the F-term hybrid and
chaotic inflation models, which themselves are somewhat inconsistent with the observations
of CMB temperature anisotropies. We investigate the backreaction of ADBG to inflaton
dynamics in the F-term and D-term hybrid and chaotic inflation models in supergravity.
Focusing on LH, flat direction, we determine the lightest neutrino mass in these models
so that the predictions of spectral index, tensor-to-scalar ratio, and baryon abundance are

consistent with observations.

6.1 F-term hybrid inflation

In this section, we consider the simplest model of F-term hybrid inflation [59, 60]. We first
explain its model and the reheating process. Then we discuss the backreaction of the AD

field to inflaton dynamics.

1See Refs. [102, 103] for the case that the AD field also plays the role of inflaton.
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6.1.1 Model

The superpotential of the inflaton sector is given by

WD = o8 () — pi?). (6.1)

where & is a coupling constant, S is inflaton, and v and v are superfields that are charged
under a U(1) gauge symmetry. Since the D-term potential gives a D-flat condition of || =
|2/_1|, we write a flat direction called a waterfall field such as ¢, = (¢+1)/v/2 and its minimal

VEV as (¢,) . =wv = +/2u. The F-term potentials are given as

min

2
’ + RSP s (6.2)

2

‘/inf|tree =K

When the inflaton S has a sufficiently large VEV, the fields ¥ and ¢ obtain large effective
masses of k (S) and thus stay at the origin of the potential. Then the F-term of S is nonzero
and drives inflation, where the energy scale of inflation is given by

2

Kl
Hinf = (63)
V3 Mp
~ 8 K H 2
~ 24 10° GeV (155 (tortaar) - (6.4)

The inflaton s (= |S| /v/2) slowly rolls toward the origin due to the 1-loop Coleman-Weinberg
potential:

4,4

Vintl 1oop = §2u2 [(xg + 1)2 In (z* 4+ 1) + (2* — 1)2 In (2* — 1) — 22" Ina® — 3] (6.5)
T
4,4

= g e (6:6)

where we define x = |S| /u = s/v and use x > 1 in the second line. The inflaton s slowly
rolls down to the origin of the potential until its VEV reaches the critical value of s., = v.
The COBE normalization requires [15, 6]

1/4
e (i‘@) ~ 5.7 x 10" GeV, (6.7)
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where we assume N, = 50 in the second equality. The e-folding number, slow-roll parameters,
and spectral index are given by

872
1/ k2 \>1
s ~ = — 6.9
‘ 2 (167r2> 52 (6.9)
K2 1 1
~ o~ 1
s 1672 52 2N, (6.10)
ns ~ 1—1/N,~0.98, (6.11)

where s, is the field value at the e-folding number of N, and N, (= 55) is the e-folding
number at the horizon exit of the pivot scale (see Appendix B). When the inflaton s reaches
a critical VEV of s, the waterfall field and inflaton start to oscillate about their global
minimum and inflation ends. Around the minimum of the potential, the masses of inflaton
and waterfall field are given by /2.

Since U(1) symmetry is spontaneously broken by the VEV of waterfall field, cosmic strings
form after inflation. In the F-term hybrid inflation model, the energy density of cosmic string

per unit length pcs is calculated as (see, e.g., Ref. [108])

pes = 2rB(k*/e?)u? (6.12)
1.0420-195 for 102 <z<1
B(z) =~ { 2.4In"" (2/7) for z <1072, (6.13)

where e is U(1) gauge coupling constant. They contribute to the spectrum of CMB temper-
ature anisotropies, so that their energy density is bounded above by observations [109]:

Gues < 32x1077, (6.14)

where G = 1/(87M3,)).

Pulsar timing arrays put a constraint on the energy density of stochastic gravitational-
wave background, which can be recast into a constraint on the string tension because cosmic
strings emit gravitational waves via decaying string loops. The recent results from the North
American Nanohertz Observatory for Gravitational Waves (NANOGrav) collaboration put a
conservative bound such as [110]

Gues < 3.3x1078, (6.15)

where they allow loop size to be a free parameter. The Square Kilometre Array (SKA)
telescope will improve this constraint by one or two order of magnitudes [111].
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In this simplest model, the spectral index is predicted as ng ~ 0.98 [see Eq. (6.11)], which
is inconsistent with the observed value more than 2 sigma level: n{®™ = 0.963 + 0.008 [109].
The tension of the cosmic string Eq. (6.13) is also inconsistent with the constraint by the
CMB observation. However, some modifications can make them consistent with the observed
value and constraint [112, 113]. In Sec. 6.1.3 we also show that the backreaction of the AD
field on the inflaton dynamics can make the spectral index and tension of cosmic string
consistent with the constraint.

6.1.2 Reheating temperature

As we can see from Eq. (3.66), the resulting baryon asymmetry may depend on reheating
temperature Try. Here we consider the decay of inflaton, which determines the reheating
temperature. There is a lower bound on the reheating temperature because the inflaton
decays into the MSSM particles via supergravity effects. The fields ¢» and v can be written
as

Yy (6.16)

(e
vz
The v, is the waterfall field, which starts to oscillate after inflation, while ¢)_ does not because
of D-term. Thus around the minimum of the potential, the superpotential is reduced to be
Eq. (B.25) with my, = v/2kp and the replacements of S — 1, and X — S. Thus we can use
the results in Appendix with Kg = v/2u. From Eq. (B.29), the lower bound on the reheating
temperature is given by [114]

(min) 3 M Minf 3/2
T = 3 x 10° GeV [y ( ) ( ) 6.17
RH <107 CeViud (15 Gov ) 102 Gev (6.17)

If there is an interaction between the inflaton and Higgs fields such as
W > ySH,Hy, (6.18)
then the inflaton decay rate and the reheating temperature are estimated as
y?
I‘inf = ET’M) (619)
T 210" GeV () (iy e )1/2 (6.20)
~ e : )
i 10-1/) \10%2 GeV

Note that the coupling constant y should be smaller than x so as not to affect the Coleman-
Weinberg potential of Eq. (6.6). Thus the reheating temperature cannot be higher than that
of Eq. (6.20) with y ~ &.
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We have to take into account the constraint on Try from gravitino overproduction prob-
lems. The inflaton decays also into gravitinos via supergravity effects. Its production rate is
given by Eq. (B.34). The resulting gravitino-to-entropy ratio from this contribution is given
by

1/2

(decay) _ 3 (90 I3/ Mp

U 2o (6.21)
2 gxT mmeRH

Gravitinos are also produced from scatterings in the thermal plasma after reheating com-
pletes. Its abundance is given by [115, 116, 117, 118]

(thermal) Pec Tru ( mg/2 > 100 GeV ( mg )2
Y. ~ (.26 013 ———— 6.22
3/2 M3/250 (1010 GeV) { 100 GeV + ms /s 1 TeV 3 )

where sp (=~ 2.9 x 10* em™?) and p, (=~ 1.052 x 107°h% GeV/ cm?®) are the present entropy
density and critical energy density, respectively. The parameter m; is gluino mass and h is

the present Hubble parameter in the unit of 100 km s~ Mpc™*. Stringent bounds on the
reheating temperature are obtained when we assume that the gravitino is the lightest SUSY
particle (LSP) and is stable. In this case, its abundance should not exceed the observed DM
abundance:

maya (Vi + Y3 ) < Eapy ~ 0.4 eV, (6.23)

0

where Qpyh? (=~ 0.12) is the DM relic density.> For example, in the case of mge = 100 GeV,
the reheating temperature is bounded such as

7 1% 2 Myinf 2 < < 9
2107 GeV (e ) (Tomamy) < Thu S9 % 10° GeV, (6.24)

where we use h ~ 0.67 [7].

From Eq. (3.66), we can see that an extremely large value of \ is required to be consistent
with the lower bound on reheating temperature. In the case of such a large value of A,
the thermal log potential has to be taken into account even for n = 6 [see Eq. (3.94)]. In
Sec. 6.1.3, we focus on LH, flat direction, which corresponds to the case of n = 4.

2If the gravitino mass is about 1 TeV and it is unstable, its decay products interact with the light elements
and destroy them at the time of BBN epoch. Then the gravitino abundance is bounded above by about four
order of magnitude severer than the bound of Eq. (6.23) [49]. Here we assume gravitino to be stable. In this
case, the next to lightest SUSY particle may decay in the epoch of Big Bang nucleosynthesis and may destroy
light elements. This problem can be avoided when sneutrino is the next to lightest SUSY particle [49]. This
constraint is highly model dependent, so that we use a conservative bound such that the gravitino abundance
is below the observed DM abundance.
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Here we briefly comment on the isocurvature constraint explained in Sec. 3.5. It can
be easily satisfied because the energy scale of inflation is relatively small in F-term hybrid
inflation models [see Eq. (6.4)].

6.1.3 Backreaction

Since the AD field obtains a large VEV during inflation, we should take into account its
effect on inflaton dynamics via supergravity effects. Here we focus on the LH,, flat direction.
In supergravity, the potential of scalar fields is determined by Eq. (A.29). When we
consider the total superpotential W = WHP) 1 W) the terms of WSK%WJ) +c.c.—3 |VV|2
give a linear potential of inflaton such as [119, 105]
Kv?
VBR ~ GIW (WAPH S 4 c.c., (6.25)
Pl
where a’ is an O(1) constant determined by higher dimensional Kéhler potentials and <W(AD)>
is determined by Egs. (3.30) and (3.39). Hereafter we assume a’ = 1 for simplicity.

The effect of the linear term in the F-term hybrid inflation model has been studied in
Ref. [105]. They have found that the linear term affect the inflaton dynamics when the slope
of the linear term is the same order with that of the Coleman-Weinberg potential. They
introduce a parameter to describe the relative importance of the two contributions to the
slope:

99/2.2 <W(AD)>
k3In2 oMZ

£

(6.26)

which should be smaller than unity so that the inflaton can rolls towards the critical value.
When ¢ is of order but below unity, the linear term is efficient for the inflaton dynamics. We
define a critical value of coupling constant for the AD field [see Eq. (3.30] such as

1)3
Ae = 2.2—, (6.27)
K

where we use H2; = k*v'/12M32,. When \ is near the critical value, £ is close to unity and
the backreaction of the AD field to inflaton dynamics is efficient. Note that A should not
larger than A, so that the inflaton can rolls towards the critical value and inflation can end.

Since the linear term breaks R-symmetry, under which the inflaton S is charged, we need

to investigate the inflaton dynamics in its complex plane as done in Ref. [105].> We read their

3A CP-odd component of inflaton is excited via this dynamics, which also provide another scenario of
baryogenesis [120].
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result of Fig. 9, where desired values of <W(AD)> can be read from the contours of gravitino
masses by the relation of mg Mg > (W®AP)) 4 The result is shown in Fig. 6.1, where the
spectral index as well as the baryon asymmetry can be consistent with the observed values
in the colored region. Here, we assume that the final phase of the inflaton is larger than
7/32 to avoid a fine-tuning of initial condition. Above the red-dashed curves for each case
of gravitino mass, we can neglect the effect of a linear term arising from low energy SUSY
breaking, which is investigated in the original work of Ref. [105]. If there is only the effect of
a linear term arising from low energy SUSY breaking, the spectral index can be consistent
with the observation on the red-dashed curve for each case of gravitino mass. Thus we can
explain the observation on and above the red-dashed curve for each case of gravitino mass

in our model.?

We set reheating temperature such that the gravitino abundance generated from inflaton
decay [114] and scattering in the thermal plasma [115, 116, 117] is minimized. The upper-
right regions (above the upper green dot-dashed line for mg/, < 100 GeV and the lower one
for mg/, = 1 TeV) are excluded by the overproduction of gravitinos if they are stable. Note
that if gravitino is unstable, the bound is much severer than the case of stable gravitino.
For the cases of stable gravitino with mass heavier than a few TeV, we find that there is no
viable region because of the gravitino problem [105].

The regions above the green lines are excluded by the cosmic string bound from the
observations of CMB temperature anisotropies [see Eq. (6.14)] [109] and pulsar timing array
(PTA) [see Eq. (6.15)] [110]. The Square Kilometre Array (SKA) telescope will improve the
sensitivity of PTA by about one order of magnitude in terms of the parameter v [111], so

that we can search whole parameter region for the case of ms/, 2 100 GeV.

Since the value of superpotential of the AD field is determined at each point in Fig. 6.1,
we can determine its coupling constant A\. Then we can use Eq. (3.76) to calculate the
baryon abundance. For the case of m3/, = 100 GeV, we can explain the baryon abundance
by taking € properly. On the other hand, for the case of mjz/;; = 100 MeV, the baryon
asymmetry cannot be produced efficiently below the blue-doted curve even if € is as large as
unity.® Using Eq. (3.31), we predict lightest neutrino mass m,, as given in the contour plot.
Since the coupling constant in the superpotential of the AD field is roughly determined by

4The dynamics of the phase direction of the AD field can be neglected for the case of A\ < «, which is
actually satisfied in our case, so that the dynamics of inflaton is basically equivalent to the one in Ref. [105].

5We neglect an O(1) uncertainty arising near the red-dashed curve that comes from the phase difference
between two linear terms.

6When the coefficient of A-term a in Eq. (3.3.1) is much larger than unity, € can be larger than unity and
the bound of the blue curve disappear.
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Figure 6.1: Contour plot of Log[m,] in the unit of eV in Log[v]-Log[x] plane. For the case
of ms3/; = 100 GeV, the spectral index as well as the baryon abundance can be consistent
with the observations above the corresponding red-dashed curve in the colored region, while

for the case of ms/; = 100 MeV, they can above the corresponding red-dashed curve and
blue-dotted curve in the colored region.

Eq. (6.27) to affect the inflaton dynamics, m,, is larger for larger v and smaller x. From the

figure, we can see that m, can be as large as 1071° eV for the case of mgp = 100 GeV, while
it is at most 107 eV for the case of m3/; = 100 MeV

6.2 D-term hybrid inflation

In this section, we consider the simplest model of D-term hybrid inflation [63, 64]. We first
explain its model and the reheating process.

Then we discuss the baryonic isocurvature
problem and backreaction of the AD field to inflaton dynamics.
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6.2.1 Model

D-term inflation models are motivated by the so-called n-problem. If inflation is driven by
a nonzero F-term potential energy, supergravity effects induce masses of order the Hubble
parameter to all scalar fields, including inflaton. However, the Hubble-induced mass for
inflaton spoils the flatness of its potential and results in an O(1) slow roll parameter n ~
1. Since Hubble-induced masses come only from nonzero F-term potential energy, the 7
problem is absence in the case of D-term inflation, in which inflation is driven by nonzero
D-term potential energy. Although the following simple model of D-term inflation predicts
the spectral index relatively blue tilted compared with the observation of CMB temperature
anisotropies and is also excluded by the cosmic string constraint, we use it as an illustration.
Note that there are variants of D-term inflation models which predict the spectral index
consistent with the observed value [121, 122], and the results in the next subsection can be
applied to those models, too.”

We introduce a U(1) gauge symmetry with a Fayet-Ilipoulos (FI) term £ and consider
superfields S, ¢_, and ¢, with U(1) gauge charges as 0, —1, and 1, respectively. The D-term
potential is written as

g’ 2 2 2
Vo =5 (104"~ [ —€)", (6.28)
where g is the U(1) gauge coupling constant. We introduce a superpotential given as
WD — XSy ap_, (6.29)

where ) is a coupling constant.

The field s (= |S|/v/2) plays the role of inflaton. Suppose that the inflaton s has a
VEV larger than the critical value of s = g+/€/(v/2)). The fields ¢_ and 1, obtain large
effective masses from the VEV of the inflaton and stays at the origin of the potential. In
this regime, the nonzero D-term potential of V, = ¢2¢?/2 drives inflation. The Coleman-
Weinberg potential for the inflaton lifts its potential above the critical point as Eq. (6.6)
with the replacement of x?u? — ¢g?¢. Thus, the inflaton slowly rolls down to the origin of
the potential. The COBE normalization requires [15, 6]

A\ V4
VE~ (?;\f) ~ 8.1 x 10" GeV, (6.30)

"The results are not applicable to the inflation model considered in Ref. [123] because a F-term potential
drives inflation with a sizable e-folding number in that scenario.
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where we assume N, = 50 in the second equality. This leads to the Hubble parameter during

inflation such as

2
o 95/\/§ - 12 9 VE
Hing = 3Me 57X 107 GeV (0.5) 82x 10 GeV ) - (6:31)

The e-folding number, a slow roll parameter, and spectral index are calculated as

or? 52
N, ~ ——=%, (6.32)
9° MF2>1
2 242
~ 9 My 1
=TT T TN, (6.33)
1
ne = 1 5o~ 0.98, (6.34)

where the subscript , denotes values corresponding to the pivot scale k, = 0.05 Mpc~t. The
slow roll condition fails (i.e., ns = 1) at the VEV around s ~ g/(27) Mp,, which is larger than
the critical value s, for the case of A = O(1). Thus, slow roll inflation ends at the VEV
around s ~ g/(2m)Mp; and soon after that the waterfall field 1, starts to oscillate around
the low energy minimum of /€.

The scalar spectral index deviates from the observation by about 20. Let us emphasize
that the results in the next section can be applied to other variants of D-term inflation
models, including the ones which predict the spectral index consistent with the observed
value within a 1o level [121, 122]. In Sec. 6.2.4 we also show that the backreaction of the AD
field on the inflaton dynamics can make the spectral index consistent with the observation.

In order to obtain a sufficiently large e-folding number, say, A, = 60, the initial VEV
of the inflaton s has to be as large as N*%Mpl ~ (0.8 Mp, for ¢ = 0.5. which is of order
the Planck scale. Planck-scale physics may affect the potential of the inflaton at such a high
energy scale and may spoil its flatness. Hereafter, we just assume the above potential for
simplicity. In Sec. 8.2, we provide a model to avoid this problem.

Since U(1) symmetry is spontaneously broken by the VEV of waterfall field, cosmic strings
form after inflation. They contribute to the spectrum of CMB temperature anisotropies, so
that their energy density is bounded above by the CMB observation as Eq. (6.14) [109]. In
the D-term hybrid inflation model, the energy density of cosmic string per unit length pcs
is calculated by Eq. (6.13) with B = 1, so that it is written as

N » ¢
Glics =~ 2.9 % 10 (8.2 NS Ge\/) . (6.35)
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Therefore, the cosmic string bound of Eq. (6.14) is inconsistent with the value of £ required
by the COBE normailzation. To avoid the cosmic string constraint, we may have to modify
the D-term inflation model (see, e.g., Ref. [121, 122, 123]).

6.2.2 Reheating temperature

After inflation ends, the inflaton S and waterfall field ¢, start to oscillate around the minima
and the energy density of the Universe is dominated by these oscillations. When some
MSSM fields carry nonzero U(1) charge, the field ¢, immediately decays into the MSSM
fields through the interaction in the D-term potential. Even if the MSSM fields have no
U(1) charge, the kinetic mixings between the U(1) and U(1)y makes the field ¢, decay
into the MSSM fields relatively fast [67]. Thus, the reheating temperature of the Universe
is determined by the relatively late-time decay of the inflaton S, which dilutes the relics
produced from the decay of .

Thus around the minimum of the potential, the superpotential is reduced to be Eq. (B.25)
with mine = A\/E and the replacements of X — v_. However, since Ky, = Kg =0, non-
thermal production process of gravitinos is absent in this model. If there is an interaction

between the inflaton and Higgs fields such as
W D> ySH,Hy, (6.36)

then the inflaton decay rate and the reheating temperature are estimated as

y2

. 1/2
Tow ~ 2x10° G v( Y ) ( MThin ) . 6.38
RH % V{102 \Jo Gev (6.38)

The gravitino overproduction problem puts the upper bound on the reheating temperature
as explained in the previous section. Note that the lower bound is absent because K, =
Kg=0.

6.2.3 Baryonic isocurvature constraint

The isocurvature constraint explained in Sec. 3.5 implies that the coupling constant A should
be smaller than 1073 for n = 4 and 0.1 for n = 6 when we assume Hy,; = 6 x 1012 GeV [see
Eq. (6.31)]. Note that for n = 4 the coupling constant A has to be smaller than of order 1074
to explain the observed amount of baryon asymmetry [see Eq. (3.76)], so that the baryonic
isocurvature constraint is satisfied. For the case of n = 6, the upper bound on A implies an
upper bound on Try of order 1072 GeV via the relations of Egs. (3.66) and (3.70).
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6.2.4 Backreaction

In order to discuss the backreaction of the AD field to the dynamics of inflaton, we need
to estimate the VEV of the AD field during inflation. When we consider D-term inflaton
models, the Hubble-induced mass term is absent during inflation [65, 66]. In this case, there
is no reason that the AD field stays at the origin because the potential of the AD field is
extremely flat compared with the Hubble parameter. To estimate the VEV of the AD field
during D-term inflation, we solve the equation of motion of the AD field [66]:

3Hine¢ + V) ~ 0, (6.39)

where we assume the slow roll of the AD field and neglect a second derivative term. Assuming
a sufficiently large initial VEV of the AD field, we obtain its VEV at the time of horizon exit
of the pivot scale such as

L (6.40)

<|¢‘>inf = (2\/W Y

where 0N is the difference of e-folding number from the beginning of primordial inflation
to the time of horizon exit of the pivot scale. Although the resulting VEV of Eq. (6.40) is
slightly different from the one in the case of F-term inflation models [see Eq. (3.39)], the
resulting baryon asymmetry are the same with the ones in F-term inflation (see footnote 3).

Here we consider the backreaction. In the case of D-term inflation, no linear potential
can be induced by the backreaction of the AD field because the superpotential of the inflaton
sector vanishes during inflation. However, a Hubble-induced mass term of inflaton comes
from the higher dimensional Kahler potential, which is necessary to realize the Affleck-Dine

mechanism [104]:

vV > dyH*|S| (6.41)
, 1%
¢y = (1—(:)}[2—]’\;%1 (6.42)
1—
= L9 g2, (6.43)

AN

where we use Eqgs. (3.34) and (6.40). Note that we have assumed (1 — ¢) < 0 to realize
the Affleck-Dine mechanism, so that it gives a negative contribution to the curvature of
inflaton potential. As a result, the slow roll parameter 7 is smaller than the case without the
backreaction such as

/

7~ —%H [1 + (1 - e*2/3C’HN)] , (6.44)
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where N is the e-folding number. The spectral index can be consistent with the observed
value (n{™ = 0.963 + 0.008) within 1 sigma level for the case of 0.009 < —c}; < 0.024. In
addition, the slow roll epsilon parameter is also smaller, so that the energy scale of inflation

is lower. This implies that the FI parameter £ and G are smaller such as

20, N e 4/3uN /!
~ 15 H
VE ~ 82x10 Ger< : 1_6_2/3C/I{N) (6.45)
20N e 43N\
~ —6 H
Gu ~ 29x10 x( : 1_6_2/30,}”) (6.46)

Unfortunately, the correction to the energy density per unit length p is at most about a
factor of 0.5, which is not enough to avoid the cosmic string constraint of Eq. (6.14). To
avoid the cosmic string constraint, we may have to modify the D-term inflation model (see,
e.g., Ref. [121, 122, 123]).

Next, let us identify the AD field as LH, flat direction. We determine the VEV of the AD
field during inflation to predict the lightest neutrino mass. Note that the VEV of inflaton at
the time of horizon exit of pivot scale is just below or of order the Planck scale, so that the
total e-folding number of inflation could not be much larger than O(10). For example, if the
initial VEV of inflaton is the Planck scale, the total e-folding number of D-term inflation is
at most 52 (62) for ¢; = 0.017 (0.024). Thus we take (1 —¢)/(4N) = —0.1 in Eq. (6.43) to
determine ¢;. This result implies that the coefficient of the Hubble induced mass of inflaton
can be of order 0.01 when the VEV of the AD field is just below the Planck scale. Therefore,
the lightest neutrino mass is given by m, ~ 107! eV for c; = O(0.01).

6.3 Chaotic inflation

In this section, we consider a chaotic inflation model in supergravity [125]. We first explain
its model and the reheating process. Then we discuss the baryonic isocurvature problem and
backreaction of the AD field to inflaton dynamics.

6.3.1 Model

We consider a chaotic inflation model in supergravity where an inflaton superfield I has shift
symmetry in the Kéhler potential [125]:

cs | X[

King = coMp (I + 1) + = (I +I*)* + | X|* - YRVER (6.47)
Pl

1
2
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where X is a stabiliser field. Note that ¢y is an order parameter of Zs symmetry, under which
the fields I and X are odd, so that we take ¢y as a free parameter that may be smaller than
unity. We include the | X |4 term in the Kéahler potential, which cannot be suppressed by any
symmetries. The other higher dimensional terms do not change our discussion qualitatively,

so that we neglect them in the following analysis.

The imaginary part of its scalar component n = (I — I*)/+/2 is identified with inflaton.
The shift symmetry is explicitly broken by a superpotential of

Wt — eI X, (6.48)

where my,¢ is inflaton mass. When the inflaton has a large VEV, the stabiliser field obtains
a large effective mass and stays at the origin. The inflaton potential is then given by the
quadratic potential via the F-term of the stabiliser field. Thanks to the shift symmetry in
the Kahler potential, the VEV of inflaton can be larger than the Planck scale and quadratic
chaotic inflation can be realized in this model.

The real component of I obtains a Hubble-induced mass and stays at a VEV of Re[I] ~
—co/2 [125]. When the VEV of the inflaton decreases down to the Planck scale, the real
component of I as well as the inflaton start to oscillate around the origin of the potential
and inflation ends. The dynamics is illustrated in Fig. 6.2, where we numerically solve the
equation of motion of the field I and plot its trajectory for the case of ¢y = 1. The field I
slowly rolls along the imaginary axis during inflation, where Re[I] = —c¢(/2 is approximately
satisfied. We denote the imaginary part of I as n, which has a quadratic potential such as

1
Viug §mfnfn2. (6.49)

Thus the energy scale of inflation is given by

Minf?
Hinf ~ . (650)
V6 Mp
The COBE normalization implies that the mass of the inflaton is given by
2472 A, 1/2
Ming =~ (W) ~ 1.6 x 10" GeV, (6.51)

where we assume N, = 55 in the last equality. The e-folding number, slow roll parameters,
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Figure 6.2: Dynamics of the field I in the complex plane in the chaotic inflation model. We set

cp = 1. The field I slowly rolls along the line of Re[I] = —c¢y/2 during inflation. After it reaches
the red point, inflation ends and it starts to oscillate and rotate around the origin.

and spectral index are calculated as

N, ~ 4;\7}1%1 (6.52)
€s =~ % ~ 2./1\/_* (6.53)
Ny o~ % ~ 2}\/,* (6.54)
ng ~ 1-— N ~ (.96. (6.55)

Inflation ends when the slow roll parameters reaches unity. The Hubble parameter at the
end of inflation is given by

Minf
el

In Fig. 6.2, inflation ends when the field I reaches the red point. After inflation ends, it

(6.56)

Hinf,end =~

starts to oscillate and rotate around the origin.
The stabiliser field X obtains a Hubble-induced mass via the higher dimensional Kahler

potential such as

72
V> 03m2]|w—|2 | X|* ~ 3es H? | X|* . (6.57)

P1
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This implies that the dynamics of X is qualitatively different from the case with c3 = 0. We
should include them because the higher dimensional Kahler potential cannot be suppressed
by any symmetries, To realize chaotic inflation, we assume c¢3 > 0. Then the field X stays at

the origin.

6.3.2 Reheating temperature

The inflaton can decay into the MSSM particles via supergravity effects when the Z5 breaking
parameter is nonzero. Its decay rate is calculated in Sec. B.4.1 and is given by Eq. (B.29)
with Kg = ¢y, which implies that there is a lower bound on reheating temperature given by

Tr ~ 2 % 10° GeVeo |yl ( Mhint )3/2 (6.58)
A YOI\ 105 Gev '
Note that there may be a renormalizable coupling such as
W o yXH,H,. (6.59)
If ¢ is sufficiently small, the decay rate is determined by this term and is given by
Yy Minf 1/2
T = 6 x 10° GeV (-2 ( ) 6.60
R =0 X Y \10-) \10% Gev (6.60)

However, the coupling constant y should be suppressed by a factor of mj,¢/Mp; not to affect
the inflaton potential, so that the reheating temperature is at most 10° GeV [126].

The Z5 breaking term makes the inflaton decay into gravitinos efficiently via supergravity
effects and its decay rate is the same order with that of Eq. (B.29) as shown in Eq. (B.34).
Therefore, there is a gravitino problem from inflaton decay as explained in Sec. 6.1.2. For
example, in the case of m3z/;, = 100 GeV, the reheating temperature is bounded such as

6 co \? Mt \? _ < 9
10°GeV (10%) (fommmy) S T S 9% 10° GV, (6.61)

Here we assume that the inflaton decays into the MSSM particles via Eq. (6.59) and write
the resulting temperature as Tgry.

6.3.3 Baryonic isocurvature constraint

The isocurvature constraint explained in Sec. 3.5 implies that the VEV of the AD field
should be as large as the Planck scale in chaotic inflation models, where H;,s is as large as
10'* GeV. This means that the higher-dimensional operator in the superpotential should
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be suppressed; A\ < Hiye/Mp; ~ O(107%) [see Eq. (3.39)]. Note that for the case of n = 4
the coupling constant A should be smaller than 10~* to account for the observed amount of
baryon asymmetry [see Eq. (3.76)], so that the baryonic isocurvature constraint is usually
satisfied.

When the VEV of the AD field is as large as the Planck scale, we have to take into account
higher-dimensional terms Vi coming from a Kéhler potential. Let us consider the following
Kahler potential as an illustration for the origin of Vi:
¢n
Mgy

’

K~ |X| + c.c., (6.62)

where X is a field which has a non-zero F-term during inflation (i.e. |Fx|* = 3H2,M3).

This operator gives the AD field a potential as

—(IHQ 2 n
Vk=|——H +ce | +..., 6.63
= (e + e (6.63

44

where “ -7 denotes higher-dimensional Planck-suppressed terms. The parameter ag2 is an

O(1) constant. Curvature of the phase direction of AD field, 6, is dominantly given by Vi;

1 0%V
m = —s— 6.64
0 2|¢inf|2 802 ( )
Wage| o (léwd "
H: . .
2 inf MPI (6 65)

Note that the curvature is highly suppressed compared with HZ, for |di¢| < Mpy, that is,
for A > 107%. [see Egs. (6.50) and (3.39)]. Therefore, the phase direction of the AD field
obtains a mass of the order of the Hubble parameter during inflation [see Eq. (6.65)].> In
this case, the baryonic isocurvature fluctuation is absent from the beginning. To summarize,
in order to avoid a sizable baryonic isocurvature fluctuation, the VEV of the AD has to be
as large as the Planck scale, in which case baryonic isocurvature fluctuation is absent due to
the potential originated from a Kéahler potential.

Let us discuss the implication of the baryonic isocurvature constraint on the reheating
temperature. Since the VEV of the AD field at the beginning of its oscillation is related
with that during inflation via |Gosec| = (Hose/Hint)Y ™2 |¢int|, a large VEV during inflation
results in a relatively large VEV at the onset of its oscillation, and then the AD field tends

8In contrast, if A = O(1), the lower bound in Eq. (3.93) requires about 1% and 10% tuning on the initial
phase 0 for n = 4 and n = 6 flat directions, respectively. This tuning would not be explained by the anthropic
principle because human life would be able to exist whether or not baryonic isocurvature fluctuation exists.
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to dominate the Universe. Therefore, in order to account for today’s baryon-to-entropy
ratio without additional entropy production except for the decay of inflaton, the reheating
temperature tends to be small to dilute the AD field successfully. From Eq. (3.39), the VEV
of the AD field at the beginning of its oscillation is given by

10—4 1 TeV

3 x 10'6 GeV (10’\,4)_1/6 (h)l/6 for n =8,

(6.66)

o |N{ 3x 101 GeV (12) ! ()" forn=6,
1 TeV

where H,. is the Hubble parameter at the oscillation time. Thus the observed baryon density

requires the reheating temperature of the Universe as

{0.8 GeV el (29)" (He)'* forn =6,

10—4 1TeV

9 MeV et (10’\,4)1/3 (Hose )2/3 for n = 8,

~

TRru >~

(6.67)

1TeV

where we have used Yp ~ 8.7 x 107!! for the observed baryon-to-entropy ratio [7], and
assumed b = —1/3. We should emphasize that the tight constraint on the baryonic isocur-
vature perturbation requires that A < 10~ and puts a severe upper bound on the reheating

temperature.

6.3.4 Backreaction

The isocurvature constraint requires that the AD field has a VEV of order the Planck scale
during inflation. Such a large VEV may affect the inflaton potential via supergravity effects.
In this subsection, we investigate the backreaction of the AD field to the inflaton dynamics.

The full supergravity potential for the inflaton n and the AD field ¢ is given by

1 1
voo L L
L +cs|o|” /M

o 5l 11"
+ XN S+ =+ — : (6.68)

(Mgl 16 M3, 16 M,
where we assume ¢y = 0 and n = 4 for simplicity. The constant c3 is the parameter in
the Kéhler potential [see Eq. (6.47)]. This potential implies that the effect of the AD field

is relevant when its VEV is as large as the Planck scale. Since Hi,y ~ 10m in the chaotic
inflation model, the VEV of the AD field is as large as the Planck scale for the case of

A~ e =10ve— T2 (6.69)
MPI

[see Eq. (3.39)].
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We numerically solve the equations of motion of the inflaton 7 and the AD field ¢ and cal-
culate the tensor-to-scalar ratio r and spectral index n,. We show the result in Fig. 6.3, where
we take the parameters c; and A randomly within the intervals of [1, 10] and [0, 100m /Mp],
respectively. The red, green, and blue dots represent the results at e-folding numbers of
50, 55, and 60, respectively. As a result, the tensor-to-scalar ratio can be as small as 0.14,
0.13, and 0.12 at the e-folding number of 50, 55, and 60, respectively, which is marginally
consistent with the present upper bound within 20. We plot the results as the light dots for
the case of A\/\. < 0.5, 5 < A/A., or ¢35 < 5, which clarifies that the tensor-to-scalar ratio can
be smaller only for the case of 0.5 < A\/\. < 5 and ¢3 > 5. This requires that the coupling
constant in the superpotential is of order 10m/Mp; ~ 107%. When we identify the AD field as
LH, flat direction, the lightest neutrino mass is predicted to be of order 107 eV. Note that
the resulting baryon asymmetry of Eq. (3.76) is naturally consistent with the observation
when gravitino mass is of order 100 GeV — 1 TeV.

Finally, we also perform numerical calculations including higher dimensional Kahler po-

tentials of

1

1
Mg,

I
K>d—s|¢|'+d
M,

X ol (6.70)
Mg,

16]° + ¢

and find that the tensor-to-scalar ratio can not be smaller than about 0.11 at the e-folding
number of 60 even in this case.® This is in contrast with the result of Ref. [107], where they
have investigated the effect of an additional scalar field to chaotic inflation in a non-SUSY
model and found that the tensor-to-scalar ratio can be much smaller than 0.1. This is because
the exponential factor in the supergravity potential of Eq. (6.68) makes the VEV of the AD

field smaller and its backreaction to the inflaton dynamics smaller in supergravity.

6.3.5 Realization of co-genesis scenario

Here we comment on the relation to the scenario for the co-genesis explained in Chap. 5.
Suppose that Q-balls form after ADBG in the chaotic inflation model. A typical charge of
Q-ball formed after the Affleck-Dine baryogenesis is given by Eq. (4.33) in gravity-mediated
SUSY breaking models, where we should substitute Eq. (6.66) for the value of ¢os. The
decay rate of the Q-ball is calculated from Eq. (4.57) with R ~ R(2log(¢o/v/2wo))"/? ~ TR.

9We also take into account kinetic couplings between the inflaton and AD field due to the higher-
dimensional Kéhler potential of ¢’ |¢|* (I +1*)%/ 2M3,. However, we find that their effect is also very limited.
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Figure 6.3: Spectral index ng; and tensor-to-scalar ratio r in the chaotic inflation model
with the backreaction of the AD field. The red, green, and blue dots represent our results
at e-folding numbers of 50, 55, and 60, respectively. We randomly take 100 points for the
parameters c¢g and A within the intervals of [1,10] and [0, 100m/Mp|, respectively. We plot
the results as the light dots for the case of A/A. < 0.5, 5 < A/A., or ¢5 < 5. The blue regions
are the lo (deep colored regions) and 20 (pale colored regions) constraints of the Planck
experiment [6]. For comparison with standard results, we plot the predictions in the chaotic
inflation models with linear and quadratic potentials without the backreaction as the black
thin and thick lines, respectively, where the results are given as intersection points of black
lines and dashed lines for corresponding e-folding numbers.

For n = 6 and n = 8, the QQ-ball decays just before the reheating such as

2 GeV (72) " (e )V (e ) for n = 6
Thecay ™ 10 1 TeV L Tev ’ ’ (6.71)
e { 60 MeV ()" () (1aee)™* . form =8,

where we assume that the effective number of relativistic degrees of freedom at the decay
time g, is 10.75. We find that Q-balls decay after DM freezes out for n = 6 and n = 8. Thus,
we can realize the scenario of baryon and DM co-genesis from Q-ball decay as explained in

Chap. 5.
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Chapter 7
New scenario of ADBG

This chapter is based on the work done by the author [33]. In this chapter, we propose a
new scenario of the Affleck-Dine baryogenesis where a flat direction in the MSSM generates
B — L asymmetry just after the end of inflation. The resulting amount of baryon asymmetry
is independent of low-energy supersymmetric models but is dependent on inflation models.
We consider the hybrid and chaotic inflation models and find that reheating temperature is
required to be higher than that in the conventional scenario of ADBG, which is explained in
Chap. 3. In particular, non-thermal gravitino-overproduction problem is naturally avoided
in the hybrid inflation model. Our results imply that ADBG can be realized in a broader
range of SUSY and inflation models than expected in the literature.

7.1 Introduction

As mentioned in Chap 3, the AD field obtains a Hubble-induced mass due to the finite energy
density of the Universe during and after inflation. In the conventional scenario of ADBG, the
sign of the Hubble-induced mass term is assumed to be negative during and after inflation.
However, the sign of the Hubble-induced mass term can change after inflation because the
source of the energy density of the Universe generically changes after inflation. In this
chapter, we investigate a new scenario that the AD field obtains a negative Hubble-induced
mass term during inflation while it obtains a positive one after inflation.! In this case, the AD
field starts to oscillate around the origin of the potential due to the positive Hubble-induced

!The opposite case, where the Hubble-induced mass term is positive during inflation and is negative after
inflation, has been considered in Refs. [127, 128] (see Refs. [129, 130] for earlier works). Although B — L
asymmetry cannot be generated via the dynamics of the flat direction, topological defects form after inflation
and emit gravitational waves.
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mass term just after the end of inflation. At the same time, its phase direction is kicked by
an A-term and B — L asymmetry is generated. We calculate the produced amount of baryon
asymmetry and show that it can be consistent with that observed.

The whole scenario is much simpler than the conventional scenario of ADBG. This is
because the dynamics of the AD field is determined only by the Hubble-induced terms and
the low-energy potential of the AD field [e.g., Vo in Eq. (3.35)] does not affect the resulting
B — L asymmetry. This means that the scenario and our calculations in this chapter can
be applied to many SUSY models, including gravity-mediated and gauge-mediated SUSY
breaking models. In particular, the scenario does not result in the formation of Q-balls even
in gauge-mediated SUSY breaking models. In addition, thermal effect on the dynamics of
the AD field can be neglected in our scenario because it starts to oscillate before thermal
plasma grows. This is the case even for LH, flat direction. However, the resulting B — L
asymmetry depends on the energy scale of inflation because the dynamics of the AD field is
determined by Hubble-induced terms. In particular, the A-term depends on inflation models,
so that we need to calculate B — L asymmetry for each inflation model. Since the resulting
B — L asymmetry depends on parameters in inflaton sector, we could check the consistency
of the scenario by observing predictions of inflation models, such as the spectral index and
tensor-to-scalar ratio.

In the next section, we briefly overview our scenario of ADBG. Then we apply it to the
hybrid inflation model in Sec. 7.3 and the chaotic inflation model in Sec. 7.4. Finally, we
consider a similar scenario in the D-term hybrid inflation model, where the Hubble-induced

mass term is absent during inflation and appears with a positive coefficient after inflation.

7.2 Affleck-Dine baryogenesis just after inflation

In this section, we overview a new scenario of ADBG where the AD field starts to oscillate
around the origin of the potential just after the end of inflation. In general, this scenario is
realized when the Kahler potential is give by

C1
2
M, b1

Co

[6°1S]” — 7
Mg,

K = 8] +[S]" + [¢|* + ol [01*, (7.1)
where S is the field whose F-term drives inflation and ¢ is the field whose oscillation energy
dominates the Universe after inflation. Here, we assume that the fields S and v are different
fields, which is actually the case in F-term hybrid and chaotic inflation models as shown in

the subsequent sections.
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During inflation, the AD field acquires the Hubble-induced mass via the F-term potential
of the field S as Eq. (3.17). After inflation ends, the Hubble-induced mass comes also from
higher-dimensional kinetic interactions between ¢ and ¢ as Eq. (3.24). Therefore, the Hubble
induced mass term for the AD field ¢ is given by

Vi = enl(0)|oF (72)
B —3(c; — 1) during inflation (7.3)
= 3(=(1=r)er +rea+ 1) after inflation, '

where r (0 < r < 1) is the fraction of the energy density of ¢ to the total energy after
inflation. Therefore the sign of the Hubble-induced mass term can change after inflation.
If its sign continues to be negative after inflation, the conventional scenario of ADBG is
realized as we explain in Chap. 3. On the other hand, when the coefficient is negative during
inflation and is positive after inflation, the AD field starts to oscillate around the origin of
the potential just after the end of inflation.

In the above scenario, the dynamics of the AD field is determined by the potential of

)"
ME®

V(0) = cuH(t) 9" + A + Va(9), (7.4)

where cg < 0 during inflation and ¢y > 0 after inflation. The A-term potential of V4 depends
on inflation models and is explicitly derived in the subsequent sections. The low-energy soft
terms of Eq. (3.9) are irrelevant for the dynamics of the AD field. This makes our calculation
simple and independent of low-energy SUSY models. In particular, the resulting B — L
asymmetry is independent of how SUSY breaking effect is mediated to the visible sector.
Since we consider the case that cy < 0 during inflation and ¢y > 0 after inflation, the
AD field starts to oscillate around the origin just after the end of inflation. At the same
time, its phase direction is kicked by the A-term. The origin of A-term depends on inflation
models and thus the resulting B — L asymmetry does. Here we just write generated B — L

asymmetry as

a’(t) 2
————np_r(t) = geHose , 7.5
a3(tosc)nB L( ) qe ’(b‘OSC ( )
and derive € in the subsequent sections. The resulting baryon-to-entropy ratio is thus written
as
8 3IRunp—r
Y, ¥ ——m—— 7.6
' 23 4pinf osc ( )
8 eqThu ( dose \’
~ Sk (Do )" (7.7)
23 4[—Iosc MPI
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This is the same with Eq. (3.66) but Hos. is not given by Egs. (3.59) and (3.71). Since the
AD field starts to oscillate just after the end of inflation in this scenario, H. is given by
the Hubble parameter at the end of inflation. Here, let us emphasise differences from the
conventional scenario of ADBG. The Hubble parameter at the time of beginning of oscillation
H,s. is determined by the energy scale of inflation, not by either my nor Tgy [see Egs. (3.59)
and (3.72)]. This is because the flat direction starts to oscillate just after the end of inflation
due to the positive Hubble-induced mass term. In addition, ¢.s depends only on Hg. and
A via Eq. (3.50). Therefore, the resulting B — L asymmetry is independent of parameters in
low-energy SUSY models, such as mg and mgs.

There are some advantages in this scenario. First, as we explained above, the resulting
B — L asymmetry is independent of the masses of the AD field and gravitino. The result is
also independent of how SUSY breaking effect is mediated to the visible sector. Secondly,
Q-balls may not form (or dissipate soon if they form as discussed in the next section) in our
scenario. This makes the discussion much simpler. Thirdly, the thermal effect on the AD
field can be neglected because the AD field starts to oscillate just after the end of inflation
and before the thermal plasma grows sufficiently [131]. This also makes calculations simpler.
In particular, the thermal log potential can be neglected even for L H,, flat direction. Finally,
our results imply that ADBG works in broader range of parameter space. Since the sign of the
Hubble-induced mass term cannot be determined by underlying physics, it is equally possible
that the sign becomes positive after inflation. In addition, viable parameter regions for some
parameters, e.g., the reheating temperature, are different from the ones in the conventional
scenario of ADBG. These fact imply that the Affleck-Dine mechanism works well in more
cases than expected in the literature.

One might wonder if the energy density of the AD field dominates that of the Universe in
the case that its initial VEV is as large as the Planck scale. This may be true in the case of
conventional scenario of ADBG. However, the energy density of the AD field never dominates
the Universe in the above scenario because it decreases faster than that of radiation. Just
after inflation, the AD field starts to oscillate around the origin due to the positive Hubble-
induced mass term. Then, its number density decreases with time as = due to the expansion

9/2 hecause its effective

of the Universe. This means that its energy density decreases as a~
mass is of order the Hubble parameter, which decreases as a~%/2. When the Hubble parameter

decreases down to the mass of the AD field, that is, when H(t) =~ my, its energy fraction to
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the total energy density is given as

N <%) paD
Heamy, Hr ) Prot | e,

~ qp-1 [ Qo 2( o) h R (7.8)
o Mp] TeV 4 x 1012 GeV ’ ’

Thus, the energy density of AD field is negligible and the result of Eq. (7.7) is applicable to
the case of ¢osc >~ Mpy.

PAD
Ptot

7.2.1 Comments on Q-ball formation

In this subsection, we comment on Q-ball formation. If the potential of the AD field is
shallower than the quadratic potential, its coherent oscillation is unstable and fragments into
Q-balls [26]. In the case considered in this chapter, the AD field starts to oscillate by the
positive Hubble-induced mass term. When the beta function for the Hubble-induced mass of
the AD field is positive, Q-ball does not form. The beta function has positive contributions
from Yukawa interactions while it has negative ones from gauge interactions (see Sec. A.1.2).
The former positive contributions are roughly proportional to the squared masses of squarks
and sleptons, and the latter negative ones are roughly proportional to the squared masses of
gauginos. Here, since the Hubble-induced mass for gauginos is absent or 1-loop suppressed,
the positive contributions from Yukawa interactions are usually dominant. Therefore, the
beta function for the Hubble-induced mass of the AD field is usually positive and Q-balls may
not form in our scenario. However, if the AD field consists only of the first and second family
squarks and/or sleptons, the positive contributions from Yukawa interactions are suppressed

by small Yukawa couplings. In this case, Q-balls might form. We estimate the typical charge

of Q-balls as
2
Q~p ( Dosc > , (7.9)

where my o is the effective mass and 8 (~ 107* — 1072) is a numerical factor obtained from
simulations of Q-ball formation [see Eqgs. (4.34) and (4.42)]. Here, we should substitute the
Hubble-induced mass into the effective mass, and so the typical charge of Q-balls is at most

108. Such small Q-balls soon evaporate into thermal plasma via interactions with the thermal
plasma (see Sec. 4.2).> Therefore, the subsequent cosmological scenario and the calculation

2The evaporation is efficient during the inflaton oscillation era. In addition, since the energy per unit
charge for these Q-balls is given by the Hubble parameter, their energy density decreases with time as a=9/2.
Thus, the energy density of the Q-balls never dominate that of the Universe.
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of the baryon asymmetry does not change.

Even if Q-balls do not form just after the end of inflation, they may form at the time
of H(t) ~ mg. After that time, the potential of the AD field is dominated by its soft mass
term. If the beta function of the soft mass is negative, the AD field becomes to fragment
into Q-balls at that time. Since ny oc H(t)¢*(t) oc a=® o< H(t)? until the Hubble parameter
decreases down to the soft mass, the amplitude of the AD field at H(t) ~ m,, is given as

- 1/2
¢’H(t)zm¢ = (Hinf) ¢osc- (710)

Here we implicitly assume that mg 2 Hgy. This implies that a typical charge of Q-balls is

given as

¢|H(t):m i gsc
Q~p (m—¢¢> ~ (m) . (7.11)

This is at most 10'® for typical parameters. Such small Q-balls are evaporate into thermal
plasma. Even if Q-balls survive, they may be so small as to decay into quarks before the
BBN epoch. However, they may decay after the electroweak phase transition [27, 34]. Since
the sphaleron process is decoupled at that time, the AD field has to carry a nonzero baryon
charge (not B — L) to generate the baryon asymmetry. In that case, the resulting baryon
asymmetry is given by Eq. (7.7) without the factor of 8/23.

7.3 F-term hybrid inflation

In this section, we consider the new scenario of ADBG in the simplest hybrid inflation
model [59, 60] and calculate B — L asymmetry.

7.3.1 Dynamics of the AD field

The inflaton S is identified with the field S in Eq. (7.1) and the waterfall fields ¢ and 1 play
the role of the field ¢ in Eq. (7.1). Thus the coefficient of the Hubble-induced mass ¢y can
change after inflation. In this subsection, we consider the dynamics of the AD field in the
hybrid inflation model and calculate B — L asymmetry.

Let us first consider the dynamics of the phase direction of the AD field. Using Eq. (A.29)
with the total superpotential of W®P) 4+ W) we find that there is an A-term potential
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coming from

WD RSOW A g w0 (W) (7.12)
+ K gW(AD) (Ws(inf)>* — 37y (inf) (W(AD))* +c.c. (7.13)
The A-term is written as
2\ KA .o
Vi = — (1 —c — 5) Mﬁfls P" + c.c. (7.14)
Hiy 2
= —a——|S||¢|" cos(0s —nby), (7.15)
Mp
2 3
a = -2 (cl -1+ —) ‘CH|, (7.16)
n n—1

where g and 6, are the complex phases of the fields S and ¢, respectively. We use Eq. (3.39)
and H2; = r*p*/3M3, in the second line. This is a linear term of the inflaton S, so that
the slope of the potential should not be larger than that of the Coleman-Weinberg poten-
tial [119, 113, 105]. Otherwise the inflaton cannot reach the critical VEV and inflation
cannot terminate unless we allow a fine-tuning of the initial phase of inflaton. Referring to
Ref. [105] or Eq. (6.26), we introduce a parameter to describe the relative importance of the

two contributions to the slope of the potential:

i 2\ 1652 (o))"
= —(1-e-° 1
¢ 2( “ n) 3 In2 M (7.17)
87%a p (|9])*
1
3In2 rR2M3,’ (7.18)

which should be smaller than unify so that the inflaton can roll towards the critical value
without the fine-tuning. When the VEV of the AD field is so large that the parameter £
becomes of order unity (but below unity), the A-term of Eq. (7.15) affects inflaton dynamics
and the spectral index can be consistent with the observed value as explained in Sec. 6.1.3.

In the above minimal setup, there is no other term than Eq. (7.15) that affects the
dynamics of the phase directions. Therefore, there is only one massive phase during inflation.
For simplicity, let us assume that the inflaton and the AD field have approximately constant
VEVs and (s —nfy) < 1. In this case, the unitary matrix to diagonalise the squared mass

matrix for the phase directions is given by

1 <|¢| —n|5|>, (7.19)
Jn2 S + o> \ 7SI ol
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in the (|S|0s/v/2,|6|0,/v/2)T basis. Thus, the massive direction denoted by f,,6,, can be

written as

V2|9 9|

2 ISP+ ol
and its mass my,, is given by

aH? || <|¢| |5|)

If the curvature of the phase direction is larger than the Hubble parameter during inflation,

fmem =

(05 — nby) (7.20)

it stays at the minimum of the A-term, i.e., #,, = 0, and the phase direction cannot be kicked
in the complex plane after inflation. In this case, B — L asymmetry cannot be generated.
Thus, we require my,, < Hj,¢, which can be rewritten as

alg|* < |S| Mp, (7.22)
an*|S| < Mpy, (7.23)

in order that the phase direction can stay at a different phase from the minimum due to the
Hubble friction effect. We denote the initial phase as 62,

After inflation ends, the AD field acquires a positive Hubble-induced mass term and starts
to oscillate around the origin of the potential. At the same time, the massive phase direction
is kicked by the above A-term. Since the radial direction decreases with time due to the
Hubble expansion, the A-term is relevant just after the beginning of oscillation. Thus we can

estimate the angular velocity of massive phase direction such as
2

O, ~ %6}3& (7.24)

[see Eq. (3.41)]. Using the inverse of the unitary matrix of Eq. (7.19), we obtain the angular
velocity of the phase of the AD field such as

s = —= L (7.25)
m I

T o

m;}m \/HQT;FL o \/n2\;ySZ‘+\¢\2 (0 — )™ (7.27)

- _%%H(%_”%)im- (7.28)
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Thus we obtain

(t) 2
3 (tose) np-r(t) = 204|¢| . (7.29)
= 6ql_-loscqbz (730)
Ser
= € 7.31
€ 6MP1 (7.31)
€ ~ (0.1-0.2)ansin(nb, —0s)... (7.32)

where we define € which is expected to be of order unity. The numerical factor of (0.1 —0.2)
is determined from our numerical calculations explained below. Note that the resulting el-
lipticity parameter € is consistent with a naive estimation of € ~ V}/¢pHZ..> The ellipticity
parameter €, which describes the efficiency of baryogenesis, is much smaller than unity be-
cause of the condition of Eq. (7.23). This is because the phase direction of the AD field is
kicked by the A-term that is suppressed by the VEV of the inflaton.

After the oscillations begins, the amplitude of the radial direction of the inflaton S de-
creases with time as |S| oc a=*2. That of the AD field does as |¢| o< a=3/* so that its number
density (H(t) |¢|* /2) decreases as o< a™3. Since the A-term, i.e., the B — L number violating
interaction, is a higher dimensional term, it is turned off soon after the AD field starts to
oscillate after inflation. The generated B — L asymmetry is then conserved in a comoving
volume and thus ng_;, oc a2 for t > tog.

We have numerically solved the equations of motion together with the Friedmann equa-
tion, where the waterfall fields are collectively described by a real scalar field ¢ such as
Y =1 =1/v/2. We assume |S|> /M2, |¢|* /MZ,, ¥?/M3, < 1 and take into account next-
to-leading order terms in terms of them. We use the full kinetic terms for S and ¢ [see
Eq. (A.30)], while we assume a canonical one for ¢ for simplicity. One of the results is
shown in Fig. 7.1, where the generated B — L asymmetry is consistent with Eq. (7.60). Tak-
ing parameters such as n = 4,6, kK = 0.02 — 0.5, p = 0.0004 — 0.02, A = 0.01 — 100, and
Hfbni = 0.001 — 0.1, we confirm the above parameter dependences and obtain the numerical
uncertainty of (0.1 — 0.2) in Eq. (7.32). We assume ¢y = —1 and ¢ = 0 in our calculations,
but we check that nonzero values of ¢; (= O(1) and > 0) does not change our results even
quantitatively.

3We implicitly assume that (S../Mp;) = m3/2/Hose s0 that we can neglect an A-term of mg,, Wy [see
Eq. (3.9)]. Otherwise € may be of order mg/o/Hosc.
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Figure 7.1: Evolution plot for B — L number after hybrid inflation. The dashed curve is our
prediction of Eq. (7.32) with a numerical factor of 0.2. We assume A =1, n =6, cg = —1, ca =0,
k= 0.05, 1 = 0.001, and 6" = 0.01.

7.3.2 Baryon asymmetry

The AD field starts to oscillate just after inflation and generate B — L asymmetry. The
oscillating AD field decays and dissipates into radiation [68] and the sphaleron effect relates
the B — L asymmetry to the baryon asymmetry [20, 21]. Using Eq. (7.60), we can calculate
the baryon-to-entropy ratio Y; such as

8 EqT‘RH ¢osc 2
Y, ¥~ ———— .
" T 234H,. (MPl (7.33)
0.05\/]0H\q§%i for n=4
~ 1/ . (7.34)
0.06 |cy|"" ¢ 28— for n =6.

)\1/2 \/HOSCMPI
Since € = €S, /Mp1, Ser = i, and HZ_ ~ r?pu*/(3M3,), this is rewritten as

OosC

0.05LRE  for n =4
Y, ~ M (7.35)
RH J—
0'08x/ﬁMm for n =06,

where we assume |cy| =1, ¢ =1, and € = 1. For typical parameters, it is given by

Y, ~ { 9> 107+ (1015MGeV) (109TR(§IeV) (10)\74)_1 for n =4

1 x 10710012 () 712 () for n=6.

(7.36)

103
We check that the constraints of Eqs. (7.22) and (7.23) and £ < 1 [see Eq. (7.18)] are satisfied

for the above reference parameters. Thus, we can explain the observed baryon asymmetry of
Y,eb ~ 8.6 x 10~ [7] in this scenario.
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As we can see in Eq. (7.36), the resulting baryon asymmetry depends on reheating tem-
perature Try. Here we need to take into account the constraint on Tgry from gravitino
overproduction problem. For example, in the case of m3/, = 100 GeV, the reheating temper-
ature is bounded as Eq. (6.24). We can see that the reference parameters used in Eq. (7.36)
are consistent with that bound.

Note that for the case of n = 4, the coupling constant in the superpotential of the AD field
cannot be much larger than 10~ because of the upper bound on the reheating temperature.
For the case of n = 6, we can naturally explain the observed baryon asymmetry for A = O(1)
with a reheating temperature consistent with the gravitino problem. This is in contrast to
the result in the conventional scenario of ADBG [see Eq. (3.66)], where an extremely large
value of A is required to be consistent with the lower bound on reheating temperature.

Since a linear combination of phase directions is massless during inflation, our scenario
predicts nonzero baryonic isocurvature fluctuations as explained in Sec. 3.5. However, the
energy scale of hybrid inflation can be lower than the constraint of Eq. (3.93). In fact, for
the above reference parameters, our scenario is consistent with the present upper bound on

the isocurvature fluctuations.

7.4 Chaotic inflation

In this section, we consider the new scenario of ADBG in the chaotic inflation model with a

shift symmetry in supergravity [61, 62].

7.4.1 Dynamics of the AD field
Taking into account the AD field, we consider the Kéahler potential of
K = K 10 + e |XP |6 = 5 (1 + 1 o], (7.37)

where Kj,f is given by Eq. (6.47). Although we introduce a shift symmetry for the field 7, the
fields X and [ basically correspond to the fields S and ¢ in Eq. (7.1), respectively. The AD
field acquires the Hubble-induced mass term from the F-term of X during inflation. After
inflation ends, the Hubble-induced mass term partially comes from kinetic interactions. In
fact, the Kahler potential of —cy/2(1 + I*)? |gb|2 induces a kinetic interaction of

oI [0, 1" (7.38)
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We obtain the effective Hubble-induced mass term of (3¢y/2)H?(t)|¢|”> from this kinetic

interaction. To sum up, the Hubble-induced mass term is given by

Vi = caH*(t)|o? (7.39)
— —3(c1 — 1) during inflation
v { 2(ca—c1+1)  after inflation, (7.40)

where the other terms than the one proportional to c; come from the potential energy. Thus
we can consider the case that the coefficient cy is negative during inflation and is positive
after inflation.

There is also an A-term such as

1 A 1n
Vi = = (n(l—c)—2) oI X (¢*)" + c.c. (7.41)

n Pl
2 A

= —(n(l—c)—2) — i |I] | X]|4|" cos (01 + 0x — nby) (7.42)
n Mg,

N 2 1X] 2

~ —aH (t)— |¢| COS (0[ + HX — nQd,) s (743)

Mpy

where we use Eq. (3.39) and H () ~ miu |I| /v/3Mp in the last line and 6;, 0y, and 6, are
the complex phases of the fields I, X, and ¢, respectively. The coefficient a is given by

2
o= 2, 21cn! <01 1+ E) . (7.44)

n—1

The A-term can be regarded as a linear term for X. Since the field X has a positive Hubble-
induced mass term of Eq. (6.57), it stays at the following minimum during inflation:

(X)) = e (7.45)

60M

A linear combination of the phase directions has a mass of order the Hubble parameter due
to the A-term, so that it stays at the following minimum during inflation:

(Ox — ny) = — (0;) ~ —sign[co]g, (7.46)
where we use Re[l] <« Im[/] during inflation.

After inflation ends, the field I starts to rotate in the phase space as shown in Fig. 6.2
and its phase 6; has a nonzero velocity. This implies that a linear combination of the phases
fx and 0, obtains a nonzero velocity to follow its potential minimum. We perform numerical
calculations to solve the equations of motion for the complex scalar fields I, X, and ¢. We use
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the full supergravity potential for 7, X, and ¢. The kinetic interactions are simplified such
that 7 and X have canonical kinetic terms for simplicity. We take into account the kinetic
interactions for ¢ associated with ¢y, which is needed to change the sign of its Hubble-induced
mass term. The parameters are taken in the intervals of A = 1073 — 10* and ¢y = 107 — 1
for n = 4 and 6. The O(1) coefficients in the Kéhler potential are assumed to be ¢; = 2,
cs = 1, and ¢3 = 1. From our numerical calculations, we obtain the following results:

a’(t) — 2
as(tosc) HB,L(t) = EqHOSC¢OSC (747)
€ = éo (7.48)
¢ ~ (0.01-0.1)a, (7.49)

where the factor of 0.01 —0.1 is a numerical uncertainty. One example of our results is shown
in Fig. 7.2, where we set A = 1, n =6, ¢9 = 0.5, ¢; = 2, |c2| = 1, and ¢5 = —1. The blue
curve represents the time evolution of the B — L number after the end of inflation, while
the orange dashed curve corresponds to Eq. (7.49) with a numerical factor of 0.01. The
oscillation behaviour of B — L number density may come from the effect of the oscillating
inflaton through supergravity effects and is irrelevant for our discussion.* The ¢y dependence
in our result of Eq. (7.48) comes from the ellipticity of the dynamics of the inflaton in the
complex plane. This means that B — L asymmetry cannot be generated for ¢y = 0, in which
case no CP odd component of the field I is excited.

7.4.2 Baryon asymmetry

Using the results obtained in the previous subsection, we calculate the baryon-to-entropy
ratio such as

26 Tru [ Gosc )
Y, ~ 24 7.50
’ 23 0 Hosc <MP1 ( )

0.005¢o 534 for n =4

12

(7.51)

0‘0060()% for n =6,

1t has been investigated that this supergravity effect can be used for another scenario of baryogenesis [120].
Note that we do not introduce a B — L violating operator associated with the right-handed neutrino, so that
the net B — L asymmetry vanishes for this effect. Even if we introduce the B — L violating operator, the
resulting B — L asymmetry generated from this effect is much smaller than that generated from ADBG.
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Figure 7.2: Evolution plot for B — L number density in our scenario of ADBG in the chaotic
inflation model. The dashed curve is our prediction of Eq. (7.49) with a numerical factor of 0.01.
We take A\ =1, n=16, cg = 0.5, ¢ =2, |c2] =1, and ¢3 = —1.

where we assume ég = 0.1 and |cg| = 1 in the last line. For typical parameters, it is given by

I

1x 10710 (zaZus) (25) 77 for n=06,

(7.52)

104

where we use Hog. ~ miys ~ 103 GeV. Thus, we can explain the observed baryon asymmetry
of Y’ ~ 8.6 x 10711 [7].

Since the COBE normalisation of the amplitude of density perturbations requires that
the energy scale of chaotic inflation is given by Hi, ~ 10 GeV, the baryonic isocurvature
constraint of Eq. (3.93) is much severer than the case in the hybrid inflation. It requires that
the parameter in the superpotential X is smaller than about 10~*. This means that the VEV
of the AD field is as large as the Planck scale during inflation. In this case, the backreaction
of the AD field to inflaton dynamics might be relevant as explained in Sec. 6.3.4. As a result,
the tensor-to-scalar ratio can be consistent with the present constraint within 20 [32]. Note
that the number density of the AD field decreases with time as o< a3 due to the expansion
of the Universe. This means that its energy density decreases as a~%/? because its effective

mass is of order the Hubble parameter, which decreases as a3/

. Thus its energy density
never dominates that of the Universe and the result of Eq. (7.50) is applicable even for the
case of Ppse >~ Mpy.

Note also that when the oscillation amplitude of the AD field is as large as the Planck scale
as indicated by the baryonic isocurvature constraint, higher-dimensional Kahler potential
may affect the dynamics of inflaton. In particular, the phase direction of the AD field may

be kicked by some Kéhler potentials as we explain in Sec. 7.5 [see Eq. (7.57)]. In this case,
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the epsilon parameter is typically of order unity.

In order to kick the phase direction and generate B— L asymmetry, we may need a nonzero
value of Z, breaking parameter cq. However, the Z5 breaking term makes the inflaton decay
into gravitinos efficiently via supergravity effects and it leads to the gravitino overproduction
problem as explained in Sec. 6.3.2. We can avoid the problem by assuming that the gravitino
is sufficiently heavy (ms/, 2 100 TeV) so as to decay before the BBN epoch and the R-parity
is violated for the LSP not to overclose the Universe. Or, we can assume that gravitino
is sufficiently light (m32 < 2 keV), in which case its thermal abundance do not overclose
the Universe. The former possibility might be well motivated partly because the observed
125 GeV Higgs mass favours a heavy squark mass of order 100 TeV for a small tan 3 [132, 133].
However, since we need a VEV of order the Planck scale to avoid the baryonic isocurvature
constraint, the AD field may be kicked by higher-dimensional Kahler potential. In this case,
we can generate baryon asymmetry without introducing the Z, breaking term in the inflaton

sector and we can set cp = 0. Then we can avoid the gravitino problem.

7.5 D-term inflation

In this section, we investigate a similar scenario to the one explained in the previous sections,
where the AD field starts to oscillate just after the end of inflation [134, 31]. This is realized
in D-term inflation when the AD field obtains a positive Hubble-induced mass term after

inflation.

7.5.1 Dynamics of the AD field

In the case of D-term inflation, the superpotential in the inflaton sector is absent during
and after inflation because ¥_ in Eq. (6.29) has a vanishing VEV throughout the history of
the Universe. Thus the A-term of the AD field may come only from the low-energy SUSY
breaking effect, which may be too small to explain the observed baryon asymmetry in our
scenario. However, there is another source of B — L violating operator as shown below when
the VEV of the AD field is as large as the Planck scale. Thus, in this section, we assume that
the superpotential of the AD field is absent or sufficiently small so that the initial VEV of the
AD field ¢os. can be as large as the Planck scale (¢osc >~ Mp). Such a large VEV is favoured
to avoid the baryonic isocurvature constraint as shown in Sec. 6.2.3. Note that owing to the
exponential term in the supergravity potential the VEV of the AD field is restricted below
the Planck scale. Since the curvature of the phase direction is absent (or at least much less
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than the Hubble parameter), the phase of the flat direction also stays at a certain phase
during inflation. We denote the initial phase of the AD field as 0;,;.

After inflation, the energy density of the Universe is dominated by that of oscillating
inflaton. Since the F-term of ¢ _ is given by ASv ., the flat direction obtains Hubble-induced
terms through supergravity effects [19]:

Vir = 3@ NSt |? (7.53)
M,

for the minimal Kéhler potential. Using 1, = /£ and taking average with respect to time,
we obtain the Hubble-induced mass term of

Vie = caH*t)|o? (7.54)
- g (7.55)

Introducing a higher-dimensional Kahler potential of

Ek

K(H) = Cg |S’2 9 s
Mg,

(7.56)
we allow the coefficient ¢y to be an arbitrary O(1) parameter.

In addition to the Hubble-induced mass term, the flat direction obtains higher-dimensional
terms from non-renormalizable Kéahler potentials. If we assign R-charges as, for example,
R(Q) = R(L) = R(e°) = R(u®) = R(d°) = 0 and R(H,) = R(H;) = 2, we can write

nonrenormalizable Kahler potentials of®

2 _ n
- d?0d%0|S]? —— +c.c.
3CLH/ | | an}l +c.c

2 2 9"
~ ——ayld,S .C.
3(1H | M | TLM& +c.c
¢’n
~ —agH(t +c.c. |, 7.57
ntt’0) (0 (7.57)
where n is an integer depending on flat directions. For example, n = 3,6,9,... for u¢d°d*

flat direction. In the last line, we take average with respect to time and use the relation

5 The R-symmetry has to be broken to obtain nonzero gaugino and higgsino masses and to set the vacuum
energy (almost) zero. Its symmetry breaking order parameter is proportional to the SUSY breaking scale,
so that R-symmetry breaking terms are suppressed by a factor of mi /MZ,. Since this is much smaller than
the energy scale of inflation, such breaking terms can be neglected in the following discussion. Therefore, it
is reasonable to consider that R-symmetry may suppress the superpotential for the flat direction.
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of ((9pS)?) =~ 3H?(t)Mp;/2, which comes from the virial theorem. Note that this term has
a nonzero phase which is different from the phase of the flat direction 6;,; during inflation.
We can redefine the phase of the flat direction to eliminate the phase of ay. After the
elimination, we redefine the initial phase of the flat direction as 6;,,; without loss of generality.
The discrepancy between the initial phase of the flat direction and the phase of the above
U(1) breaking term is essential to generate the baryon asymmetry.
In summary, the AD field obtains the following potential after inflation:
V(o) = en H2() |6 — an H2(t) ( A C.c.) b (7.58)
nMp,

where cy and ay are positive O(1) parameters. The dots represents higher-dimensional terms
which restrict the AD field below the Planck scale. Since the flat direction starts to oscillate
due to the Hubble-induced mass, we can neglect usual soft mass and A-terms for the AD
field.

7.5.2 Baryon asymmetry

In this subsection, we calculate the baryon asymmetry generated from the AD field with
the potential (7.58). The initial VEV and phase are ¢.s. and 6y, respectively. For ¢y > 0,
the flat direction starts to oscillate around the origin of the potential just after the end of
inflation. At the same time, the flat direction is kicked in the phase direction due to the
second term in Eq. (7.58). The B — L asymmetry is generated through this dynamics:

a’(t) — 2
) np-r(t) = €qHoscPsee (7.59)
n—2
e ~ (3—4)x el sin (—nbip;) (f}:) : (7.60)
~3/4

where we have used ¢ o a We have numerically solved the equations of motion for ¢ and
S with the Friedmann equation and have obtained the numerical factor of (3 —4) for e < 1.
The amplitude of the flat direction decreases as time evolves due to the Hubble expansion
and the B — L breaking effect is absent soon after the oscillation. Thus, the generated B — L
asymmetry is conserved soon after the AD field starts to oscillate.

We can calculate the resulting baryon-to-entropy ratio Y, as

Y, ~ 8 qTrn [ dosc :
b7 93 4H; \ My

T % -1 o 2
~ ' 1 —11 RH I osc . 61
8.1 107 eq (4 <105 Gev ) \ 4 x 1072 GeV M (7.61)
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This can be consistent with the observed baryon asymmetry when Txry is of order 103~ GeV.
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Chapter 8

Solutions to the coincidence problem
in the new scenario

This chapter is based on the work done by the author [31]. In this chapter, we apply the
scenario explained in the previous chapter and provide another scenario to account for the

baryon-DM coincidence problem.

8.1 Introduction

In this chapter, we propose another scenario that predicts an O(1) ratio of baryon and DM
densities. The inflaton sector is constructed such that the inflaton and waterfall fields decay
into gravitinos with an O(1) branching ratio. The gravitino is assumed to be as heavy as
100 TeV so that it decays into the MSSM particles before the BBN epoch. The decay of
those gravitinos is a source of non-thermal production of LSP DM and the resulting DM
abundance is proportional to the reheating temperature and inversely proportional to the
inflaton mass. When the AD field has a VEV as large as the Planck scale, the resulting
amount of the baryon asymmetry has similar parameter dependences to that of DM. As a
result, the baryon and DM densities are related with each other through the energy scale
of inflation. The resulting baryon and DM densities are naturally of order unity when the
scenario applies to F- term and D-term hybrid inflation models.!

! Another scenario for co-genesis of baryon and DM has been proposed in Ref. [135] where they introduce
an additional heavy field to generate both of them.
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8.2 Models

In this section, we provide models that realise the scenario to account for the coincidence
problem explained in the subsequent sections.

The AD field is assumed to start to oscillate around the minimum just after inflation as
we explain in the previous chapter. We require that its superpotential is absent or highly
suppressed so that its oscillation amplitude is as large as the Planck scale. This is actually
required in chaotic inflation models to avoid the isocurvature constraint. It is also required
in D-term inflation models to kick the AD field in the complex plane by higher-dimensional
Kahler potentials. In the hybrid inflation model, the superpotential should be highly sup-
pressed so that the backreaction of the AD field to the inflaton can be neglected for such
a large initial VEV of the AD field. In any cases, when the oscillation amplitude of the
AD field is as large as the Planck scale, the AD field is kicked by higher-dimensional Kahler
potentials and the ellipticity parameter is of order unity. The resulting baryon asymmetry is
then given by Eq. (7.7) with ¢os. >~ Mp; and € = 1.

We also require that gravitinos are produced with an O(1) branching ratio in the reheating
epoch. This is naturally realized when inflaton (and/or waterfall fields if there exist) decays
only through the supergravity effects as explained in Sec. B.4.1. This is naturally realized
in F-term hybrid inflation model when we suppress the interaction of Eq. (6.18). In this
case, the branching into gravitino is of order unity and the reheating temperature is given
by Eq. (6.17). In the chaotic inflation model, we suppress the interaction of Eq. (6.59) so
that the inflaton decays mainly into gravitinos. The reheating temperature is determined by
Eq. (6.58), which depends on the Z, breaking parameter c.

As for D-term inflation models, we modify it by introducing a shift symmetry and an
approximate Z, symmetry for the inflaton field S [61]. Under these symmetries, S transforms
as S — S+ ia (a:real) and S — —S, respectively. Then, the Kéhler potential is written as

K= (S48 + 5 (S+ 5+ o + 1, 81)

where ¢y (< 1) is an order parameter for the Zs symmetry breaking effect. The superpotential
of Eq. (6.29) explicitly breaks the shift symmetry, which is required to ensure a graceful exit
of inflation. In this model, we should replace |S|* with (S + S*)?/2 for the calculations in
Sec. 7.5, though the results are unchanged. We introduce Z, breaking terms in the Kahler
potential so that the field S efficiently decays into gravitinos [114], whose decay is a source of
non-thermal production of LSP DM. There is an advantage to impose the shift symmetry to
the inflaton. In order to obtain a sufficiently large e-folding number, say, IV, = 60, the initial
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VEV of the inflaton S has to be as large as N*%Mpl ~ (0.5Mp;. which is of order the Planck
scale. This implies that the Planck-scale physics may affect the potential of the inflaton and
spoil its flatness. However, the shift symmetry ensures the flatness of the inflaton potential
above the Planck scale.

As explained in Sec. 6.2.2, the field ¥, decays into the MSSM fields much faster than the
inflaton S, so that the reheating temperature of the Universe is determined by the relatively
late-time decay of the inflaton S [67]. After the field ¢, decays completely, the effective
superpotential can be rewritten as Eq. (B.25) with mi,s = A\/€ and the replacements of
X — 1_. Thus we can use the results derived in Appendix B.4.1.

8.3 Reheating process

In this section, we investigate the reheating process and calculate the DM abundance in the
models introduced in the previous section. At the minimum of potential, the models reduce
to the one considered in Appendix B.4.1, so that we use the same notation with the one used
in Sec B.4.1.

The Z; breaking term in the Kahler potential or the nonzero VEV of water fall fields
result in their decay through supergravity effects [114]. The branching ratio of inflaton decay
into gravitinos is given by Eq. (B.35). Since d/c = O(1) and y; = O(1), the branching ratio
is almost unity. This means that the energy density of the Universe is dominated by that of
the gravitinos after the fields @, decay completely.?

Since the fields & are much heavier than gravitino, the produced gravitinos are highly
relativistic. The Lorentz factor for the gravitinos at a time H~!(t) is given as

2 1/2 1/2
mine \~ H (¢) Ming <H(t))
t) = +1 ~ ) 8.2
i [(m:s/z) Ding ] my/o \ Dint (8:2)

The gravitinos decay into MSSM particles with a rate of

1 2 m%l
48 m3 Mg,

Tsp ~ 7 (1) (8.3)

where the summation is taken for all MSSM particles X;. When we consider a SUSY model
with relatively light gauginos and relatively heavy squark and sleptons, we can roughly

2Note that since we consider relatively low reheating temperature ~ 103~% GeV as explained in the next
section, we can neglect the thermal production of gravitinos [116, 117].

101



estimate the numerator as 24mj} /o~ This implies that the gravitino decays into radiation at
the temperature of

90 1/4
T3/ = ( ) V/ I'3/2Mpy

gum?

1.1 MeV Tru - it _1/3( o )4/3 (8.4)
= YA T 10% Gev 5 x 1015 GeV 400 TevV/) '

where g, (~ 10.75) is the effective number of degrees of freedom at the decay time. We
require that the mass of gravitino is of order 10>=2 TeV or larger so that its decay completes
before the BBN epoch, that is, T3/,
the light elements and spoil the success of the BBN [49]. The gravitino decay temperature

2 1 MeV. Otherwise the decay particles interact with
T3/ is much smaller than the mass of the LSP, so that the decay of gravitino is a source of
its nonthermal production. Since the energy density of the Universe is dominated by that of
gravitino before they decay, the thermal relic density of the LSP is diluted by the entropy
production from the gravitino decay. Therefore, the LSP abundance is determined by the
nonthermal production from the gravitino decay. The produced number density of the LSPs
is equal to that of the gravitinos due to the R-parity conservation. Note that the annihilation
of the produced LSP is usually inefficient in such a low temperature.

The Lorentz factor of the gravitino is of order 10 for the reference parameters shown in
Eq. (8.4). This implies that the scale factor of the Universe continues to decrease as a=* from
the time of reheating by the decay of ®.. Although the LSPs are relativistic at the time
they are produced from gravitino decay, they lose their energy through interactions with the
thermal plasma and soon become to non-relativistic particles [136, 137, 138]. Therefore, the
LSP DM is cold even though they are produced non-thermally in this scenario.

Here we comment on the hierarchy of gravitino mass and other SUSY particles. Such
a heavy gravitino is well motivated in a class of SUSY models with a split spectrum [139,
140, 141, 50]. In these models, the masses of gravitino as well as squarks and sleptons are of
order (or larger than) 10273 TeV while those of gauginos are of order 1 TeV. This hierarchy
can be realized when gauginos acquire one-loop suppressed soft masses through the anomaly
mediated SUSY breaking effect [142, 143]. When the Higgs p-term is of order the gravitino
mass, the Higgsino threshold correction is important and the wino mass can be as small
as 107%mg/5. Note that neutral higgsino can also be the LSP when the Higgs p-term is
sufficiently small. The following discussion does not rely on the detailed properties of the
LSP except for its mass. Hereafter, we assume that the mass of gravitino is O(10*73) TeV
and that of the LSP is O(10273) GeV.
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8.3.1 DM density and baryon-DM coincidence

Let us summarize the scenario of non-thermal production of DM. First, the fields &4 (i.e.,
inflaton and/or waterfall fields) decay into gravitinos as well as the MSSM particles at H (t) ~
[iue. Then the energy density of the Universe is dominated by the relativistic gravitinos and
decreases as a=*. The gravitinos decay into the MSSM particles just before the BBN epoch
and the LSP DM is produced non-thermally. Since the thermal relic density of the LSP is
diluted by the entropy production of gravitino decay, its abundance is determined by the
gravitino decay. Thus, we can estimate the resulting DM abundance as

Yo = nysp
S
o @
s lH=ry,
. 3132n3)
4 p3/2 H=F3/2
- 3T3/2 ( Ling ) 2 n3/2
B 4 ['3/2 P3/2 H=Ts
318 2Brspens
4 Ps H=Ts
3Ty 55)
N 2Tninf ’ ‘

where we have used Brs/; ~ 1 in the last line. We define the effective reheating temperature
Tf(ﬁ_flf) by Eq. (B.19) with the replacement of g.(Tru) — g+(T3/2) as

1/4
(eff) 90
T; ~ | — e M,
RH (g*(T3/2)7T2) £1Vip

~ 1.5 x10° GeV Mint T d . (8.6)
5 x 1015 GeV 10-10

In the chaotic inflation model and D-term inflation model, the reheating temperature is

adjusted by the Zy symmetry order parameter d to obtain a desirable abundance of baryon
asymmetry from Eq. (7.7) or DM from Eq. (8.5). On the other hand, in the F-term hybrid
inflation model the reheating temperature is determined as Eq. (6.17), where we can realize
Tr = 10374 GeV for u ~ 10*° GeV and my,e ~ 10'? GeV.

Here we take into account the baryon asymmetry generated by ADBG. Once we replace
the reheating temperature Try with the effective one T P(fflf) defined by Eq. (8.6), the resulting
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baryon asymmetry is still given by Eq. (7.7) even in this scenario. Combining Eqs. (7.7) and
(8.5), we obtain the following simple relation for the baryon-to-DM ratio:

Qb 4 My Minf
~ —¢ ,
Opm - 69 quSP Hoge

(8.7)

where we assume ¢qs. >~ Mp.
In chaotic inflation models, Hos. =~ miye, so that the resulting baryon-to-DM ratio cannot
be consistent with the observed value. On the other hand, in the F-term hybrid inflation

model, substituting benchmark parameters and the proton mass m, ~ 0.938 GeV, we obtain

) mrsp \ ! Ming Hy -
~ (.11 —
oo “ (500 GeV) <1012 Gev> (109 Gev> ’

—1
mysp \ 7! v
~ 013eq (P ) (— ) . .
0-13¢q (500 GeV) (5 % 101 Gev> (88)

These benchmark parameters result in the reheating temperature consistent with Eq. (8.6).

In the D-term inflation model, we obtain

) misp  \ ! Ming Hy -
0.22¢¢ (—) ,
QM 400 GeV 6.6 x 1015 GeV 4 x 1012 GeV

-1 Ve B
~ 1 -1 ﬂ . A
0.12¢qAg <4oo GeV) 6.6 x 1015 GeV (8.9)

12

Those results are naturally of order unity and are consistent with the observed value of
Q,()Obs) / Qgﬁs )~ 0.2 [7]. The scenario naturally explains the coincidence of their energy density,
known as the baryon-DM coincidence problem. This is because both of them are related
to the energy scale of inflation. The amount of baryon asymmetry is proportional to the
reheating temperature of the Universe and inversely proportional to the Hubble parameter
during inflation. That of DM is proportional to the reheating temperature and inversely
proportional to the mass of inflaton. Since the Hubble parameter and the inflaton mass is
related to each other, the resulting baryon and DM density is naturally of order unity.

Although the result has an O(1) uncertainty coming mainly from v or A and &, the LSP
with mass of O(10>73) GeV is favoured in our scenario. If the LSP DM is mostly wino or
higgsino, the indirect detection experiments of DM puts lower bounds on DM mass. The
wino DM with mg < 390 GeV and 2.14 TeV < my < 2.53 TeV is excluded [144], while the
higgsino DM with m; < 160 GeV is excluded [145]. The future indirect detection experiments
can detect the wino DM with mg; < 1.0 TeV and 1.66 TeV < my < 2.77 TeV [144].
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Chapter 9

Conclusion

The origin of baryon asymmetry is an outstanding mystery in cosmology and particle physics.
The BBN theory and observations of light element abundance imply that the baryon-to-
entropy ratio is of order 10719 at least at the temperature of 1 MeV. The Sakharov conditions
clarify that it is difficult to generate baryon asymmetry, and in particular, we cannot generate
enough baryon asymmetry in the SM of particle physics. The cosmological and astrophysical
observations also reveal that there is DM in the Universe. Remarkably, the energy density
of DM is almost equal to that of baryons within a factor of order unity, which is known as
the baryon-DM coincidence problem. This coincidence may imply that the baryon and DM

have a common origin in the early Universe.

In this thesis, we have investigated the Affleck-Dine mechanism to generate baryon asym-
metry and to explain the baryon-DM coincidence problem in SUSY theories. It generates
squark condensation in the early Universe via the dynamics of a baryonic flat direction called
an AD field. The condensation subsequently decays into quarks and light SUSY particles.
Since the LSP is a good candidate of DM, this scenario may be able to account for the
coincidence between the energy densities of baryon and DM. In fact, we have provided two
scenarios to account for the coincidence problem by using the Affleck-Dine mechanism.

The first scenario stands on the formation and decay of non-topological solitons called
Q-balls. The squark condensation forms Q-balls after the ADBG in many SUSY models and
they carry enormously large baryon charges. The Q-balls eventually decay into baryons and
light SUSY particles before the BBN epoch. Therefore the Q-balls are the sources of baryon
and DM in this scenario. The branchings of its decay are determined by the Pauli blocking
effect and the ratio of LSP and quarks is of order 0.01. As a result, the LSP with mass
of order the electroweak scale, which is expected in light of solution of hierarchy problem
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in particle physics, can explain the baryon-DM coincidence problem. We have applied this
scenario to the CMSSM, which is a typical example of SUSY models, and have determined
a parameter region where the coincidence, baryon abundance, and the observed 125 GeV
Higgs boson are simultaneously explained. We have shown that the future LHC experiment
will search a part of parameter region and would test our scenario.

We have also investigated the relation between the ADBG and inflation models. In par-
ticular, we have shown that the backreaction of the AD field affects predictions of inflation
models. In F-term hybrid and chaotic inflation models, we have revealed that the resulting
spectral index and tensor-to-scalar ratio can be consistent with the observed values by the
backreaction. As for the F-term hybrid inflation model, the SKA telescope would detect
stochastic gravitational background emitted from cosmic strings and could check the consis-
tency of our scenario. The ADBG predicts baryonic isocurvature density fluctuations that
affect CMB temperature anisotropies. The observation thus puts a constraint on a parameter
of the AD field. We have shown that the above co-genesis scenario is naturally realized in
the chaotic inflation model avoiding the isocurvature constraint and predicting the consistent
spectral index and tensor-to-scalar ratio.

Then we have provided a new scenario of ADBG, where the AD field starts to oscillate
coherently just after the end of inflation. Our results imply that the ADBG can be realized
and can explain the observed baryon asymmetry in a broader range of parameter space than
expected in the literature. In fact, it can be realized in the simplest model of F-term hybrid
inflation avoiding the gravitino overproduction problem. Based on this new scenario, we have
explained the second scenario to solve the baryon-DM coincidence problem. We assume that
the AD field has a Planck scale VEV during inflation and then starts to oscillate coherently
just after inflation. When the inflaton does not directly interact with the MSSM particles,
it mainly decays into gravitinos via SUGRA effects. The gravitinos decay into the MSSM
particles before the BBN epoch when the gravitino mass is larger than 100 TeV. As a result,
the baryon-to-DM ratio is written by a simple relation. This is because both of the resulting
baryon and DM densities depend on parameters in inflaton sector. In particular, we have
found that the resulting baryon-to-DM ratio is naturally of order unity in hybrid inflation
models. We could check the scenario by detecting DM via the indirect and direct detection
experiments of DM.

As a result of those studies, we conclude that ADBG is a promising mechanism to explain
the baryon-DM coincidence problem as well as the baryon asymmetry. Those scenarios can
be tested by the future LHC experiment and direct and indirect DM searches.
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Appendix A

Supersymmetry

A.1 Supersymmetry

In this Appendix, we briefly explain supersymmetry (SUSY), which is a symmetry that
relates fermions and bosons. It is motivated in light of a solution to the hierarchy problem.
It also achieves gauge coupling unification, which is required for grand-unified theories. The
lightest SUSY particle (LSP) is a good candidate for DM, and the baryon asymmetry can be
generated by the Affleck-Dine baryogenesis [17, 19], which is the main topic of this thesis.

A.1.1 MSSM

SUSY theories can be formulated by using superspace, where fermionic coordinates ¢ and
04 is added to the spacetime coordinates. The general renormalizable Lagrangian is written
as

1

1 W WE +c.c. |, (A.1)

L= / 4200209 (V")) @; + / d*¢ {W(@i) +
where ®; are chiral supermultiplets, g, are gauge coupling constants, 7 are generators, V¢
are vector supermultiplets, W is superpotential, and W¢ are field strength chiral superfield.
The superscripts a runs over the adjoint representation of the gauge group. In the Wess-
Zumino gauge, it is rewritten in terms of component fields such as

*7 st = 1 a va yTa = a
L = —V'"V,¢i +ix"e"V,xi — L Fa P + iIMNGHY A (A.2)
1 .
-5 (W”Xin + hC) + ‘FZ|2 (A?))
. 4 1
— V200 (¢7TX:) A" — V29, A" (XI'T0) + ) 5 (D%)?, (A.4)
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where F-term and D-term are given by

B = (Wil (A.5)
LD = L (67T ) (A6)

We define W; = OW/0¢;, and W' = (0W/d¢;)*, and WY = (9°W/0¢;04;)*. The fields ¢;

and y; are scalar and fermion components of chiral supermultiplets ®;, respectively, while the

fields A and F}, are fermion and vector components of vector supermultiplets, respectively.
In the minimal SUSY Standard Model (MSSM), the superpotential is given by

W(MSSM) _ yuQHuUC _ deHddC — yeLHdec + MHqua <A7>

within the renormalizable level, where we omit flavour indices for simplicity. Note that we
need to introduce up-type and down-type Higgs fields because of the holomorphy of super-
potential and the cancellation of anomaly. Here we implicitly assume R-parity conservation
to avoid disastrous proton decay. As a result, the lightest SUSY particle (LSP) is stable and
is a candidate of DM. Note that the squarks, which are superpartners of quarks, have baryon
charge. Therefore we can generate baryon asymmetry via the dynamics of squarks. In fact,
it can be naturally generated by the Affleck-Dine mechanism, which is the main topic of this
thesis.

SUSY must be broken in a hidden sector so that all superpartners of the SM fields
are sufficiently heavy to be consistent with the null results of collider experiments. As a
result, there are additional terms called soft-SUSY breaking terms, which do not affect the
cancellation of Higgs mass to solve the hierarchy problem. They are written as

1 —
Lo = —3 (Mggg + My + Mybb + h.c.) (A.8)
— (AQHu® — AgQHyd — AcLHgef + c.c.) (A.9)
— méQTQ —m2LTL — m2. (u€)Tu® — m2.(d°)Td® — m2.(e) e (A.10)
— my, HyH, —my HiHy — (BH,Hy +c.c.), (A.11)

where §, @, and b are gauginos of SU(3), SU(2), and U(1)y, respectively. We denote scalar
components of chiral supermultiplets by the same symbols as the superfields. The terms
proportional to M; (i = 1,2, 3) are gaugino mass terms, that to A; (i = u,d, e) are A-terms,
that to m; (i = Q, L,u®,d e, H,, H;) are soft mass terms, and that to B is a B-term. The
soft masses are assumed to be of order TeV scale or higher to be consistent with the null

results of collider experiments.
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A.1.2 Renormalization running equations

In SUSY theories, the couplings in the superpotential are not renormalized due to the su-
persymmetric non-renormalization theorem. This is the reason that the hierarchy problem
between the electroweak scale and the Planck scale is solved in SUSY. The renormalization
effects therefore come only from wavefunction renormalizations. For example, for particles
with a superpotential of W = y“*®;®;®,; anomalous dimension matrices are calculated as

~ 16n2 %Y yjmn_zggca(z)@ ) (A.12)

7
where C, (i) are the quadratic Casimir for the superfield ®;:
(T°T*)] = C,(i)6]. (A.13)
For a supermultiplet with a U(1) charge ¢, C1(i) = ¢?, while for supermultiplets with funda-
mental representations for SU(2) and SU(3), Cy(i) = 3/4 and C5(i) = 4/3.
When SUSY is softly broken, soft terms are also renormalized. Here we write the renor-

malization group equations of soft-masses of squark and sleptons and Higgs p-parameter with

canonical kinetic terms, which are particularly important to discuss Q-ball formation after
the ADBG:

167T2d10g//né3 = X+ X - §g§|M3|2 — 63| Mo|* — 1—59%|]W1|2 + gg%S, (A.14)
d 32 32 4
167° dlog,umig = 2X - ?g§|M3|2 - 1_59%|M1|2 - gg%Sa (A.15)
d 32 8 2
167" g™t = 2% = 30| Mal” — oM + 5015, (A.16)
1672 m? = X, — G0l — SgiMJ - 2gS (A.17)
dlogp ™ 571 5912
d 24 6
16%2@”@5 = 2X;— 39%|M1|2 + gng, (A.18)
* * * 3
167‘(‘2 dlog,uM = U |:3yt Y + 3ybyb + Yy Yy — 393 — gg% , (A19>
where
S = Tr [}Gméj} = m?r{u — mfgd + Tr [mé — m% — 27)12C + mZC + mgc] ’ A .20

(A.20)
X, = 2|yt|2 (m%{u —l—mé3 +m§3) +2|at\2, ( )
X, = 2 |yb]2 (m%,d + szg + m?zg) + 2 |ab|2 , (A.22)
Xr = 20yl (myy, +mi, +mk) +2]a . (A.23)

111



The trace is taken over the flavour indices. The renormalization running equations for the
first and second families are given by the same equations without X; terms when we neglect
their small Yukawa couplings.

We also write the renormalization group equations of gauge couplings for an SU(N) gauge

theory with F' flavours:

1672 g = —bg® (A.24)

dlogpu
b = 3N —F. (A.25)

For the U(1)y gauge theory, by = >, 3Y;?/5 when we normalize U(1)y gauge coupling by
g1 = \/5/3¢". Applying these to the SM gauge symmetries in SUSY, we obtain

(b1, bo, bs) = (—33/5, —1, 3). (A.26)

On the other hand, (by, ba, b3) = (—41/10, 19/6, 7) without SUSY particles. As a result, the
gauge couplings are unified at the energy scale of Mgyt ~ 2 x 10'¢ GeV in the MSSM. The
renormalization group equations for gaugino masses are similar to those for gauge coupling

constants within one-loop level:

d 1

M, = bag2 M,. A2
dlogu g2 2 (4.27)

Thus we obtain

My _ My Ms o

@ B @ Ghur

, (A.28)

when we assume that gaugino masses as well as gauge couplings unify near the GUT scale.
This relation implies that the bino is the lightest gaugino in the MSSM.

A.1.3 Supergravity

Supergravity is a theory with a local SUSY. To discuss the ADBG and gravity-mediated
SUSY breaking effect, here we quote the scalar potential in supergravity (see, e.g., Refs. [146,
147] for detail).
In supergravity, scalar potentials are written in terms of superpotential, W, and Kahler
potential, K. The potential of scalar fields is given by
3

Vsucra = ef/Ma (D;W) K (D;W)" — M2 W*|, (A.29)
Pl
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where D;,W = W, + K;W/M3. The subscripts represent the derivatives with respect to
corresponding fields, e.g., W; = 0W/d¢;, and K ii is defined by the inverse of K;;. The
Kahler potential also determines kinetic terms such as

Liin = Ki50,0'0" ¢ (A.30)
The equations of motion of homogeneous scalar fields are thus given by
. d - 2 sk VSUGRA
a 3& (aSKi;¢ ) — Ki;‘gj(b " + W =0. (A.31)

In supergravity, gravitino is introduced as a superpartner of graviton and its mass is given
by mg/s = |W|exp(K/2). Suppose that a field z has a nonzero F-term F, to break SUSY,
where F, = —exp(K/2)(W, + K,W). Since the vacuum energy (or cosmological constant)
is almost vanish in our Universe, the condition of Vsygra = 0 yields |FZ\2 = 3exp(K) U/V|2
and my» = |F.| /V/3.

A.1.4 Gravity-mediated SUSY breaking models

Here we explain the Polonyi model as an example of SUSY breaking hidden sector:

W(hidden) — /JJ22 + WO (A32)

Rtidden) |27 (A.33)

where p and W, are parameters. The vanishing vacuum energy determines the value of Wj.
Using the potential of Eq. (A.29), we obtain

<W(hidden)> NQ (A34)
(z) = V3-1 (A.35)
my, = £l _ 12 exp(v/3 — 1). (A.36)

Here we explain gravity-mediated SUSY breaking effect. Suppose that the field z has a
nonzero F-term as Eq. (A.36). Assuming the Kéhler potential of the field z as Eq. (A.33),
we obtain the potential of other scalar fields ¢; from Eq. (A.29) such as

‘/soft = m§/2 |¢|7’2 + amg/QW(ViSible) + c.c. (A?)?)

hidden) x
(i)
<W(hidden)> ’

a = n—3+ )| (2)+ (A.38)
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where W hidden) anq 17 (Visible) are superpotentials of hidden and visible sector, respectively.
Here we rescale the superpotential by a factor of exp(|z|* /2) and absorb it to the definition
of W. For example, a = n — /3 in the Polonyi model. Note that there are O(1) factors
in each term in Eq. (A.37) when we consider more generic Kéhler potential. Therefore,
scalar fields obtain masses of order gravitino mass via the supergravity effect. This is called
gravity-mediated SUSY breaking effect.

Supergravity action contains a term

a *
L D }lexp(—K/Q) (WZ+KZW)%)\°‘)\5 (A.39)
1 afgﬁ B
_ _ipr2taeBya A4
T AN (A.40)

where f,s is gauge kinetic function. When 0f; /02" is of order unity, gauginos obtain masses
of order gravitino mass. This is usually assumed in gravity-mediated SUSY breaking models.

The constrained minimal supersymmetric (SUSY) model (CMSSM) is widely used in the
literature as a typical example of gravity-mediated SUSY breaking model. It is defined by
only five parameters at the GUT scale (~ 2 x 10'® GeV); the universal scalar mass my, the
universal gaugino mass M; /5, the universal A-term Ay, the ratio between the VEVs of up-type
and down-type Higgses tan 3, and the sign of Higgs p-term. The low energy spectrum can
be obtained by solving renormalization running equations from the GUT scale. The u-term
and the B-term are determined by the 246 GeV Higgs VEV and the value of tan .

A.1.5 Gauge-mediated SUSY breaking models

Suppose that there is a spurion field .S that has VEV of
(S) = M, + 6°Fs, (A.41)
and interacts with hidden fields Q and @ called messenger fields such as
W =ySQQ. (A.42)

When @ and ) are charged under the SM gauge symmetries, the MSSM gauginos obtain
masses via loop effects. Below the messenger scale, we can integrate them out and obtain

effective Lagrangian such as

1

LD —
4g2(S, jn)

WW,. (A.43)
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This implies that the gaugino mass is given by

99, *

M, =2 Fs. A.44
S (A-44)
Using Eq. (A.25), we obtain
(0% FS
M, = ——. A.45
AT ur M, ( )

The MSSM scalar fields also obtain masses via two-loop effects [148]. First let us consider

the wavefunction renormalization for a chiral superfield in the MSSM &’:

LD / A20d%0*Z(S, SHYd'®'t, (A.46)
which can be rewritten as
- 0z 07 0?Z ,
c A200%0% | Z + —= Fsb? + ——F1(6")? Fsh?FL(gh)? DT (A4T
>/ 24 So st S FUO 4 s Rl v
After canonically normalizing ® such as
logZ
o=z {1 + Olog Fgez} P, (A.48)
we obtain
_ d%logZ  FsF!
d*0d%0* |1 562(07)? dPT. A.49
£> / [ * Blogsalogst xx10 ) (A.49)
S=M,,
This implies that the scalar component of ® obtains a soft mass of
0PlogZ  F?
2 5
S ) A.
e dlogSologSt M2, (4.50)
Using Eq. (A.12), we obtain
2 2
2 Qg FS
me = 20a<q)) 1672 M—% (A51)

These contributions to the soft masses are much larger than those of gravity-mediated effects
explained in the previous subsection. Thus the soft masses are determined by these gauge-
mediated effects and the gravitino mass is allowed to be much smaller than the electroweak
scale. The rescaling of Eq. (A.48) induces A-terms from superpotential such as

_120logZ ow

Z N
0S \g_p, 0 0Z12E

(A.52)

115



which leads to

A~ QOa((I))% FS
- b, 4w M,

(A.53)

This is suppressed by a factor of «,/(47) compared with the soft-mass scale and is neglected.

Note that these soft terms are suppressed for energy scales larger than the messenger
scale M,,. This is particularly important when a charged field (e.g., an AD field) has a larger
VEV than M,,. Here we derive its potential for a VEV larger than M,,. For simplicity, let
us consider a U(1) gauge theory under which the messenger fields and another scalar field
(an AD field) ¢ are charged. From the superpotential of Eq. (A.42), we have a one-loop
Coleman-Weinberg potential such as

2 y2 |S’2
‘/l—loop ~ |FS| 167T2 In 7 . (A54)
0

We take the renormalization scale g as the GUT scale. The VEV of S is fixed at the
messenger scale M,,. To discuss two-loop effect, we rewrite the one-loop potential such as

s
Vi2-toop = | Fs|? é/ ‘dlnu Y2 (). (A.55)

@ Ho
Here, since the AD field ¢ is charged under the gauge symmetry and has a large VEV, the
gauge symmetry is spontaneously broken by its VEV and the vector supermultiplet acquires
an effective mass of order g¢, where g is the gauge coupling constant. Since the messenger
fields Q and Q are charged under the gauge symmetry, the renormalization running of the
coupling constant y in Eq. (A.42) contains contributions from gauge interactions. Therefore,
when the AD field ¢ obtains a larger VEV than the messenger scale, the renormalization
running of the coupling y is affected and is dependent on |¢|. The renormalization running

equation for the Yukawa coupling y is written as [see Eq. (A.12)]

dy g.
——47T2y—|—..., (A.56)

dlogp/po

where we omit the other terms irrelevant for our discussion. When the vector supermultiplet
has an effective mass of g |¢|, the gauge contribution of the running of y is absent below this
mass scale. Thus we obtain

gs 99|
y(M):yo—S Sy 1n 5| +..., for p<gl|d|, (A.57)
T Ho
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where ... represents terms that are independent of |¢|. Therefore, Eq. (A.55) has a |¢|
dependent part for the integral below the energy scale of g |¢|. As a result, we obtain the |4
dependent potential such as

2.2 2 27?2
y-g g~ o
V(¢) ~ |Fs| TR [ln ]\‘42| ] . (A.58)

This agrees with the result in Ref. [57] for g |¢| > M,,, where they have explicitly calculated
two-loop diagrams.
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Appendix B

Inflation

In this Appendix, we briefly explain inflation. It solves some initial condition problems in
the Big Bang theory, including the flatness problem and the horizon problem. It can be
realized by a potential of a scalar field called an inflaton when it is spatially homogeneous
and slowly rolls towards its potential minimum. After the slow roll ends, the inflaton starts to
oscillate around its potential minimum and then decay into radiation. The resulting Universe
is then consistent with the Big Bang theory with a negligible curvature in the homogeneous
Universe. The inflaton acquires quantum fluctuations during inflation, which are converted
to fluctuations of scalar part of metric called curvature perturbations. The perturbations can

be observed as the CMB temperature anisotropy.

B.1 Motivations

Here we explain the flatness problem. If the curvature of the Universe is nonzero, the Fried-

mann equations are written as

P K
H?2 — — B.1
3ME,  a? (B-1)
p = —3H(p+p). (B.2)
These can be rewritten as

H2 Qo 4 Qo 3 Qo 2
= o (2) o (2 e (2
Hg a + a Ttk a ( )

K

O = ———— B.4
K a%Hga ( )

where €2, and (2,,, are abundance of radiation and matter, respectively. Here we omit the dark
energy for simplicity. The parameter Q is bounded above as |Q2x| < 0.01 by the observation
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of CMB temperature anisotropies. However, the curvature term in Eq. (B.3) is proportional
to a2, so that the combination of |Qx| (agHy/aH)? is extremely smaller than unity in the
early Universe. Such an extremely small dimensionless parameter is a mystery known as the
flatness problem.

The observations of CMB temperature fluctuations show that the background tempera-
ture of the Universe is homogeneous up to a factor of of order 107°. However, if the Universe
begins from the radiation or matter dominated era, there is no correlation for the whole
observable Universe. There is no reason that the whole Universe is homogeneous without
correlations. This is known as the horizon problem.

The above flatness and horizon problems are explained by an era of exponential expansion
called inflation. If the early Universe is dominated by the energy density with the equation
of state of p ~ —p, the Friedmann equation implies that H = Hj,; = const. and the scale
factor exponentially increases such as a(t) = a(tini) exp[Hint(t — tini)], where t;; is the time
at the beginning of inflation. If the constant energy density is converted to radiation at the
time denoted by tenq, then the Universe is filled with the thermal plasma. We define e-folding
number as an alternative of time variable during inflation such as N(t) = log (a(tena)/a(t)).

Suppose that the curvature term in the Friedmann equation is below but comparable to
the constant energy density at the beginning of inflation (¢ = t;,;). Since the curvature term

in the Friedmann equation decreases with time as oc a™2, |Q]| is given by

_ . a tend H tend ?

Since the observation implies that [Qx| < 1, we require

a(tend)H(tend)) .

B.6
A (B.6)

N(tini) > log (

The right-hand side can be written as

a(tend)H(tend) 1 TRH 1 Hend
log ( Alend) W end) ) | gg 2o (BH ) L 2y, [ flend B.7
o8 ( aoH, T3\ 1 Gev ) T3% (105 Gev ) (B.7)

where Try is reheating temperature defined in Sec. B.4. 0 Here we assume that the energy

3 after inflation and before reheating completes.

density of the Universe decreases as o< a~
For typical parameters, the required e-folding number is about 50 — 60.

The correlation length is given by the Hubble horizon (aH)~!. When the horizon length
at present agHy is smaller than the one at the beginning of inflation a(ti,;) H (¢;n;), the ob-
servable Universe can have correlation before inflation. Thus we again require the condition

of Eq. (B.6) to solve the horizon problem.
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B.2 Inflation by a scalar field

Inflation can be realized by a potential energy of a scalar field. If the inflaton is spatially
homogeneous, its energy density and pressure are given as

p = K_V;nﬂ (Bg)

where K and Vi, are kinetic energy and potential energy of inflaton, respectively. When the
kinetic energy of inflaton is smaller than the potential energy, we obtain p ~ —p and can
realize inflation. We define slow roll parameters €, and 7, such as
1 (Vi
€s - ==, B.10
2 (‘/;nf) ( )

4

_ inf
s = —= B.11
n . (B.11)

where the prime denotes the derivative with respect to the inflaton field. 00 Then the con-
dition of K <« Vi¢ can be rewritten as ¢, < 1. Note that in order to realize inflation for
sufficiently long time, we also require 1, < 1. These conditions are called slow-roll conditions.
The e-folding number can be calculate as

tend

N(t) ~ H(t)dt ~ /qu

t

‘/inf o d(b
‘/iilf a V 263‘

(B.12)

B.3 Curvature perturbation

Quantum fluctuations of the inflaton during inflation is the seed of large scale structure. The
fluctuations are converted to those of scalar part of metric called curvature perturbation.
The power spectrum of curvature perturbation is parametrized as

k

Po(k) = A, (k—>_1 (B.13)

where k, (= 0.05 Mpc™!) is the pivot scale, and A, and n, are the amplitude and spectral
index, respectively. They are calculated as

%nf
A B.14
? 247m2e, ( )
n, ~ 1—6e,+ 2n,. (B.15)
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The Planck collaboration observes the CMB temperature anisotropies, which give us infor-

mation of curvature perturbation such as [6]

A, = (2.1987005) x 1077 (B.16)
ne = 0.9655+ 0.0062, (B.17)

at the 68% CL. These values put constraints on inflaton potential via Egs. (B.14), (B.10),
and (B.11).

B.4 Reheating

Inflation ends when the slow-roll conditions fail and the inflaton starts to oscillate around the
potential minimum. Then the oscillating inflaton gradually decays into radiation. Since the
energy density of radiation is given by praq = (3/5)pintLintt, where pis (== 3H?(t)M3)) is the
energy density of inflaton oscillation and 'y is its decay rate. Thus there is a background
plasma with a temperature of

(B.18)

(36H ()T ME\ !
B 9+(T)m? 7

where g, is the effective number of relativistic degrees of freedom in the thermal plasma. We
define reheating temperature by H(Try) = ['in, which is then given by

90 1/4
TRH ~ (m) FinfMPl' (Blg)

The reheating temperature has to be higher than 1 MeV so that the subsequent history of
the Universe is consistent with the BBN theory.

B.4.1 Inflaton decay via supergravity effects

Here we briefly explain inflaton decay process via supergravity effects. This puts the lower
bound on reheating temperature and gives a non-thermal source of gravitinos.

We specify the SUSY breaking sector to explain the inflaton decay through supergravity
effects. We introduce a Polonyi field z, which breaks SUSY in low energy scale, and consider

a simple extension of the Polonyi model given as

4

idden 2 |Z|
K(hdd ) = |Z| — F, (BQO)
Jy (hidden) p2z + W, (B.21)
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where A is a cutoff scale, p, is the SUSY breaking scale, and W is a constant term which
makes the cosmological constant (almost) zero in the present Universe. This can be achieved
by the O’Raifeartaigh model after integrating out relatively heavy particles [149] or by dynam-
ical SUSY breaking models, including the IYIT model [150, 151]. The important parameters
are calculated as

p~ V3mypMey, (B.22)
12m?
m? o~ TMM}?,I, (B.23)
2
(= 2vE (M) b, (B.24)

where m, is the mass of z and (z) is its VEV at the low energy vacuum.
Suppose that inflaton sector is effectively written by the following superpotential at the
time around the reheating epoch:

I/Vinf - minfSX- (B25)

This is actually the cases in F-term and D-term hybrid and chaotic inflation models as we
explain in Chap. 6. In this case, the supergravity effects induce a soft SUSY breaking B-term
of bmgjamineSX, where b is an O(1) constant. This implies that they maximally mix with
each other and form mass eigenstates of

1
2= = (S£X7), (B.26)

around the potential minimum [114]. Therefore, when the time scale of inflaton decay Iy} is
longer than that of the mixing effect m /12, we have to consider the decay of @ to investigate
the reheating process. Hereafter we consider this case.

Suppose that a first derivative of Kahler potential in terms of inflaton S, Kg, is nonzero
at the potential minimum. This results in the decay of the field &, through supergravity
effects [114]. First, let us focus on the top Yukawa interaction in the MSSM sector:

W tor) — Qs Hyus, (B.27)

where y,; is the top Yukawa coupling constant. The relevant interaction terms between X
and the MSSM fields are given by

1

V = — KWW 4ce +...,
Mpy
Yemine Kg

e X*(QsH,ag) +c.c.+ ..., (B.28)
Pl
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where the dots “...” represents the other irrelevant terms. Since the fields 4 consist of X
as Eq. (B.26), they decay into the MSSM scalar fields through this interaction. They also
decay into the MSSM fermion fields, which equally contributes to the &, decay. Thus, the
partial decay rate of & into the MSSM fields is given as

3K32 m3

Tssa (P — MSSM) = — (B.29)
256m3 7 M2,

When we consider the gaugino mass (mj) much smaller than the gravitino mass, the decay
rates of S into gauge fields are suppressed by a factor of (mg/mg3/2)? and can be neglected.
Next, let us consider the decay of & into gravitinos [114]. We follow the discussion
presented in Ref. [152]. Through nonzero values of Kg and Kg,;, the field X mixes with
the SUSY breaking field z and can decays into goldstino, (i.e., longitudinal component of

gravitino). This is because the supergravity effects induce mixing terms such as

V o= Ws(KsW) + KgiWsW:+ce.+...

MingdF, X 2" 4+ cc. + ..., (B.30)
d = <KS> — <K5z2> s (BS].)
where the dots ”...” represent the other irrelevant terms. Thus, the fields X and z mix with

each other and the mixing angle is given by

Fzminf

Qmix = d

: (B.32)

2
m;

where we use m, > mi,¢. Since the fields @4 consist of X, they mix with z and the mixing
angle is given by i /v/2. Since the SUSY breaking field z has an operator of

F. .
L= —QFzszT +h.c, (B.33)

it decays into goldstino z. Together with the mixings between ®. and z, the fields . decays
into goldstino through this operator. The partial decay rate of the field & into goldstino is
therefore calculated as [153]

1 /0. \% m?
I'; (‘I)i — 22) ~ o (\/§> ‘Fz|2minf,
d? m?’f
— B.34
64w Mgl ( )

12
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If the fields S and X do not have other interactions, the branching into gravitinos is given
by
d2

. . (B.35)
d? + 3 |ys|" ¢/ (472)

Bl“3/2

Since d/c = O(1) and y; = O(1), the branching ratio is almost unity. The reheating temper-

ature is then given by

Tow =~ 3 x 10° GeVd ( Mint )3/2 (B.36)
~ X T a— . .
RH Y108 Gev
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