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Chapter 1

Overview

The standard model of particle physics is the most successful model that describes the strong
and electroweak (EW) interactions among elementary particles. It is established by the dis-
covery of Higgs field at the LHC experiment. However, some ultraviolet completion beyond
the standard model (SM) seems to be required from several observations of its theoretical and
phenomenological /cosmological problems. The most severe problem is that the gravitational
interaction, which is not included in the SM, is not renormalizable despite the expectation that
the gravity universally couples to all the elementary particles. For the past decades, string the-
ory has been expected as the unified theory of all the elementary forces, because the gauge and
gravitational interactions are simultaneously realized among the string interaction. Moreover,
most important predictions of typical string theories are the existence of the “extra dimensions”
and “supersymmetry” (SUSY). These two concepts are expected to play important roles for
solving the theoretical and phenomenological/cosmological problems in the SM.

From the cosmological point of view, the current observational data demand the existence of
cold dark matter whose relic abundance occupies about twenty-five percent of an energy density
of our present universe. In supersymmetric standard models, that is, the supersymmetric
extensions of the standard model, the certain superpartner of ordinary particle becomes a
plausible candidate for dark matter, consistent with the cosmological observations as well as
the collider experiments. Furthermore, we believe the existence of initial era of accelerating
universe, i.e., the cosmic inflation [1, 2, 3], because the inflation scenario can not only solve the
flatness and horizon problems, but also reproduce the current cosmic microwave background
(CMB) data. The inflation mechanism is realized by the vacuum energy density of Lorentz
scalar field called inflaton field which is consistent with our isotropic universe. The vacuum
energy density of the inflaton field leads to an expanding universe and its quantum fluctuations
produce the origin of density perturbation of our universe. However, its potential terms as well
as the kinetic term are severely constrained in order to be consistent with CMB observations.
From the theoretical point of view, it is required to specify the origin of such an inflaton field
itself, otherwise these parameters will not be restricted.

In the higher-dimensional theory including the string theory, a lot of four-dimensional scalar
fields (moduli fields) appear associated with extra-dimensional components in vector and tensor
fields in higher-dimensional spacetime with the compactified extra dimensions. In particular,



within the framework of string theory, the vacuum expectation values of closed string moduli
fields determine the size and the shape of extra-dimensional space, whereas those of open string
moduli fields give the positions of D-branes [4] (solitonic objects in the string theory) and
Wilson-lines of the gauge potential induced in them. Moduli fields are ubiquitous in the string
theory in the sense that the number of closed string moduli is typically of order of one hundred
in the string landscape. Since the parameters in modulus scalar potential are constrained by
the higher-dimensional Lorentz and gauge symmetries in preference to those of matter fields,
moduli inflation scenario has a high prophetic instinct for the cosmological observations.

We next mention about the standard model including the extra-dimension and SUSY from
the phenomenological point of view. Supersymmetric models are attractive scenarios, e.g., the
minimal supersymmetric standard model (MSSM) predicts not only a gauge coupling unifica-
tion at a high energy scale, so-called grand unification scale (GUT scale), around 2.1 x 10'
GeV, but also a radiative electroweak symmetry breaking through the renormalization group ef-
fects whereas the breaking is an assumption for the SM. Furthermore, the local supersymmetric
models, i.e., supergravity models necessarily contain the gauge and gravitational interactions
among elementary particles. Although most phenomenological /cosmological models are formu-
lated in the four-dimensional supergravity (4D SUGRA), some of them would be derived via
the compactification of certain superstring theory. Finally, we show the theoretical problems
in the SM. The observed hierarchical structure of quark and lepton mass matrices is not ex-
plained at all in the SM itself and Yukawa couplings are treated just as parameters. In the
higher-dimensional model with compactified extra dimensions, the size and flavor structure of
Yukawa couplings of quarks, leptons and Higgs bosons are determined by the overlap integrals
of their wavefunction, which can be localized in the extra-dimensional spaces. Then, the hier-
archical structure of Yukawa coupling can be dynamically generated by the quasi-localization
of the wavefunction of quarks, leptons and Higgs fields. (For more details, see, e.g., Ref. [5] for
the five-dimensional cases.) Moreover, since the matter wavefunction depends on the certain
moduli fields appearing from the dimensional reduction of the extra dimensions, the moduli
stabilization mechanism is also quite important for the particle phenomenology.

In order to solve the theoretical and phenomenological/cosmological problems of the stan-
dard model of particle physics, in this thesis, we take the following two approaches. One of
them is called as “bottom-up approach”, in which we try to explain these problems by mini-
mally extending the SM. In the first part of this thesis from Chapter 2 to Chapter 4 (part I),
we consider a five-dimensional supergravity model (5D SUGRA) that is a minimal extension
of the SM to include the extra dimension and SUSY. As explained above, these two concepts
are indicated from the string theory. In the second part of this thesis, part II, we take another
approach called “top-down approach”, in which we study a certain ultraviolet theory and the
standard model would be realized as its low energy effective theory. In particular, we focus on
the cosmological aspects of string theory from Chapter 5 to Chapter 7. In both approaches, we
discuss implications, from the future high-energy experiments and cosmological observations,
for the string model building.



The moduli cosmology in 5D supergravity model

As a bottom-up approach, we consider the 5D SUGRA, especially, a 5D SUGRA model com-
pactified on S'/Z,, which is the simplest but a workable theory, where the 4D chiral matters
arise from the orbifolding of the fifth dimension.

The first part of this thesis, part I, includes the explanation of the cosmological and phe-
nomenological aspects of the five-dimensional supergravity model with multiple moduli fields.
First, we show the simple supersymmetric moduli inflation and the moduli stabilization in
Chapter 2, where one can consider both small- and large-field inflations by employing the
wavefunction localization of matter fields in the extra dimension [6]. The small-field inflation
obtained is similar to the Starobinsky model [1], whereas the large-field inflation is categorized
into a natural inflation. On the basis of the successful moduli inflation, we discuss parti-
cle phenomenology in the MSSM with low-scale SUSY-breaking in Chapter 3 and high-scale
SUSY-breaking in Chapter 4, respectively. In the low-scale SUSY-breaking scenario, the grav-
itino becomes a viable dark matter candidate without contradicting to the Planck and LHC
data, even if the SUSY-breaking effects are communicated by the gravity mediation [7]. On
the other hand, in the high-scale SUSY-breaking scenario, sparticle spectra are similar to those
of split SUSY [8], spread SUSY [9] and pure gravity mediation [10]. Then, the dark matter
is considered as wino-like neutralino, whose relic abundance is originated from the nonthermal
decay of gravitino [11].

In general, when the other fields oscillate after the inflation, they behave like matter fields
and would dominate the universe. Since the moduli fields gravitationally couple to the matter
fields in the standard model, their decay would occur after the epoch of Big-Bang Nucleosynthe-
sis (BBN). Its problem is known as a cosmological moduli problem [12], because the successful
BBN is violated by the moduli decay. However, in both scenarios, the cosmological moduli and
gravitino problems can be solved simultaneously thanks to the structure of supersymmetric
moduli inflation and stabilization.

The axion inflation and its cosmology in string theory

As a top-down approach, we have studied the string theory which is expected as a consistent
theory of quantum gravity. In particular, we have focused on the type IIB string theory and
heterotic string theory [13, 14] with the emphasis on the axion inflation and its cosmological
consequences in each model in the second part of this thesis, part II.

When we start from the string theory, a lot of moduli fields and the axions appear in the
low-energy effective theory, through a compactification of extra dimensions. The axions are
defined as the imaginary part of moduli fields associated with the higher-dimensional tensor
fields. First of all, we will briefly review the string axions and the possible inflation mechanisms
based on them in the framework of the superstring effective action in Chapter 5. In the string
setup, the axion potential is perturbatively prohibited by the gauge symmetry of the higher-
dimensional tensor fields. One can generate the axion potential at the non-perturbative level,
in which the continuous gauge symmetry is broken into the discrete one. Then, the axion
potential is typically of the form of natural inflation. However, in this case, its decay constant
should be much larger than the Planck scale to be consistent with the Planck data [15, 16]. It



is difficult to realize such a trans-Planckian axion decay constant, because the string scale is
typically lower than the Planck scale.

In order to overcome the difficulty about the trans-Planckian axion decay constant, we
discuss the enhancement mechanism of axion decay constant by employing the (gauge) threshold
corrections for the heterotic string theory in Chapter 6 and type IIB string theory in Chapter 7.
Contrary to the previous studies, our inflation scenario predicts the modulation terms in the
inflaton potential, which give sizable effects for the cosmological observables. Hence, it is
possible to pursue our inflation scenario in the near-future cosmological observations. Finally,
we summarize this thesis in Chapter 8.



Part 1

Particle phenomenology and cosmology
in five-dimensional supergravity models



Chapter 2

Moduli inflation and stabilization in 5D
SUGRA

In this chapter, we investigate the moduli cosmology based on Ref. [6] within the framework
of the off-shell supergravity. In this framework, one can write down the exact form of moduli
kinetic terms and their scalar potential as well as their couplings to matter fields in the SM.
In particular, the 5D supergravity, known as a minimal extension of the SM with the local
SUSY and an extra dimension, has an off-shell formulation [17, 18] in the language of a local
superconformal symmetry. This method allows us a systematic study for the 4D effective action
of moduli and matter fields. Indeed, as shown in Ref. [19], the effective action obtained by the
dimensional reduction keeps the off-shell structure of the 4D supergravity, which is written in
terms of 4D N = 1 superspace [20, 21]. Therefore, after the gauge fixing of 4D superconformal
symmetry, one can obtain the on-shell action. It is the starting point for the study of moduli
inflation and its cosmology as will be discussed in Part I of this thesis. Before going to the
detail of the moduli inflation, first we review the matter contents in the 5D off-shell supergravity
action compactified on orbifold S*/Z, with two fixed points.

2.1 Elements of 5D SUGRA on S'/Z,

In this section, we review the moduli effective action obtained by compactifying 5D off-shell
supergravity on orbifold S'/Z,. Since the minimal spinor in 5D has eight real components
(Dirac spinor), it corresponds to the four-dimensional N = 2 supersymmetric theory. However,
one has to break this N = 2 SUSY to the N = 1 to obtain chiral theory. The simple set up
to carry out it is the S'/Z, orbifold in fifth dimension that corresponds to an explicit breaking
of one of the N = 2 SUSY and Lorentz symmetry in five dimensions. In general, the 5D
background metric preserving a 4D flatness is given by

ds* = GyydaMdx™ = 72y da'da” — dy? (2.1)

where M, N = 0,1,2,3,4 are 5D spacetime indices, whereas pu,v = 0,1,2,3 are 4D spacetime
indices with 7, =diag(1, —1, —1, —1) being the metric of 4D Minkowski spacetime. The warp



factor appearing in front of the metric of 4D Minkowski spacetime, f(y) depends on the fifth
coordinate y. The fundamental region of y is constrained within the range 0 < y < L under
the Z, orbifold projection y — —y. Furthermore, points on a circle are identified as y ~ y + L
with L being the length of orbifold segment and y = 0, L correspond to the fixed points.
Such the orbifold projection restricts not only the background geometry but also the fields
propagating the bulk in addition to the periodic condition g(z,y + L) = g(x,y), where g(x,y)
represents an arbitrary 5D field. Indeed, any fields g(z,y) are categorized in one of the two
classes, such as Zy-even and -odd fields, satisfying the Zs transformations g(z, —y) = g(z,y)
and g(x,—y) = —g(z,y), respectively. Then, only Zs-even fields have zero-modes which can
appear in the low-energy effective theory below the compactification scale, whereas Z3-odd
fields do not have zero-modes as shown later.

Let us show an explicit example for the boundary condition under Zs-orbifold. We first
consider a complex scalar field with the Lagrangian in flat 5D spacetime,

1
S = / d'ady 2 (9,6"0"6 + 0,6"0"9) .

After the Kaluza-Klein (KK) expansion of this scalar field,

¢(x7y): Z ¢(n)(xu)€27riny/L’

n=—oo

2

n=—oo

we obtain

Thus, we have an infinite tower of scalar fields ¢{™ with the mass-squared (27n/L)%. In
particular, the massless complex scalar field ¢(©) is called a zero-mode. As a solution of breaking
N = 2 SUSY, we introduce S'/Z, orbifold by identifying points on a circle under the action,
y — —y. Under this Z, parity transformation, there are two types of scalar fields whose
transformations are different from each other,

o(x,—y) = o(z,y) = o(x,y) Z »™ (z") cos <27r£1y> (Zy — even field),

n=—oo

oz, —y) = —d(z,y) = ¢(x,y) Z o™ () sin (27r;y> (Zy — odd field). (2.2)

n=—oo

The above arguments are also applied to fermions and gauge bosons.

2.1.1 The matter contents

First of all, we list the relevant matter contents of 5D SUGRA. From the structure of NV = 2
SUSY in 5D theory, there are three types of 5D supermultiplets such as Weyl multiplet (in-
cluding gravity), hypermultiplets (including matter contents) and vector multiplets (including
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gauge fields). These supermultiplets can be decomposed into the supermultiplets in terms of
4D N =1 SUSY owing to the structure of the orbifold.

In the following, we focus on the vector multiplets V! with I = 1,2,...,ny and hypermul-
tiplets ®, with a = 1,2,--- ,nge + nc where ne is the number of compensator hypermultiplets
that play a role of gauge fixing local superconformal symmetry. After imposing the orbifold
projection, these supermultiplets are decomposed into 4D vector multiplets V! and three types
of chiral multiplets X!, @, and ®¢, that is, VI = {V! %!} and &, = {®,, P} in the language
of 4D N' =1 SUSY. In addition to the usual Zy-even vector multiplets V! involving the vector
multiplets in the SM, we introduce multiple Z,-odd vector multiplets V' with I’ = 1,2, ..., ni.
In this thesis, we identify the Z-odd vector fields Af, in V' as gauge fields of extra U(1)y
symmetries in addition to the SM gauge symmetries, for simplicity. Although extra U(1)p
symmetries are broken by orbifolding, Z,-even chiral multiplets £/ have zero-modes where we
denote these massless chiral multiplets as moduli chiral multiplets 7?". The potential terms
for such moduli are prohibited by the hidden U(1)y gauge symmetry. For nj, = 1, the single
modulus 77" is called as radion chiral multiplet satisfying (Re 7/'=') = L /7, whereas, in the
case of multi moduli nf, > 1, the radion is identified as a linear combination of 7" 's determined
by their cubic polynomial function as presented later. Moreover, one of these moduli becomes
an inflaton field as shown later. For the hypermultiplets ®, = {®,, ®¢}, in the following, we
define the zero-mode of chiral multiplets &, as ), that includes the MSSM chiral multiplet,
right-handed neutrino chiral multiplets, SUSY-breaking chiral multiplet and the stabilizer chiral
multiplets H; (i = 1,2,...,ny). The stabilizer multiplets play a role of generating a desirable
moduli potential for the particle cosmology and phenomenology. These hypermultiplets ®,, can
have U(1); charges cg(,l) under the extra U(1); symmetries.

2.1.2 Moduli effective action in four-dimensional effective super-
gravity

First of all, we fix the number of vector and hypermultiplets in the framework of 5D supergravity.
In the following, we choose ne = 1 for simplicity. The potential of moduli multiplets T is
generated by introducing the same number of stabilizer hypermultiplets as that of Zs-odd vector
multiplets, that is, ngy = nj, as shown later. The 5D bulk action is characterized by a cubic
polynomial of vector multiplets, so-called “norm function”,

ny
NM)y= > CryxM' M/ MK, (2.3)
1,J,K=1

with Cryx for I,J, K = 1,2,...,ny being real constants. If the 5D supergravity models are
derived from the more fundamental theories, such as type IIB string theory on a warped throat
or heterotic M-theory on Calabi-Yau (CY) manifold, these coefficients C7 ; i correspond to the
intersection numbers of the CY manifolds [22].

So far, we have focused on the bulk configurations in the 5D SUGRA on S'/Z,. In addition
to these bulk terms, in general, one can introduce the boundary terms at the orbifold fixed
points y = 0, L, where the N' = 2 SUSY is partially broken down to the N’ =1 SUSY.



Kéhler and superpotential terms are allowed at Along the line of successful modulus stabi-
lization as pointed out in Ref. [23], we consider the following superpotential for the stabilizer
chiral multiplets H; at the boundary fixed points,

W = J§" H;0(y) + ) Hid(y — L), (2.4)

with Jéf)L being the real constants. We now assume that such linear terms of H; are domi-
nant [19] in the superpotential YW compared with the other terms. This assumption would be
ensured by some symmetries or dynamics. (See, Ref. [24] for a similar moduli ptential in the
case of ng = 2.) Even if the higher-order terms of H; appear in the superpotential, these terms
could be suppressed due to the almost vanishing vacuum expectation values of H; as will be
shown in the following analysis. It is also supposed that the boundary terms in the Kahler
potential are also negligible compared with the bulk terms in the Kahler potential, which can
be ensured when the volume of fifth dimension, L/, is larger enough than the inverse of the
mass scales originating from these terms.

Now the supergravity action for moduli multiplets is completely determined. In accordance
with Ref. [19], we can integrate over the fifth coordinate y out the Kaluza-Klein (KK) expansion
of fields keeping the A/ = 1 SUSY. As a result, one can extract the following 4D Kéhler potential
K and the superpotential W of moduli (7"") and zero-mode of stabilizer fields (H;),

K=—-InNReT)+ Z;(ReT) |H,|?,

W= (JO“ yenT" Jf’) H, (2.5)

where

1— 6—2c§i)Re 7!’

Zi,j (Re T) —

‘ i, (2.6)
c(;,)Re T !

is the Kéahler metric of 4D zero-modes H;. It is remarkable that the exponential factors in
K and W originate from the wavefunctions’ profile of zero-modes H; in fifth direction [19],
Hily—1 = e’cgz')Tﬂ H;|,—0. The quasi-localization of H; is controlled by the U(1); charges c(;;) of
H; corresponding to the 5D bulk mass. The exponential behavior plays important roles of not
only realizing a successful moduli inflation and stabilization, but also the hierarchical Yukawa
couplings of quarks and leptons as will be discussed in the Chapter 4.

In this way, we now discuss the effective 4D scalar potential V' for moduli and stabilizer

fields in the framework of 4D SUGRA, in which the scalar potential is provided by*
V =" (K™ D,W DxW — 3|W|?), (2.7)

with W,,, = 0,,W, K,, = 0, K and m,n runs over moduli fields (I’ = 1,2,---,nf,) and
stabilizer fields (i = 1,2,--- ,ny). D,W = W,, + K,,W is the Kéhler covariant derivative

*Here and in what follows, we employ the reduced Planck unit Mp; = 2.4 x 10'® GeV = 1 and the same
notation between the fields and their chiral multiplets, unless we specify them.



for the superpotential and K™" denotes the inverse of Kéhler metric K,,; = 0,0, K. The
extremal condition of them (9p V) = (9;V) = 0 is satisfied by the supersymmetric conditions
(DpW) = (D;W) = 0. We find that the expectation values of moduli 7! and stabilizer fields
H; become

(@)

- J
Ay zlnﬁ, (H;) = 0, (2.8)
0

which is also discussed in the single modulus case [23]. When there are no moduli mixings in
the Kahler metric, Ky ;o = 0 for I' # J', their supersymmetric masses are also estimated at a
minimum

E) (Wi )2
mp; = e W) ; (2.9)
(Kp 1) (Ki7)
where W, = 0,0, W with (Wp;) = —cﬁi)e—c(/?) <TI/>J f). From the mass formula (2.9), the mass-

. . . Dt
squared of moduli and stabilizer fields are exponentially suppressed by the factor e “r ()

which is originated in the wavefunction localization in the fifth dimension. Then, it enable us
to verify the description of 4D effective theory, because the compactification scale (typically
KK mass) can be lower than that of moduli and stabilizer fields. Furthermore, the obtained
minimum given in Eq. (2.8) lead to the supersymmetric Minkowski minimum as can be seen in
Egs. (V) =0 and (W) = 0.

Let us comment on the moduli mixing in the Kahler metric. When there is a sizable
moduli mixing in the Kahler metric, K 5 # 0 for I’ # J', a saddle point or a local maximum
would appear in the scalar potential. In order to avoid the destabilization of moduli fields, the
coetlicients C'p_y x+ in the norm function (2.3) are constrained to be an almost diagonal Kéhler
metric of moduli fields, K,y ~ 0 for I’ # J'. However, the hierarchical supersymmetric masses
|(Wri)| < [(Wyr)| (3I',J',4,5) do not lead to the above situation even in the case of a sizable
Kéahler mixing as utilized in Sec. 2.3.

From a particle phenomenological point of view, no existence of SUSY implies that SUSY
should be broken above the TeV scale. When we add a SUSY-breaking sector with almost
vanishing cosmological constant (V') = 0, the moduli stabilization will be generically affected
by them. For the time being, we assume that the SUSY-breaking scale is much smaller than the
supersymmetric mass (2.9) in order not to affect the moduli potential. In this case, the deviation
from the supersymmetric Minkowski minimum (2.8) is negligible. The above assumption is
verified in Sec. 2.4 by incorporating the moduli potential and SUSY-breaking sector at the
same time.

2.2 Moduli inflation (small-field inflation)

From now on, we show that the discussed moduli potential induces a small-field moduli inflation.
The prediction of cosmological observables are better fitted with recent Planck data [15, 16].
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First of all, we consider the situation where one pair of modulus and stabilizer fields, e.g.

T"=' and H,_,, is decoupled from the other pairs 777! and H,,. By setting cgfll) = c?,;l) =0

in Eq. (2.5), c;,zll ‘ ‘CY, 11 ‘ and ‘Jéffl)‘ < ‘Jéffl)‘ in Eq. (2.9), the other pairs of moduli and
stabilizer ﬁelds are much heavier than the light pair. Below the heavier mass scale mp . 41,
the other pairs (77!, H;1) are replaced by their vacuum expectation values given at their

supersymmetric minimum (2.8). Thus, one can extract the potential of the lightest pair (77",
H;—1) with the following effective K&hler potential and superpotential,

Keg(T, Hy) = K(T", H))
0

- —lnN(ReT)‘ + 704 ReT)‘ Hy|?,
0

Wee(TY, Hy) = W(T" | H)) .

_ (ng A )Hl, (2.10)

respectively. Here and in what follows, we denote f(T", H;)

= f(T", )

an arbitrary function f(T7, H;). The Kéhler metric of H; is then given by

(T for
(Hiz1)

TI’;él
H;zq

1 — 6—2651>Re Tt

Z11(ReT
il ) 0 cgl)ReT1

The effective potential for the light pair (T7'=', H,_) is calculated by means of the effective
Kéhler potential and superpotential (2.10), where m,n = {T", H;} with I’ = 1 and i = 1,

Vg (T, Hy) = €™ ((Keo)™" DyyWegt DiWegr — 3|[Wegt|*) - (2.11)

2.2.1 Moduli potential

Next, we study the detail of effective potential for the modulus 7" given in Eq. (2.11). On the
H; = 0 hypersurface, it reads as

Veg(T', Hy = 0) = e (K g)=" i=1 |(West )i= 1|

H1=0
JOP g g 2 el 2
c(l)ReTl 0 <1>
= 1 X : (2.12)
N(Re T) ‘ 1—e2 cgl)ReTl
0

where (K)™ =1/Z;;(ReT) ‘ . The first factor in Eq. (2.12), i.e., the polynomial term
H1=0 0
is canceled out in the restricted case,

/\/‘(ReT)‘O — PyRe T, (2.13)

where P, is independent of 7. Then, the potential has the exponential form as drawn in
Fig. 2.1, in which Vog(T", H,)/Vs is plotted on the InT! = H; = 0 hypersurface with the
following choice of parameters,

V=110, IV = -3 UV = 25%x107, (2.14)
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Figure 2.1: The inflaton potential Veg(T", H,)/Vs on the ImT* = H; = 0 hypersurface as
drawn in Fig. 1 in Ref. [6].

in the reduced Planck unit. In Fig. 2.1, the flat region of the potential is originating from the
following structures,

lim |Veg(T", Hy = 0)| = oo,
ReT1—0

lim  Vie(T', H, = 0) = Vp;! ‘Jél)

2
ReT!—oco ‘

= V., (2.15)
for J S) / Jél) # —1 and cgl) > 0. The overshooting to negative region ReT" < 0 is prohibited
as can be understood in Eq (2.15).

The obtained potential is identical to that of Starobinsky inflation [1] in the large positive
value of ReT", although the origin of the potential is different. When we identify ReT! as a
inflaton field, it will slowly rolls down to the minimum given by Eq. (2.8) with ¢ = 1 from its
large positive initial value.

We have analyzed the tree-level Kéahler potential. In contrast to the superpotential, the
one-loop correction appears in the moduli Kahler potential which is calculated in the large
volume limit [25],

1

where the correction terms depend on the number of the charged fields for the gauge fields
in Zy-odd vector multiplets V. Nevertheless, such contributions in the scalar potential are
negligible in the previous analysis, since the moduli fields are stabilized at a minimum of
potential independently to the Kahler potential. Furthermore, the one-loop effects do not alter
the inflation mechanism in the range ReT" > 1, where the inflaton slowly rolls the potential.
We confirm the effects of one-loop corrections in the following numerical analysis.

Finally, we remark a necessary and sufficient condition for the existence of flatness of the
potential in the large Re T region. As the most general form of the norm function satisfying

12



the assumption (2.13), we find that

N (M) =P(M)M*, (2.17)
where
nlv ! !
PM)= > CrpwM”M¥, (2.18)
J' K'#1

is a quadratic polynomial of fields M #! in Z,-odd vector multiplets VI'#! apart from VI'=! up
to the fields M!" in Zy-even vector multiplets V" = {VI" 31"} with I" = nf,+1,n},+2,...,ny.
Zy-0dd chiral multiplets 3" are different from %! carrying the moduli fields. When the other
fields are larger enough than T, the coefficient Py of ReT" in Eq. (2.13) is repressed by their

vacuum expectation values as shown in Eq. (2.18), i.e., Py = P(ReT)| . Following the above
0

argument, the suitable flat region for the slow-roll inflation is achieved in a moduli potential
generated by the superpotential (2.4) and the peculiar form of the norm function (2.19) in
5D SUGRA on S'/Z,. Note that, a cubic polynomial norm function N (M) prohibit the
condition (2.19) for the single modulus case nj, = 1.

Although the form of the norm function is undermined at the level of 5D SUGRA, the norm
function is directly related to the topology of internal manifold, if the 5D SUGRA is taken as
an effective description of certain ultraviolet theory such as heterotic M-theory on Calabi-Yau
three-fold. Then, norm function is identical to the A/ = 2 prepotential and their coefficients
are related to the intersection numbers of Calabi-Yau three-fold [22]. The moduli would be
identified as the closed string moduli.

2.2.2 The inflation dynamics and cosmological observables

In this section, we show the details of inflaton dynamics by identifying the real part of the
lightest modulus, Re T, as the inflaton field. One can consider any number of moduli fields
in Zy-odd vector multiplets V" n{, > 2. In the following, we choose n}, = 3 in the light of
particle cosmology and phenomenology as will be shown in Chapters 3 and 4. The form of
norm function

N(ReT) =ReT'ReT*Re T?, (2.19)

is chosen in order to realize a diagonal Ké&hler metric of moduli fields, for simplicity. Its
choice corresponds to the choice Py = ReT?ReT? in Eq. (2.18). As mentioned in the previous
section, one pair of moduli and stabilizer fields (7", H;) can be lighter enough than other pairs
(T"'#1, H, ). Furthermore, in the following, we assume that the oscillations of the other light
fields Im 7", Re H; and Im H; around their expectation values (ImT") = (Re H;) = (Im H;) =
0 are negligible during and after the inflation. For Re H; and Im H;, their minima of the scalar
potential are fixed around the origin by the Hubble-induced masses and their supersymmetric
masses during and after the inflation, respectively. Im 7! is also stabilized at the origin by its

13



supersymmetric mass. The fluctuations of these fields are negligible to the inflaton dynamics
as explicitly shown in Appendix A.

On the Im 7! = Re H, = Im H; = 0 hypersurface of the field space, the dynamics of single
field 0 = ReT" is given by its equation of motion

oo OVett

G+3Hs+17 6% +g =0, (2.20)
do
where the dot denotes the derivative with respect to a cosmic time ¢, g,p = 2(Ker) pr—1.57=1,
g°° = g;} and I'7,, = —1/0 is the Christoffel symbol constructed by the metric g,,. The
Hubble parameter H is defined in terms of the scale factor of 4D spacetime,
N 2
a 1 Vf-f
H*= (=) =2¢,,0° <, 2.21
() Lgo0” 4 (221)

where Vg is the effective potential (2.11).

For a computational reason, we change the variable from the cosmic time to the e-folding
number N = Ina(t) in Eq. (2.20). By substituting the explicit form of H and I'? into the
Eq. (2.20), the equation of motion of ¢ is rewritten as

" 900 (C /)2 !/ 2 \ e/ff (C /)2
g = ( ) (30’ 60’ ‘/e 5 (2 22)

where the prime denotes the derivative with respect to V.
The numerical values of parameters for the light pair of fields (T, H;) and heavy pairs of
fields (T3, Hy3) are chosen as (2.14) and

2 5 1 2 3 1 2 3
=)= N =N =5 I =00 =1, (2.23)

respectively. By inserting these values into Eq. (2.8), their vacuum expectation values are
numerically estimated as

(TYy ~ 11, (T?) = (T?) ~ 110, (H\) = (Hy) = (H3) = 0, (2.24)

which lead to the supersymmetric mass-squared (2.9) of the light pair (7*, H;) and heavy pairs
(T2’37 Hy3),

mi_y 1 = (4 x 10" GeV)?, MYy =Mmip_g; 3 ~ (4.8 x 107 GeV)”. (2.25)
On the other hand, the inflation scale is characterized by the Hubble parameter
Hine = (Vo /3)Y? ~ 1.0 x 10'2 GeV, (2.26)

with V. given in Eq. (2.15). Because all of these scales mp—y;—1, mp—s3,—23 and Hy, are
below the compactification scale (typical Kaluza-Klein mass scale)

" o " 16
MC_L_<N1/2>_2.1><10 GeV,



the 4D effective-theory description is ensured in the present choice of parameters. The Kaluza-
Klein scale is reduced to the grand unification theory (GUT) scale owing to the mild large
volume of the fifth dimension, (N/2) ~ 364. As shown in the next Chapter 3, such a mild
large volume plays important roles of gauge coupling unification at GUT scale in the framework
of MSSM and suppression of undermined boundary Kahler potential. It is also confirmed that
the heavy pairs of fields (T3, H,3) are decoupled from the inflation dynamics because of
Mp=1i=1 ~ Hing K Mp—g;—2, mp=3,;=3. Hence, their oscillations can be neglected and they are
fixed by their own superpotential in Eq. (2.5).

From now on, we discuss whether a small-field inflation is consistent with the recent Planck
data or not. To estimate the cosmological observables for the CMB, we first define the gener-
alized slow-roll parameters for the inflaton with its non-canonical kinetic term [26, 27],

M3, 05 Verrg™ 0o Verr (2cVg)? <£1)6051)”> ’

€=
2 & I
VoV Ve §7°02Veg — g7 0, Vg o eI o
= =7 o0 ~—(2 TL_gmer o 2.27
n ‘/eff ‘/ef-f (Cl J) J(l)e ) ( )

0

where V, is the Kahler covariant derivative with respect to the field 0. By employing these
generalized slow-roll parameters, the observed quantities such as the power spectrum of adi-
abatic curvature perturbation, its spectral tilt and the tensor-to-scalar ratio are brought into
the following form,

1 Vv
Pe(k) = 55—
2472 e M,
C dinPi(k)
n5—1+m_1—66+2n,
r=16e. (2.28)

With the initial conditions ¢ = 114 and ¢’ = 0 at N = 0, we numerically solve Eq. (2.22).
From the trajectory of ¢ in Fig. 2.2, we find that the inflation ends and oscillates around
Nena = 72.3 where the slow-roll condition is violated as max {¢,n} = 1.

In order to estimate the e-folding number after the pivot scale ky = 0.05 [Mpc™!], we denote
the scalar potential as V*l/ =yl 4(0*) with its field value at the pivot scale o = o,. The scalar

potential at the end of inflation is defined as V;/f = VY%(0enq). From the simple formula

of e-folding number after the pivot scale given by [28], one can realize an enough amount of
e-folding number

YA ALK ‘/;1/(14
N, = Ngg— N, >~ 62+1n 1076 Gov +In 17 — §1n p1/4 ~ 56. (2.29)
end R

It is now assumed that the energy of inflaton is instantaneously converted into radiation. Fur-
thermore, we employ VM~ VI~ 2% 1015 GeV and the energy density of the universe at the

end —

15



100} 60)
L= L
~ ~ 40/
g %0 ’ ® 30
40}
20!
20}
10¢
0 10 20 30 40 50 60 70 72 73 74 75 76
N (& of e-foldings) N (& of e-foldings)

Figure 2.2: The trajectory of inflaton field o = ReT" as a function of the e-folding number N
as drawn in Fig. 2 in Ref. [6].

reheating epoch pi/* = (724,/30)Tk ~ 1 x 10" GeV. As determined later in Sec. 2.2.3, the ef-
fective degrees of freedom of radiation g, = 915/4 at the reheating temperature Ty ~ 1.38 x 10°
GeV are fixed by assuming the MSSM matter contents.

By contrast, on the basis of the slow-roll approximation, the same number N, is defined as

N / D ~ / " gVt (2.30)
L = — ~ o , )
t MI%I o gga‘/e,{-lr

end end

and then the numerical value
o, ~ 111 (2.31)

is determined by equating Eq. (2.29) with Eq. (2.30).

Next, we focus on the Planck normalization on the power spectrum of adiabatic curvature
perturbation, P (ko) = 2.20£0.10x 107" [15, 16]. At the pivot scale ko, the slow-roll parameters
e and 7 are obtained by employing the numerical value (2.31),

1 J(l) (1) ’
€~ (2c§ )0)2 %e‘cl 7 L~ O(1079),
JO =0+«
JI
N~ —(2c§1)a)2ﬁ T~ 0(-002). (2.32)
0 7

They yield the correct order of the observed power spectrum, Pg(ko) ~ 2.2 x 1077, Inversely
speaking, the parameters Jé}L) are set as those in Eq. (2.14) in order to realize that resultant
Pe (ko) resides within the observed region.

In our model, by employing Eq. (2.28) and Eq. (2.32), we can also realize the correct value
of the spectral tilt of curvature perturbation, ny ~ 0.96 reported by the Planck collaborations
ns = 0.9655+0.0062 [15, 16]. In 4D supergravity inflation models, the slow-roll parameter 7 is
likely to be of order 1, i.e., |n| ~ 1 at the pivot scale. It is called as 1 problem peculiar to the
4D supergravity framework. However, our inflation model is free from such 7 problem because
of the exponential factor and the large value of the inflaton field (real part of modulus field).
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We summarize the numerical results of inflation dynamics. With the sample values of
parameters (2.14) and (2.23), the numerical values of cosmological observables are estimated
as

Pe =223 %1077, ns = 0.96, r=1.6x 107, (2.33)

with the enough e-foldings N, ~ 56. The tiny values of tensor-to-scalar ratio is outside the
current sensitivity of Planck,

r<0.11, (2.34)

at the scale k, = 0.05[Mpc™'] [15, 16]. The running of the scalar spectral index is also neg-
ligible, relative to the current observational sensitivity. Hence, the analyzed inflation model
is consistent with the Planck data [15, 16]. It is remarkable that this inflation mechanism is
categorized as the small-field inflation, since the field variable of the canonically normalized
inflaton field 0 = ReT" is smaller than the reduced Planck scale,

1
AG =06, — Oenq ~ 0.3Mp;, 0= ilog o. (2.35)

In this class of small-field inflation, the tensor-to-scalar ratio is suppressed by the tiny slow-roll
parameter € as can be seen in Eq. (2.33). Although the obtained predictions are in agreement
with the current Planck data, it is hard to detect to them even in the near-future experiments.

In Sec. 2.3, we will show a large-field inflation which is one of the few candidates to generate
a detectable tensor-to-scalar ratio on the basis of similar moduli potential.

2.2.3 Reheating process

Before going to the detail of large-field inflation, we discuss the reheating process. After the
end of inflation, the coherent oscillation of inflaton field dominates the energy density of the
universe and releases the entropy. When inflaton decays into the particles in the supersymmetric
standard model, the universe is thermalized. For the matter content of the visible sector in
the 4D effective theory, we consider that of MSSM. Although the inflaton decay is expected
to be model-dependent, the main decay channel is the inflaton into gauge-boson pairs through
the gauge kinetic function as confirmed in Chapters 3 and 4. We also discuss the other decay
channels later. Thus, the reheating temperature is roughly estimated from this main decay
channel.
The moduli fields couple to gauge fields through the following Lagrangian,

1
L= —RefF},F""

1
= —Z(Re fo) o, FTH —

l ORe f,
4\ 9o

> 36 Fr, FHY (2.36)

where f, = Z?/ﬂ &l with &, = Cp yr—p g7, is the bulk gauge kinetic function f,.(T).
The index r = 1,2,3 stands for the gauge groups in the standard model, U(1)y, SU(2).,
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SU(3)c respectively. The total decay width from the canonically normalized inflaton ¢ into
the gauge-bosons (¢(™) is calculated as

3 3 1 23
N¢ &, ms;
I ~ INE ) o o™ G ~ 9
g (6 =g +4g") = 5 387 s MG 3.95GeV, (2.37)

where { N}, N3, N2} = {1,3,8} is the number of the gauge bosons in the MSSM. The coeffi-
cients in the gauge kinetic function are the free parameters in 5D SUGRA. We chose them as
&l = &2 = ¢ = 0.22 and otherwise zero so that the gauge coupling unification at the GUT scale
is realized,

Re £,((T)) = (l)2 ~ 373, (2.38)

a

When the inflaton decays into gauge-boson pairs instantaneously, the reheating temperature
is roughly estimated by equating its total decay width with the expansion rate of the universe,

I' ~ H(TR),
5 —1/4
TG
o Th = ( 93 ) VT Mp; ~ 1.38 x 10° GeV, (2.39)

with g. = 915/4 at the reheating in the MSSM. As will be verified in Sec. 2.4, other heavy
fields do not oscillate so much and do not dominate the energy density of the universe.

2.3 Moduli inflation (large-field inflation)

In this section, we show the large-field inflation on the basis of the 4D effective theory. In
contrast to the small-field inflation, the large-field inflation produces a sizable gravitational
wave which could be checked by the near-future observations. In the following, we focus on
two light pairs of modulus and stabilizer fields, e.g., (T, H;) with I’ = i = 1,2. The other
pairs T7#12 and H; 412 can be heavier enough than the light pairs under the following choice of

parameters o713 = 213 = 0in Eq. (25), |ei21Y| < |ef=3 | in Ea. (29), |57 < |47

and ‘Jfl’z‘ < )Jzﬂ’g‘ in Eq. (2.9). One can replace the heavy pairs by their expectation
values below the heavier mass scale mp.25212. Then, the effective Kahler potential and
superpotential for the light pairs (77, H;) with I’ =i = 1,2 are described by

KeH<T1,H1,T2,H2) = —1HN(R€T> ’ + Zlyj(ReT) ‘ |]¥1|2 + ZQQ RGT) ’0 |H2|2,

(Q)TI

Woa(TY, Hy, T, Hy) = (ng 7! 0 )) H + (JéQ) yee J(2)> Ho, (2.40)
TIEL2 T2 for an arbitrary function of moduli and sta-

Hiz12 = (Hiz1,2)
bilizer fields f(T7, H;). Here, we implicitly assume that H; (Hy) has only U(1); (U(1)y) charge

where (T, H;) .= (", Hy)
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and their Kahler metrics are given by

1 — e—2c9)ReTﬂ 1 — e—20§?>ReTﬂ
Z,1(ReT)| = . Zys(ReT)| = . 2.41
11(Re) 0 cg})ReTI' 22(ReT) 0 cg)ReTI' (2:41)

Thus, the effective scalar potential of light pairs is obtained in terms of Kahler potential and
superpotential (2.40),

%H(Tla H17 T27 HZ) - eKeH ((Keff)mﬁ DmWeff DﬁWeff - 3|Weff‘2) ) (242)

where m,n = {T", H;} with I' = 1,2 and i = 1,2.
To complete our discussions, we have to specify the form of the norm function. Its most
general form carrying two light moduli 7" and 77 is

N(ReT) L= Ci11(ReT)? + O 12(ReTh)?(ReT?) 4 C o2 (ReT ) (ReT?)? + Cyg9(ReT?)?,
(2.43)

up to the heavy-moduli-dependent parts. Here, we omit the couplings between the heavy fields
T" with I' = 3,4,--- and the lighter fields 7" and 72 for simplicity. To simplify the scalar
potential (2.42), we redefine the moduli fields as
(D1 ()2 (2)p1 (2) 2
p=al tol’ mp_al tol (2.44)
c d

Correspondingly, the stabilizer fields H; and Hs have the U(1) charges, ¢ and d, for a linear
combination of the Zy-odd vector fields A{\;[A in V' with I’ = 1,2. In this field base (7", 7?),
there are no mixing terms between 7" and 7% in the superpotential (2.40) as can be seen from

W (T, Hy, T2, H,) = (ng> 4T Jé”) H + (Jé2) 4 emdT? Jf’) Hy.  (2.45)

Since each of T and 7?2 has the independent superpotential, the vacuum expectation values
of moduli 7 1,T 2 and stabilizer fields H;, Hy are determined in a similar way as in the case
of small-field inflation (2.8). Thus, the minimization conditions of moduli and stabilizer fields
in the scalar potential (2.42) (V;,) = (V;) = 0, I';i = 1,2 with Vi = 9pV and V; = 9,V are
satisfied under

T = 11‘78) 12 —11“79 H) = (Hy)) = 0 2.46
<>_EHE7 ()—an?, <1>—<2>—- (-)

Then, one can obtain the supersymmetric Minkowski minimum = (V') = 0 because (D;, W) =
(D;W) = (W) =0 at the minimum given by Eq. (2.46).
To obtain the successful large-field inflation, we assume that the coefficients Cp j g in the

norm function and the U(1) charges cy,) for I, J', K = 1,2 and i = 1, 2 are chosen so that the
norm function has the following form in the hatted field base,

N (ReT) = a(ReT")(ReT? — bReT™)?, (2.47)
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up to the heavy-moduli-dependent parts, which is omitted in the following analysis for sim-
plicity. Here, a and b are positive real constants fixed by values of Cp y g and Cp) as, e.g.,
a = Cgl ( ) /C (62 ) ,b = CCg2 /dCll) for C(21) = 01’171 = CLLQ = 02,272 = 0 and 01’2’2 = 1.
The above speaﬁc form of norm function (2.47) yields a moduli mixing in the Kéhler metric,
5 # 0 for I =+ J', which will plays an important role of stabilizing the Re Tt as will be
shown in Sec. 2.3.1.
Next, we analyze the mass-squared matrix given by the scalar potential (2.42). It reduces to
a block-diagonal form with two nonvanishing blocks at the vacuum, because the mixing terms
are absent as follows,

(Viige) = Vi) = (Ving,) = Vieg,) = (Vieg,) =0,
<<KeH)T1H1> = <(KeH)T1H2> = <(K6H>T2gl> = <<Ke{'f)T2 2) = 07 (248)
for Viun = 0,0,V with m,n = {TI/,Hi} with I’;i = 1,2. Thus, one can analyze the mass
matrices of the moduli 77" and the stabilizer fields H; independently.

First of all, let us analyze the mass-squared matrix of the moduli m?, where the canonically
normalized moduli fields (/") are given by

2
= Z \/ 2(K)pUp T, (2.49)
J'=1

with (K;); and (K;)2 being the eigenvalues of kinetic terms of moduli diagonalized by the
matrix U. Their explicit form are given by'

o (2430°)(0")? =2ba'0? + (o) Aot 0?)
(Kph = 8(c1)2(c2 — bo')? + 8(c1)2(0% — bo!)?’
L (2430%)(0')? = 2balo® + (0%)* A(ol,0?)
(Kz)2 8(01)2(0? —bol)? 8(01)2(0? —bol)2’
Ao, 0?) = (44 4% + 9b*) (oH)* + 4b(2 — 3b?)(01)? o2
+2(50* — 2)(")*(0?)? — dba' (6%)% + (o), (2.50)
where o' = ReT?" and

(U 1
v (o)

(2=3b%)(c")? 4+ 2b0'0? — (02)? A(ot, 0?)

U= b (o1)? T ab(oh)?
~ (2-30%) (") +2bo'0? — (0°)° Aot 0?)
Uy = 1b ()2 + 1 (01)? (2.51)

fAlthough we omitted such a diagonalizing matrix U in the imaginary part of 77" in Ref. [6], the following
discussion and conclusion are the same expect for the supersymmetric masses scale of Imt!" given by Eq. (2.67)
and the discussion of reheating process in Sec. 2.3.2.
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In this basis, their mass-squared matrix is estimated as

1 0 1 0
[ 1 - 1|7 '
0 m 72772 0 (K4)2
where VTI/%J/ = <6KCH(Keﬁ)HiHjWTI/HiWTJIHj>'

Second, canonically normalized stabilizer fields h; are given by

where (Ky)1 = (Ket) i, m,) and (Kpg)2 = ((Kefr) 11, 17,) arve the eigenvalues of the diagonalized
Kéhler metric of the stabilizer fields. In this basis, the mass-squared matrix of the stabilizer
field is estimated as

_1 _1
m2 = [V 01 (gHH “;HH) (Kn) 01 7 (2.54)
0 s HoHy HoHo 0 \/ &)

AI/ iJ/ S
where Vi, g, = (efert (K g)T" T WTI’HiWTJ’H]_>. /
Consequently, we find the supersymmetric masses of the canonically normalized moduli ¢
and stabilizer fields h; as

€<KEH><( )H1H1><WT1H1>
<< eH>T1T1>
M = Mo o S (Ko )22 (Kot) T ) (W),

, ) (Ko T (W )2

2 _ 2
MRpep = My = )

2 _
MRen,y Mimp, = <(Keff)H1P]1> )
22
Re hg Tm ho <(Keff)H2 H2>

Thus, their supersymmetric mass-squared are all positive at the vacuum under the limit of
(Wiig,) < (Wiap,). As mentioned in Sec. 2.1.2, if there is no hierarchy between (Wj.,; ) and
(Wiap,), sizable Kihler mixings may spoil the stability of the vacuum.

As can be seen in Eqgs. (2.46) and (2.55), two lighter pairs of modulus and stabilizer (7",
H;) with I' = ¢ = 1, 2 have totally independent vacuum expectation values and supersymmetric
masses to each other. By assuming a hierarchy between the parameters in the superpotential
such as [J}| < |J2| and |J}| < |J?], we can further integrate out the second pair (12, Hy) in
addition to the heavy pairs of moduli and stabilizers. The effective potential for the first pair
(T", Hy) is then extracted as

Vg (T Hy) = et ((Kog)™" Dy Wegr DaWet — 3|West]?) | (2.56)
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where m,n = {T",i} with I’ = 1 and i = 1. In the notation f(T"', H;)

= f(TI,7 Hz)’ TI'#1,2 — <T1/¢1,2>
0 TI#2 _ <T1’¢2>
Hiz1 = (Hiz1)
for an arbitrary function f(T", H;), the above effective Kiihler potential Kz and superpotential
Weg are expressed as

Kei(T', H)) = — N (ReT) ‘0 + Zii(ReT) ]0 )%,

Wee(TY, Hy) = (J(§”+e*cf 1J§”> . (2.57)

2.3.1 Moduli potential

From now on, we analyze the dynamics of light pair of modulus and stabilizer field appearing
in the above effective potential (2.56). On the Hy = 0 hypersurface, the scalar potential of the
modulus 7" = ¢ + i7 is given, by setting the parameter in the norm function (2.47) as a = 1,
by

Ve (T, Hy = 0) = "7 (Ko ) == | (Weg) i |

H1=0
= A*(1 — Acos(cT)), (2.58)
where
A = ¢ Jon + Jhe >
((ReT?) —bo)? 1—e20 7
JorJr1e”
A= 2 ) 2.59
Jo + IR0 259
With the following choice of parameters
c=1/10, JVY = —47x10?,  JY =425%x107°,  b=15 (2.60)

in the reduced Planck unit, the scalar potential on the (o, 7)-plane is drawn in Fig. 2.3. Here
and in what follows, we employ the different numerical values of parameters from those in
Ref. [6] in order to be better fitted by the Planck data [15, 16]. It is found that the potential
has a periodic property in the imaginary direction 7 and 7 will be stabilized at the origin as
can be seen in Eq. (2.58). To show the behavior of the real direction o, we draw the potential
on the hypersurfaces 7 = 10 (dotted line), 7 = 5 (dot-dashed line) and 7 = 0 (thick line) in Fig.
2.4. Equation (2.58) shows that the negative region of o < 0 is unphysical one, because the
volume of fifth direction can be negative. Indeed, A in Eq. (2.58) diverges in the limit of ¢ — 0.
On the other hand, the overshooting to a large-field region, o > (Re T2> /b, is also prohibited
as shown in Eq. (2.58) which is coming from the negative sign in the norm function (2.47). We
then find the following property of the potential (2.58)

Clim |Veg(TY, Hy = 0)| = 0. (2.61)
ReTt—(ReT?)/b
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Figure 2.3: The inflaton potential (2.58) on the H; = 0 hypersurface as drawn in Fig. 5 in
Ref. [6].
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Figure 2.4: The dotted, dot-dashed, and thick lines represent the inflaton potential (2.58) on
the hypersurfaces 7 = 10, 7 = 5 and 7 = 0, respectively as drawn in Fig. 6 in Ref. [6].

Now, we suppose that Re 12 is already stabilized at the supersymmetric minimum of the po-
tential given by Eq. (2.46).

From the above argument, the potential of natural inflation [29] is effectively realized when
we identify 7 = Im 7' as the inflaton field. The real direction o will effectively stabilized
at a value without depending on the field value of 7 and will not be destabilized during the
inflationary era. After the inflation, o rolls down to the true minimum (2.46) and oscillates
around it. The above statements is justified by solving the equations of motion for two fields o
and 7. The stabilizer fields Re H; and Im H; are stabilized at the origin by the vacuum energy,
i.e., Hubble-induced mass,

O* Vgt

M~ (Keg)y i Vs 2.62

where (Ket) g, 7, = O, O, Kest = Z11(Re T) is the Kahler metric of stabilizer field H;. There-
fore, in the following analysis, we omit the fluctuations of the stabilizer fields, Re H; and Im Hq,
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around their vacuum expectation values (Re H;) = (Im H;) = 0 during and after the inflation.
On the (Re Hy) = (Im H;) = 0 hypersurface, the equations of motion for ¢ and 7 reduce to

17

3 b33

o =~ (1~ Lyn) (30’ +6 02(<T2> o) aUVBH> + (0/)2 (r)? (

— bo
((T?) — bo)? 4 20202 Verr —b

"

)" —
0)? + 2b%0?

(

((
02(<T2> —bo)? 0, Veg L 207 (( ['2
(<T2> —bo)2 + 20202 Ve (<

(T = bo)2 4 20202 1, o
fan =~ oy ()2 + (), (2.63)

T = — (1 _Ekin) (37'/ +6

where the prime denotes the derivative with respect to the e-folding number N, and the Christof-
fel symbol for the target space is conduced by the metric g, = g, = %

First of all, we set the numerical values of parameters as those (2.60) for the light fields (T L
Hy) and
d=1/20, JP/ 3P =—9  J9 =10, (2.64)

for the heavier fields T? and Hy, respectively. Eq. (2.46) allows us to estimate the vacuum
expectation values of fields,

(TYY ~1, (1% = 4394, (H)) = (H,) = 0, (2.65)

which are also translated into those of the canonically normalized fields defined in Eqs. (2.49)
and (2.53),

(Ret') ~ 2.29, (Ret?) ~ 1.22, (¢Y) = (¢*) = (h) = (hy) = 0. (2.66)

By inserting them into Eq. (2.55), one can estimate the supersymmetric masses of moduli and
stabilizer fields as

(MRen)” = (Mimin)? 2= (MReny)” 2 (Mimp,)” 2 (6 x 10" GeV)Q,
(Mier2)® = (Mimr2)® = (Mieny)® = (Mimny)® = (4 % 100 GeV)? (2.67)

which ensures that second pair (T2,H2) are heavier enough than the first pair (Tl,Hl) as
mentioned before. The numerical value of Hubble scale becomes

Hine = (Ving/3M3)"? ~ 2 x 10" GeV, (2.68)

where Viye ~ A% is given in Eq. (2.58). Thus, it is found that the masses of moduli and
stabilizers (2.67) and Hubble scale (2.68) are well below the compactification scale Mo ~
TMp /(N (ReT))/? ~ 2.6 x 10'7GeV, and the 4D effective theory description is valid. We
again remark that the pair (72, H,) playing a role of stabilizing ReT" is stabilized at (77,
H,)-independent minimum and they are decoupled from the inflaton dynamics, i.e., H2, <
(M), (M%), (Mg p2)s (M, ,2)- Then, one can treat only the inflaton dynamics.

24

—bo)? — 2b%c3
— bo)? 4 20202

)
)



Next, in order to estimate the cosmological observables constrained by Planck, we define
the general slow-roll parameters in the case of two fields [26, 27],

97 (Ve \> g7 (0, Ver\®
e="—|—) +— | —— ) ,
2 Veff 2 veff

1 (vivjveﬂE vivjmﬁ)}

7 = minimum eigenvalue of {

Ver \V'V,;Ver V'V3Veg
oo 2 2
:g_ 8080‘/;JH + a‘raﬂ'v;:ff N (ao'aovveff _ 87'67"/:#1r _ QFZUaU‘/:aH> +4 (aaar‘/eff B Fgaa‘r‘/;sz> ’
2 Vet Vesr Vesr Vet off Vet off
(2.69)

with i, 7 = Tt In a similar way to the single field case, the cosmological observables are defined
in terms of these slow-roll parameters as shown in Eq. (2.28).

Let us numerically solve their equations of motion (2.63) as a function of e-folding number
N. By setting the initial conditions (o,7) = (1,20) and (¢',7) = (0,0) at N = 0, ¢ and 7
evolve as drawn in Fig. 2.5. The violation of slow-roll condition, max {e,n} = 1, occurs at
about Neyq =~ 76 e-folds. As confirmed in Fig. 2.5, in the inflationary era, the real part of the
light modulus, o, is stabilized at a field value different from that at the true vacuum. After the
end of inflation, it rolls down to the minimum and oscillates around the vacuum.

Such a phenomenon is understood from the mass term of o and the equation of motion (2.63).
The mass-squared of o consists of two parts. First one is the Hubble-induced mass H;,; defined
by Eq. (2.68) and second one is the supersymmetric mass term mgysy ~ myu ~ O(10) GeV
in the superpotential (2.40). The mass term is thus given by

0505 Vg =~ 3k(0)HE; + miygy- (2.70)

m

Here, k(o) represents a certain function of o whose numerical value is of O(1) during and after
the inflation. Since the Hubble parameter has an almost constant value during the inflation, it
controls the mass-squared of ¢ in Eq. (2.70). Then, in the inflationary era, the real part o is
effectively stabilized at a different point away from its vacuum determined by the second term
in Eq. (2.70). After the inflation, the later part in Eq. (2.70) dominates the mass term of o
compared with the Hubble-induced one.

Next, we analytically estimate the “stabilized” value of o during the inflation. In the slow-
roll regime, ¢' < 1 and 7 < 1, the equation of motion for o given in Eq. (2.63) is simplified
by dropping the mixing term proportional to o

/ V.

o =—g""—=>
%
2 2ce2cC Viac(0)
— g | — . e+ , 2.71
g <<T2>/b — 1 — e 2o > VvV ( )

_ 2 2
where V(o) = effei (Kg) Mt (‘Jél)) - ‘Jg)‘ 62“) JN. When the terms in the first
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Figure 2.5: The trajectories of ¢ = ReT" (black curves) and 7 = Im7" (red curves) as a
function of the e-folding number N drawn in Fig. 7 in Ref. [6].

parentheses of Eq. (2.71) vanish at the field value o = oy, opr satisfies the following relation,

2 2c e~ 2¢Tint
- - 2¢O ¢ = O’
<T2>/b _ O-inf 1 — e inf
L) =2 con (2 o) (2.72)
b ¢ (1 + e2comr) ' '

When the value of oy, is chosen as that at the vacuum (o) given by Eq. (2.46), the second term
in the right handed side of Eq. (2.71) is almost vanishing simultaneously. From this perspective,
the parameters of the heavier modulus 7% are constrained to satisfy

(T?) —2+c{o) +e¥* (24 c{o))

~

b c(1+ e%im) ’

(2.73)

which holds in the our numerical analysis.

As a result, the real part o is effectively stabilized at oy, and the inflaton dynamics is
dominated by the imaginary part 7. One can then consider the single-field inflation model.
In contrast to the multi-field inflation model, sizable isocurvature perturbations caused by the
real part o can be suppressed. Around the end of inflation, one cannot capture the dynamics of
o through Eq. (2.71), because the slow-roll conditions are violated. Therefore, we numerically
solve the full equations of motion (2.63) and find the trajectories of o and 7. The inflationary
trajectory is drawn on the (7, o)-plane in Fig. 2.6, where the equation of motion of inflaton
is approximated in Eq. (2.71) on the black dotted curve, whereas on the red solid curve, the
equations of motion (2.63) are numerically solved.

From the observational point of view, the inflaton potential is categorized into that of
natural inflation [29]. With our choice of parameter settings (2.60) to realize oy,y ~ (o), the
value of A\ appearing in the scalar potential (2.59) is almost equal to 1. For the canonically
normalized field ¢! = k7, the effective potential becomes

Ver = A(1 = Acos(¢g')), (2.74)
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Figure 2.6: The inflaton trajectory on the field space of 7 and o as drawn in Fig. 8 in Ref. [6].
The equation of motion of inflaton is approximated in Eq. (2.71) on the black dotted curve,
whereas on the red solid curve, the full equations of motion (2.63) are numerically solved.

where ¢ = c/k and k = /2(Kegr) jugy = \/( 202(1;72 2+2b2202. Correspondingly, the slow-roll

parameters are obtained as

M, (a(bIV)? _ (eMp)*, 1—cos’(e9))
2 ¢

Vv 2 (1 — Acos(ép!))?’
Op1 0V cos(¢ o!)
_ 2 ettt Y 2
n=Me V (¢ M) /\1 — Acos(¢ot)’
V/V/// .
&= J\4{§1v = —2(¢é Mpy)?e, (2.75)

and hereafter, the tensor-to-scalar ratio, spectral tilt of curvature perturbation and its running
are yielded as in Eq. (2.28), up to a leading order,

r = 106c¢,
ns = 1 — 2n + Ge,
dng/dInk = —24€* + 16en — 262 (2.76)

In our setup, the inflaton field 7 is the zero-mode of fifth component of the U(1),—; gauge
field, Agzl, i.e., axion. The Kéahler potential has a shift symmetry originating from the U (1),
gauge symmetry, whereas in the superpotential, the continuous shift symmetry is broken to the
discrete one. Such a discrete symmetry is controlled by its decay constant fy = ¢!, as shown
in the potential (2.74). The recent Planck data [15, 16] requires the large axion decay constant
fsr > 5Mp; which is achieved by the small U(1);—; charge ¢ in Eq. (2.60). Moreover, the
n-problem peculiar to the 4D supergravity models is prevented in our framework. However, the
n-problem is solved in a different way to the case of small-field inflation in Sec. 2.2. Since the
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Kahler potential does not contain the axion field 7 because of the U(1);—; gauge symmetry,
the slow-roll parameter n can be taken smaller than 1.

Along the same step outlined in Sec. 2.2, we define the e-folding number N = N, and
the scalar potential V, = V(o,,7.) at the field values (0,7) = (04, 7.) corresponding to the
pivot scale, whereas Neng and Veng = V(0end, Tena) are evaluated at the field values (oend, Tend)
corresponding to the end of inflation. Then, an amount of e-folding number N, = Nenq — N,
can be written in terms of them [28],

Ak Ve Vei/d4

+In ——In
16 1/4 /4
106 GeV V:en/d 3 IOR/

N, ~62 + In (2.77)

with V4 ~ 4% 101 GeV and pj* = (729, /30)Tx ~ 2.6 x 10° GeV. The reheating temperature

end —
Tr ~ 8.8 x 10® GeV will be given later in Sec. 2.3.2. Since the same amount of e-folding number

N, is also defined by

N, = — / " 1) di (2.78)

tend

it is found that the numerical values of moduli fields o, 7. and the scalar potential V4 are
obtained by equating Eq. (2.77) with Eq. (2.78),

o, ~ 098, 7.~16, VY*~3x10%GeV, N, =16, N.=60. (2.79)

At these field values corresponding to the pivot scale, we extract the numerical values of
cosmological observables such as the power spectrum of curvature perturbation F%, its spectral
index ng, the running of its spectral index dns/d In k and the tensor-to-scalar ratio r as follows,

P: ~2x107% n, = 0.963, r ~ 0.09, (2.80)

which are consistent with those of usual natural inflation [30]. This natural inflation is cat-
egorized into the large-field inflation, because the field variable of the canonically normalized
inflaton ¢! is provided by

A¢' = ¢l — ¢l ~13.3 Mp,. (2.81)

end —

We comment on the details of natural inflation with single axion and multiple axions on the
basis of string theory in Chapter 5. In the following subsections 2.3.2 and 2.4, we focus on the
oscillations of moduli and stabilizers after the inflation.

2.3.2 Reheating process

After the inflation, the field #! and the axion-inflaton @' oscillate at the same time. Since
the axion-inflaton ¢! is not included in the Kahler potential because of a shift symmetry, that
is a U(1) symmetry, ¢* cannot decay into the matter chiral multiplets @, originating in the
hypermultiplet @, through the Kahler potential. A possible decay channel is only coming from
the superpotential, in particular, the Yukawa coupling in the superpotential. However, these

28



decay widths are suppressed by the masses of matter fields. Although the couplings among
the modulus ¢! and the gauge bosons are dimension-five operators, ¢! mainly decays into the
gauge-boson pairs.

Let us consider the 4D effective theory as MSSM. The reheating process after the end of
inflation is almost the same as discussed in Sec. 2.2. Around the vacuum, the relevant terms
in the Lagrangian is expanded as

1
£ —Zlm [, F} F

vt po
1 uvpo T T 1 /0Im fT 1 _pvpo por o
= —§<Im fT>€ Fﬂpra — g 8¢1 (5¢ € Fqupa’ (282)

Then the total decay width from the field ¢ into the gauge bosons (¢(") is calculated as

3 3 T 1 2 2 3

1 N, § U. m3
I\d) ~ E I 1 (r) + (r) ~ z : G r 2,2 t
— (@ =" +g7) 647 \ Re f; 2(K;)1(Ui Usy — Uy oUsy) | Mg

r=1

~ 22 GeV, (2.83)

where N{ is the number of the gauge bosons in the MSSM. With the numerical values of
moduli fields (2.66), the eigenvalues and diagonalized matrix of Ké&hler metric are yielded
as (\/2(K3)1) ~ 0.76, (Ui1) ~ —42.34, (Us1) ~ 0.024, (Ur2) = (Uz) = 1 and my =~
6 x 10'3 GeV. In addition, we set £! = 3.72 and otherwise 0 to realize the correct size of gauge
coupling unification (f.) = 1/(g,)* = 3.73 at the GUT scale (~ 2.0 x 10*[GeV]).

By employing the sudden-decay approximation, the reheating temperature is estimated by
equating the total decay width of inflaton with Hubble parameter,

I ~ H(Tg),
9 —1/4
T 0y T
< Tr= ( 93 ) VI Mp; ~ 8.8 x 10° GeV, (2.84)

where g, = 915/4 is the effective degrees of freedom at the reheating in the MSSM. Although
the real part o also oscillates at the end of inflation, its decay time is almost the same as that
given by Eq. (2.84).

2.4 Cosmological moduli problems

In this section, we take into account the oscillations of other moduli and stabilizer fields. In
general, when the other fields oscillate after the inflation, they behave like matter fields and
would dominate the universe. Since the moduli fields gravitationally couple to the matter
fields in the standard model, its decay time would occur after the epoch of Big-Bang Nucle-
osynthesis (BBN). This problem is known as a cosmological moduli problem [12], because the
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successful BBN is violated by the moduli decay. Moreover, the nonthermally generated grav-
itinos produced by the moduli decay are severely constrained in order not to induce the huge
amount of dark matter and violate the successful BBN. This is called moduli-induced gravitino
problem [31].

In our both inflation models, the moduli and stabilizers do not break the supersymmetry and
the decay into the gravitino is suppressed. Thus, one can solve the moduli-induced gravitino
problem. Even if we add a source of the SUSY-breaking, these moduli and stabilizers would
have large supersymmetric masses and do not obtain the F-term. In the following, we add the
SUSY-breaking effects on the inflaton superpotential Wg in Eq. (2.57) or,

W = Weg + AW(T), (2.85)

where AW (T") denotes the SUSY-breaking sector, that generically involves the inflaton mul-
tiplet 7. Here, it is assumed that the other fields (77, H;) with I’,i # 1 are stabilized and
do not oscillate around their supersymmetric minimum thanks to their large supersymmetric
masses.

When the SUSY-breaking scale is larger enough than the inflation scale, one has to analyze
the full scalar potential in general. From now on, we focus on the situation which the SUSY-
breaking is smaller than the inflation scale. By assuming (AW) ~ (07 (AW)) < 1 in the
reduced Planck unit, the deviation from the supersymmetric Minkowski minimum (2.8) is
evaluated by employing the reference point method [32].

The reference point is chosen as the minimum as close to the true minimum as possible. In
our model, the reference point is set to satisfy

DH1W|ref - WH1 + (KeH)H1W = Oa
R J(l)
& T et = lnL1 and Hil.ef =0,
I3

D W liet = (Kegt) 1 AW, (2.86)

where one can choose the effective Kahler potential K¢ given in Egs. (2.10) or (2.57) for each
scenario. As explicitly shown in Appendix A, the deviations d¢ from the reference point Ol ref
for ¢ = T, H; are found as,

2 .
it — o (LBWEY gy, - B nBW o ey (2.87)
N WA
TYH, TYH,

The scalar potential is minimized by these variations at the first order of 6T and 6H,. Thus,
our reference point method is justified only if the the supersymmetric masses of the moduli
and stabilizers are larger than the supersymmetry breaking scale, that is, (Wi, ) > (AW)

in the reduced Planck unit. In terms of them, the F-terms of 7' and H; are evaluated at the

In the following analysis, one can both consider the inflation scenarios.
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SUSY-breaking minimum as,

1 Pl F m 3
(Kett) jujn FT = =572\ [(Keg) i (Kea)" " D,W >~ O <—((m1:/21))2> ,
et
(Ket) g, 1, FT = ="t/ [( Kot g, 1, (Ket) 7 DyW =~ O {map)” (2.88)
eff ) Hy Hy - eff ) H, H, eff J — (m )2 ’ .
Re hi

2 2

where (my1)
Eq. (2.55).

We conclude that the SUSY-breaking sector does not alter the inflaton dynamics if the size
of SUSY-breaking scale is much smaller than the inflation scale. Since the light fields 7" and H;
have almost vanishing F-terms, their decay channels into the gravitino are enough suppressed.
There is no moduli-induced gravitino problem in our framework. In Chapter 3, we construct
the detailed SUSY-breaking sector and evaluate the amount of gravitino quantitatively. In
addition to the above issues, we check whether the field oscillations are suppressed or not. If
the fields other than the inflaton oscillate and dominate the universe after the inflation, they
drastically change the thermal history of the universe.

In each inflation scenario, even if we add the source of small SUSY-breaking scale compared
with the supersymmetric mass term in the superpotential, the stabilizer field H; and the in-
flaton obtain the supersymmetric masses of the same order at the SUSY-breaking minimum.
However, in the inflationary era, H; has the Hubble-induced mass proportional to H;,s shown in
Egs. (2.26) and (2.68) in each inflation scenario proposed in Sec. 2.2 and Sec. 2.3, respectively.
Then, its oscillation amplitude AH; becomes

AHl ~ 5Hl‘inf — 5H1|vac ~ O (AW> -0 <AW> s (289)
Hing My

and (my,)? are the supersymmetric masses of moduli and stabilizers given in

where 0Hiling (0H1|vac) is the deviation of H; from the supersymmetric Minkowski mini-
mum (2.8) during the inflation (at the SUSY-breaking minimum). As a result, in each inflation
scenario, H; is strictly fixed at the origin during inflation and at the SUSY-breaking minimum
after inflation, respectively. The oscillation of H; is enough suppressed so that it does not
dominate the universe. By a similar argument as in the case of small-field inflation discussed
in Sec. 2.2, the imaginary part of modulus Im 7" is also strictly fixed at the origin as well if
its initial position is located at the value close to the origin. Since the Kahler potential has a
shift symmetry orginating from the gauge symmetry for the imaginary part, the inflationary
dynamics is irrelevant to the it.
Finally, we check whether the one-loop corrections affect the inflaton dynamics or not. As
calculated in Ref. [25], the moduli Kédhler potential given by Eq. (6.10) receives the following
one-loop correction, )
Kt el/(32m2N)

N
In the large field inflation scenario, the Re Tl—dependence of Kéahler potential is the same as
that of the tree-level one. Thus the scalar potential also diverges in the limit b Re Tr — ReT?
and ReT" is effectively stabilized in the same way as discussed in Sec. 2.3. Also, in the case of

— 00, (2.90)
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small field inflation, the inflaton rolls down to the minimum from the large field value of Re T".
In this region, such a correction is suppressed and inflaton dynamics is not altered.

2.5 Implication for string model building

It would be possible to derive the 5D supergravity studied in this chapter from a more fun-
damental theory such as type IIB superstring theory in ten-dimensions and the M-theory in
eleven-dimensions [22].

The discussed moduli inflation highly depends on the form of norm function. If the 5D
supergravity model is embedded into the heterotic M-theory on CY manifold, the norm function
coefficients C j i correspond to the intersection numbers of CY manifold. In particular, in the
case of large-field inflation, the negative sign in the norm function is important to stabilize other
fields than the inflaton. Such a structure can be also seen in the Kahler moduli stabilization in
type 1IB string theory on “Swiss-Cheese” manifold [33].

On the other hand, the 5D supergravity background is also realized in type IIB string theory
on a warped throat represented by Klebanov-Witten model [34]. When a large number of D3-
branes exist at the same point in the internal space such as toroidal background, the effective 5D
spacetime appears through their backreaction [35]. Moreover, the U(1); symmetries discussed
above might have an origin in more higher-dimensional local symmetries and then the moduli
multiplets would be identified as closed or open string moduli fields. Thus, the cosmological
and phenomenological features of 5D SUGRA would be governed by the structure of internal
manifold behind it.

2.6 Summary

In this chapter, we have discussed the cosmological feature of 5D supergravity models compact-
ified on S'/Z,, in particular, successful two types of moduli inflations, small-field inflation in
Sec 2.2 and large-field inflation in Sec. 2.3. Through the compactification of the fifth direction,
the inflaton is identified as a linear combination of moduli fields that correpond to the zero-mode
of Zy-even chiral multiplets included in five-dimensional extra U(1) vector multiplets.

When the real part of the lightest modulus plays a role of inflaton field, one can realize
the small-field inflation whose potential is similar to the one in Starobinsky model [1]. The
exponential behavior in the inflaton potential is originated from the exponentially localized
wavefunction of the stabilizer field in the fifth dimension. Thus, when a linear-type superpo-
tential term for the stabilizer field H; at the boundary fixed point is dominant, the obtained
inflaton potential is consistent with Planck data [15, 16].

We further presented a different type of inflation scenario within the same framework of 5D
supergravity model as the previous scenario. In contrast to the previous small-field inflation, the
inflaton field is considered as the imaginary part of the lightest modulus and then the obtained
potential takes the form of natural inflation [29]. When it rolls down in the scalar potential, the
corresponding real part of modulus will be destabilized in general, since a runaway direction
will appear in the potential. To realize the situation where the real part of lightest modulus is
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stabilized during the inflation, we introduced the two light pairs of moduli and stabilizer fields
(TI/, H;) with I';i = 1,2. Then, the real part of the heavier modulus produces the potential
barrier for the real part of lightest modulus through the couplings in the Kahler potential.
During and after the inflation, the stabilizer fields are also fixed at the origin respectively
by the Hubble-induced and their own supersymmetric masses. These moduli potential are
generated by the superpotential of stabilizer fields in a similar way to the previous small-field
inflation. The near-future cosmological observations have a chance to detect the gravitational
wave predicted by a class of large-field inflation. We stress that both the inflation scenarios do
not suffer the n problem which is the generic feature of inflation models on the basis of the 4D
N = 1 supergravity models.

After the end of inflation, the inflaton field oscillates and dominates the universe. When the
inflaton reheats the universe, the reheating temperature is mainly determined by the inflaton
decay into the gauge-boson pairs, provided that the couplings among them are not suppressed.
Moreover, both the proposed inflation scenarios are irrelevant to the dynamics of supersym-
metry breaking, if the inflation scale is much larger than the SUSY-breaking scale. This is
ensured by the fact that the large masses of inflaton and stabilizer fields are provided by their
supersymmetric masses in the superpotential. From this perspective, the decay width of infla-
ton into the gravitino(s) is suppressed by almost vanishing F-term of inflaton field. We leave
the detail of further phenomenological aspects of the 5D SUGRA associated with these two
inflation scenarios to the following Chapters, in which we set the concrete matter sectors and
SUSY-breaking sector at the same time.

So far, we have concentrated on the moduli dynamics within the framework of 5D super-
gravity. It turns out that the moduli potential is strictly constrained by the symmetries in
higher-dimensional spacetime such as Lorentz and gauge symmetries. In our scenario, extra
U(1)p symmetries enabled us to generate the quasi-localized wavefunctions of charged stabilizer
fields and the desirable moduli potential in the inflation scenario. The form of norm function
also played essential roles to determine the shape of potential. It would be possible that the 5D
supergravity model is derived from, e.g., the low-energy effective theory of heterotic M-theory
in eleven-dimensions [22] compactified on CY manifold. In such a case, the norm function is
identical to the N' = 2 prepotential and its coefficient C ; k is related to the intersection num-
bers of CY manifold. The U(1);; symmetries might then have an origin in the local symmetries
on heterotic five-branes or M5-branes. We conclude that our 5D models are attractive scenario
from the observational as well as theoretical points of view.
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Chapter 3

Moduli rolling to a natural MSSM
vacuum with gravitino dark matter

In this chapter and next chapter 4, we further study the phenomenological and cosmological
aspects of 5D SUGRA on S'/Z, where the 4D chirality is caused by the partial breaking of
N = 2 SUSY. So far, several systematic studies have been performed by focusing separately
on the particle cosmology [36, 6] or phenomenology [37] within the framework of the off-shell
formulation of 5D SUGRA [17, 18]. However, it would be important to take both of them into
account simultaneously. For this reason, in this chapter and next chapter 4, we propose the
phenomenological models consistent with the ongoing LHC experiments [38] and the successful
moduli inflation discussed in Chapter 2.

From the phenomenological point of view, the low-scale supersymmetric model is an at-
tractive scenario which not only protects the mass of the Higgs boson from the large radiative
corrections but also gives the plausible dark matter candidates. MSSM also gives rise to the
successful gauge coupling unification at the GUT scale. In addition to it, the existence of
SUSY is also partially motivated in the string theory where the SUSY guarantees the absence
of tachyons.

The observed Higgs boson mass [39] indicates that the large radiative corrections are re-
quired within the MSSM. The high-scale SUSY-breaking scenario is then discussed as one of
the solutions to raise the Higgs boson mass in the MSSM. This is because the dangerous SUSY
flavor and CP interactions can be suppressed by the heavy supersymmetric particles. How-
ever, such a high-scale SUSY-breaking scenario suffers from a fine-tuning problem, because the
large radiative corrections appear in the mass of the Higgs boson. On the other hand, one can
enhance the Higgs boson mass by the different approach which can be applied in the case of
low-scale SUSY-breaking scenario. The authors of Refs. [40] pointed out that the nonuniversal
gaugino masses at the GUT scale not only enhance the Higgs boson mass, but also relax the
degree of tuning to realize the EW symmetry breaking. In this chapter, we focus on this low-
scale SUSY-breaking scenario on the basis of Ref. [7], whereas in the next Chapter 4, we treat
the high-scale SUSY-breaking scenario on the basis of Ref. [11].
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3.1 SUSY-breaking scenarios

There is no hint of SUSY at the scale below TeV scale from the collider experiments. It implies
that the supersymmetric particle should be heavier than such a scale due to the effect of SUSY-
breaking. It is well known that the mechanisms for communicating the breaking effects to the
MSSM sector are classified into the gravity mediation [41], gauge mediation [42], the anomaly
mediation [43] and their mixed one. As mentioned in Chapter 2, the cosmological problems, in
particular, the cosmological gravitino problem [44] are captured by the gravitino mass. Indeed,
in the case of unstable gravitino, the mass of the gravitino should be larger than O(10) TeV
in order not to contradict with the successful BBN data, although it depends on the reheating
temperature after the inflation. (See, for more details, Refs. [44, 45, 46, 47, 48].)* Thus, before
going to details of our model, we summarize the typical features of several SUSY-breaking
scenarios in the light of gravitino mass.

The gauge mediated SUSY-breaking scenario predicts the ultralight gravitino with mass
mg/y < O(1)GeV in the low-scale SUSY-breaking scenario. Note that when the gravitino
mass is larger than GeV scale, the gravitational interactions would spoil the dynamics of
the SUSY-breaking sector and change the sparticle spectrum. In the pure anomaly mediated
SUSY-breaking scenario, the wino-like neutralino becomes the dark matter candidate through
the renormalization group effects in the MSSM [50]. From the recent results of the LHC ex-
periments [51], the gluino mass is constrained to be larger than TeV scale that is in turn in
one-to-one correspondence with the gravitino mgs,, ~ O(100) TeV in its framework. In the
mirage mediation [52], which is the mixture of moduli mediation and anomaly mediation, the
mixed neutralino will correspond to the dark matter candidate. In order to avoid the cosmo-
logical gravitino problem, the gravitino mass has to be larger than O(10) TeV. One may dilute
such a gravitino abundance by moduli decay or the topological defects. Finally, in the gravity
mediation, the neutralino becomes the plausible dark matter candidate. However, the large
gravitino mass above O(10) TeV is required not to contradict with flavor experiments. Since
the gravitational interactions are flavor dependent interactions, the dangerous SUSY flavor
violations will generically appear in this class of model.

In this chapter, we focus on the gravity-mediated SUSY-breaking scenario. In contrast to
the previous studies, our model is compatible with the low-scale SUSY and observed Higgs
boson mass and is free from the cosmological gravitino and SUSY flavor problems. Since
the soft SUSY-breaking terms is originating from the gravitational interactions, the scale of the
gravitino mass is correlated with the masses of supersymmetric particles in general. In this way,
it would be difficult to combine the low-scale SUSY-breaking and solution of the cosmological
gravitino problem. The following sections are organized as follows. To overcome this problem,
we propose one of the solutions to generate the mass hierarchies between the gravitino and the
other supersymmetric particles on the basis of a general four-dimensional N' = 1 supergravity
(4D N =1 SUGRA) in the rest of this chapter. In particular, we focus on a scenario where
the gravitino is the lightest supersymmetric particle (LSP) so as not to contradict with the
BBN data. Its mass is typically of O(100) GeV which is outside the mass range expected by
the gauge mediated SUSY-breaking scenario. That would be a typical feature of the sparticle

*The light gravitino is possible in the extension of the MSSM, e.g., Ref. [49].
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spectrum in the gravity mediation. There are several directions to study the cosmological
implications of gravitino dark matter by assuming the certain sparticle spectrum and it turns
out that the next-to-the-lightest supersymmetric particle (NLSP) is severely constrained in
order not to contradict with BBN data. (See, for more details, e.g., Refs. [48, 53, 54, 55].)
However, the sparticle spectrum is sensitive to the relevant higher-dimensional operators in
4D N = 1 SUGRA, which requires the knowledge of a fundamental theory. In terms of 5D
SUGRA, we can specify these higher-dimensional operators and predict the sparticle spectrum
controlled by the U(1) charges of matter fields in the MSSM. Moreover, one can estimate the
relic abundance of dark matter on the basis of the successful moduli inflation and stabilization
as suggested in Chapter 2. We find that the relic abundance of the gravitino is sensitive to the
moduli dynamics, e.g., the moduli decay into the gravitino.

3.2 The gravitino dark matter in 4D SUGRA

To combine the low-scale SUSY-breaking and the solution of the cosmological gravitino problem,
we show the mechanism to generate the mass hierarchies between the gravitino and other
supersymmetric particles on the basis of 4D A" = 1 SUGRA. The scalar potential in 4D N =1
SUGRA is described by

V=K (KIjDIWDjW - 3|W|2)
= K, ;F'F7 — 352w )2, (3.1)

where FI = —eX2KT7D ;W are the F-terms of chiral superfields Q. The almost vanishing
cosmological constant (V) ~ 0 relates their F-terms and gravitino mass (mgz = e%/2(W))
through

1 _
m?’)/Q = §<KXXFXFX>, (3.2)

where the SUSY is assumed to be broken by a single chiral superfield X. One can apply the
following discussion to multiple SUSY-breaking fields. On the other hand, along the line of
Ref. [56, 57], the soft SUSY-breaking masses of the gauginos (M, ) and scalar components of
the chiral superfields Q' (mé,) are estimated as

M, = (FX0xIn (Ref,)),
md; = —(F¥FX0x05InYor), (3.3)

where f., r = U(1)y,SU(2),SU(3)¢c represent the gauge kinetic functions of the standard
model gauge groups. The kinetic term of Q7 Y1, is severely constrained by the flavor structure
of elementary particles as shown in a concrete model later. By comparing the above Egs. (3.2)
and (3.3), there are two possibilities induced by the nontrivial Kédhler metric of the SUSY-
breaking field X:
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e The gravitino dark matter:

Let us consider the small Kéhler metric of the SUSY-breaking field (Kyx) < 1. When
the value of Kahler metric of the SUSY-breaking field X at the tree-level is smaller than
the loop and higher derivative corrections for them, we would have to take into account
them. Under this condition, the mass scale of gravitino can be chosen smaller than those
of other supersymmetric particles without depending on the value of F-term of SUSY-
breaking field (FX). It is expected that the gravitino would become the dark matter
candidate even in the gravity mediated SUSY-breaking scenario with TeV scale gauginos
and sparticles. The above situation is realized when the derivatives of the gauge kinetic
function dxRef, and the kinetic term of ®, OxOdgInYy: satisfy the certain conditions.
This is because the sparticle spectrum receives the sizable quantum corrections through
the renormalization group (RG) effects, that can be found in the case of constrained
MSSM (CMSSM) [58].

Furthermore, in order to consider the realistic stable gravitino dark matter consistent with
the BBN data, the abundance and decays of NLSP should be restricted by the success
of BBN [48, 53, 54, 55]. Also, the relic abundance of gravitino is constrained within the
data reported by the Planck Collaboration [15, 16]. We remark that, in the case of stable
gravitino, the F-term of the SUSY-breaking field can be considered as usual low-scale
SUSY-breaking scenario and it is favored from the perspective of naturalness.

e Other dark matter candidates:

For the opposite case (Kxg) > 1, the gravitino would be heavier than the other sparticles
for any value of the Frterm (F¥) when dxRef, and OxdxInYs:r are of order of unity.
Then, the cosmological gravitino problem can be also relaxed even in the low-scale SUSY-
breaking scenario. The gravitino mass should be larger than O(10) TeV, otherwise the
electronic and hadronic showers produced by the gravitino decay threaten to spoil the
success of BBN. Although we do not pursue such a possibility in this thesis, it is interesting
to work in this direction.

3.3 4D effective Lagrangian of matter fields

First of all, we again remark the relevant matter contents of 5D SUGRA. The structure of the
orbifold breaks 5D SUSY into the 4D A" = 1 SUSY. In addition to the moduli multiplets 77" and
stabilizer multiplets H; as discussed in the previous Chapter 2, we consider the following zero-
modes of chiral multiplets included in the hypermultiplets ®, and Zs-even vector multiplets
V! involving the standard model gauge fields,

(VE V2 V3 . gauge vector multiplets,

(Qi,U;, D;) quark chiral multiplets,

(L;, &, N;) : lepton chiral multiplets,

(H.,Hq4) : Higgs chiral multiplets,
(X) SUSY-breaking chiral multiplet. (3.4)
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The index ¢ = 1, 2, 3 denotes the number of generation and X is the gauge singlet chiral multiplet
under the standard model gauge groups. The above chiral multiplets have representations of
the standard model gauge groups and extra U(1) gauge groups with their gauge fields A4, and
AF.in vector multiplets V! with [ = 1,2,3 and V! with I’ = 1,2,--- ,n{,, respectively. In
particular, U(1); charges c(['f‘) are assigned to the hypermultiplets ®,. In summary, the visible
sector consists of the MSSM plus right-handed (s)neutrinos, whereas the SUSY-breaking is
induced by the SUSY-breaking chiral multiplet.

Next, we summarize the 4D effective action after the off-shell dimensional reduction of the
5D off-shell supergravity [17, 18] along the line of Refs. [59, 60, 19]. As shown in Refs. [20, 21],

the 4D effective Lagrangian is described in the 4D N = 1 superspace’ as follows

+/d49 [61" Qe (|QI, ReT')

Lot =—7 [ / &0 " (X, T)tr(WW') + hc.

+ [ / 4?0 ¢*W(Q,T) +h.c.] , (3.5)

where ¢ is the compensator multiplet fixing the 4D conformal symmetry, W™ are the field
strength supermultiplets for a massless 4D vector multiplets V" with r = U(1)y, SU(2)1, SU(3)¢
in the 5D Z,-even multiplets V!, Q, are all the 4D chiral multiplets, and 77 are the moduli
chiral multiplets.

The gauge kinetic functions f,.(X,T) in Eq. (3.5) are extracted as

ny
(X T) =X+ 617, (3.6)
=1
where the first term on the right-handed side denotes the gauge kinetic function at the orbifold
fixed point y = 0 with % being the real constants. The others on the right-handed side are the
bulk gauge kinetic functions with &£J, being the real constants determined by the real coefficients
Cr jk in the norm function. We will no go into the detail of the gauge kinetic functions at
the orbifold fixed points which is dependent on the dynamics of the SUSY-breaking sector, but
come back to it later.
In addition, the effective Kahler potential in Eq. (3.5) becomes

Qur(|QF, ReT)
= AVVRT) 1 2 STV (Tl + 3 O (RT)IQuIQsl? + o(mﬁ)] 7
« a,B

(3.7)

up to a boundary Kahler potential at the orbifold fixed points y = 0, L. The kinetic terms of
Qo, Y(2) (z =™ . T), are obtained by solving their equation of motion in the fifth direction,

1 — 6—2Rez

Y(z) = T ORes (3.8)

It is generalized by Refs. [61, 62] including the Zs-odd fields.
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where the above exponential factor is a consequence of the localized wavefunctions in the fifth
dimension. The bulk mass, i.e., U(1); charges control the wavefunction profile of charged fields
in our framework. Furthermore, the four-point couplings between chiral multiplets Q),, QSL)B

also depends on the U(1); charges,

(C(a) cPat - cPNY () + B . T) — y(c(a) -T)Y(CW) -1} B y((c(a) + c(ﬁ)) -T)

B 3(cl®) - ReT)(c®) - ReT) 9 ’
(3.9)

o}l
=
&

Il

where ar; = —(N7; — NiN;/N)/(2N) and P!, =67 ; — XIN; /3N is the projection operator
from the moduli multiplet out the radion multiplet, which is a single modulus 77=' with
ny, = 1. Finally, as in the moduli superpotential discussed in Chapter 2, Z,-orbifolding enables
us to write the superpotential W (Q,T) at the orbifold fixed points y = 0, L where the N' = 2
SUSY reduces to N =1 SUSY. Its explicit form is shown later.

3.4 Gravitino dark matter in ) D SUGRA

We now proceed to discussion where one can realize the idea in Sec. 3.2 on the basis of 5D

SUGRA on S'/Z, or not. From Eq. (3.7), the bulk Kéhler potential is rewritten in terms of
O = _e_Kbulk/g’

Ky = —InN(ReT) + ) Zo, (ReT)|Qul* + Zx (ReT)|X|* + O(1Q[*), (3.10)

where Zx(ReT) = Kxx (Zq.,(ReT') = Kg,_ g, ) is the Kahler metric of SUSY-breaking field X
(matter chiral multiplet Q,),

1 — €—2cX~ReT

Zx(ReT) = o ReT
TR ‘ReT > 0,
~ et e (3.11)
W\exp@kx -ReT|) ex-ReT <0.

The moduli dependence in the Kéhler metric appears only when the fields have the U(1)
charges for the Z-odd vector multiplets V. When the volume of the fifth dimension is large,
L ~ N'Y2((ReT)) > 1, the vacuum expectation value of the Kihler metric is smaller than
O(1) in the case of positive U(1) charges, i.e., (Kyg) < 1. Thus, one can obtain the desired
situation so that the gravitino would be lighter than the other sparticles.

The couplings between the SUSY-breaking multiplet X and @, appear through the four-
point couplings Q(;)X in Eq. (3.9). When (F¥) # 0, the soft SUSY-breaking masses for the
scalar components of (), are generated. As will be shown in the concrete model in Sec. 3.7, the
soft SUSY-breaking masses of @), are typically larger than the gravitino mass for U(1) charge
assignments of ), which are determined to reproduce the realistic Yukawa couplings of quarks
and leptons. Furthermore, by substituting the gauge kinetic functions in Eq. (3.6) into the
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formula (3.3), the gaugino masses at the cutoff scale (compactification scale in our scenario)
are given by

2
= I

(F,, ),
M, = " G+ £n,. (3.12)
When the compactification scale (such as KK scale) is set as the GUT scale, the gaugino
masses at the EW scale (M, (Mgw)) are written in terms of those at GUT scale (M, (M gur))

by considering the one-loop RG equations from the GUT scale to the EW scale,

MI(MEW) ~ (0.4 M1<MGUT>7 MZ(MEW) ~ (.8 MQ(MGUT)7 M?)(MEW) ~ 2.9 MB(MGUT)-
(3.13)

When these gaugino masses at the EW scale and Higgsino mass are larger than the gravitino
mass, gravitino becomes LSP. This is because Higgsino is likely to be light in the low-scale
SUSY-breaking scenario. The parameters £% and £}, in Eq. (3.12) are constrained to realize the
gauge coupling unification at GUT scale. In this way, the gravitino becomes the dark matter
candidate in the 5D supergravity model for any values of F-term as mentioned in Sec. 3.2. Since
the abundance of gravitino is thermally and nonthermally generated by the moduli and/or
inflaton decay, we discuss its abundance by taking into account the concrete successful moduli
inflation and stabilization scenarios in the next section 3.5.

We comment on the Kahler potential at the orbifold fixed points y = 0, L. In our setup, it
can be taken small compared with the bulk Kéhler potential (3.10) owing to the suppression
from the mild large volume of fifth dimension N/ > 1 as can be seen from its explicit form,

Kty =N (KO(XP) + KO (e x D) 422, (3.4

The mild large volume of the fifth dimension also suppresses the one-loop corrections in the
moduli Kahler potential (2.90).

On the other hand, when the U(1)y charges of SUSY-breaking field are chosen as negative,
the vacuum expectation value of the Kahler metric becomes larger than O(1), i.e., (Kxx) > 1.
The mild large volume of fifth dimension contributes to enhance it. According to it, it is
possible to consider a scenario that gravitino is much heavier than the sparticles for any vacuum
expectation values of F-term of the SUSY-breaking field from the general mass formula of
gravitino and sparticles given by Egs. (3.2) and (3.3). It would gives rise to one of the solutions
to the cosmological gravitino problem and fine-tuning problems.

3.5 The SUSY-breaking effects

To complete our discussion, we focus on the moduli inflation and stabilization scenario as those
discussed in Sec. 2.2, in which one of three moduli multiplets is relevant to the slow-roll inflation.

So far, we do not specify the SUSY-breaking sector and its matter couplings. In the follow-
ing, we take into account the O’Raifeartaigh model [63] with the simplified Kéahler potential
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and superpotential,

1
K = Zx(ReT? ReT?)| X |* — F|X|4,
W=w+rvX, (3.15)

where w and v are the real parameters determined in the SUSY-breaking sector. Here we assume
that the SUSY-breaking field X has no U(1); charge for Zs-odd vector multiplets carrying the
inflaton field. This assignment prohibits the inflaton decay into the SUSY-breaking field as
will be discussed later. In addition, there are loop corrections to the Kéhler potential after
integrating out the heavy modes in the SUSY-breaking sector and this mass scale is given by
A [64].

Such SUSY-breaking effects deviate the supersymmetric minimum of the moduli and sta-
bilizer fields from their supersymmetric minimum. As mentioned in Sec. 2.4, their F-terms are
sensitive to the cosmological moduli problems as well as the sparticle masses. To estimate them,
we adopt the reference point method [32] for the Kéhler and superpotential (3.15) in addition
to those of Eq. (2.5) with I’,i = 1,2, 3. The reference points for the moduli and stabilizer fields
are chosen as those satisfying their global supersymmetric minimum,

Dy, Wlset = Wy, + Kg,W =0,
(4)
YRS CTI/:i’ref = In“L. and H|,es = 0,
J(Z)
0
DTI'W|ref = KTI/U). (316)

The reference point of SUSY-breaking field X is chosen as that satisfying its extremal
condition:

Vet = Ox (Y K™ T | Dy WP 4 KXX|DyW|? = 3]W]2)

I/
~ 3WxW + Ox (KXW > + KXXWx Ky W — 3Wx W
AWx|? _
~— X = 1
Azt WxW =0, (3.17)

in the limit w < 1, where Vyx = dxV. Then, we find its minimum,

X\ref:—A(ZX) <W> A2(Zx)*w

~ 3.18
4 WX 4v ( )

Around their reference points, we search for the true vacua of moduli, stabilizer and SUSY-
breaking fields after expanding the total F-term potential under the expansion of fields, ¢ —
(b‘ref =+ 5¢7 (b = TI,a Hia X with [,>i = 17 27 37

V= V‘ref + ‘/I|ref5¢l + ‘/I_|ref5§51 + %J’reféqsléqu + ‘/}j‘ref(5¢l5éJ + ‘/I_j|ref5é515$‘] + O(5¢5)7
(3.19)
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where V; = 0;V and V;; = 0;0;V are the derivatives with respect to the relevant fields ¢. Their
corrections deviated from the reference points given by Eqs. (3.16) and (3.18) are evaluated as
those satisfying

‘/I’ref5¢1 + va|ref5§5[‘>> ‘%J’ref6¢15¢J + ‘/}j‘ref5¢15¢_5J + ‘/I_j|ref5&515§}] . (320)

Thus, it is found that ¢|..f + d¢ are considered as the vacuum expectation values of relevant
fields. Note that these perturbations are relied on the fact that the SUSY-breaking scale is
smaller than those of supersymmetric masses given by Eq. (2.9). We follow the details of the
their evaluations in Appendix A. The perturbations of moduli, stabilizers and SUSY-breaking
field around their reference points (3.16), (3.18) become

SH, ~ - sr=ie () x e (M 5w (3.21)
" 2ReT! = Wiy, T \Wpreig, ) 7 T\ du? * '

which lead to their F-terms and squared masses of moduli, stabilizer, and SUSY-breaking fields,

3
TI/ w
KT[/TI/F ~ O < 2

3 _
) »V KHJ?@FHL ~ 0 (mw_) ) KXXFX .

~ -
2 - 1/2°7
mTI’ H; Nl/QZ)(/
K 2 K 2
My &My, & ———————— =1), Mx N o5, .
KTI,TI/KHiHi KxxA ZX

at their vacuum, ¢ = @|wr + 0¢0. We now denote the mass-squared of real and imaginary
parts of moduli, stabilizer, and SUSY-breaking fields as m?2,,, m#, and m%. Although the
mass differences between m, - and mpg, are determined by the SUSY-breaking scale, that
is, the gravitino mass mgz/, = (W), in our choice of parameters, SUSY-breaking effects are
parametrically negligible as shown later. Thus, the real and imaginary parts of fields are almost
the same as each other.

Indeed, the numerical values of their masses are summarized as

mp ~ mps ~ My, ~ my, ~ 4.8 x 10 GeV, mps ~ my, ~ 4 x 10" GeV, (3.23)
and their vacuum expectation values of F-terms are also estimated as
(FT'y o~ (FT°) ~ (FH) ~ (FH2) ~ 1 % 10792 (FT°) ~ (F3) ~ 1.6 x 1077, (3.24)

in the reduced Planck unit. The tiny cosmological constant can be realized by properly setting
the parameters w and v at the vacuum ¢ = @|.er + 00,

KV |gmpnrss = KEX|Dx W2 — 3] 2

V2

~ _— — 3w’ ~0. 3.25
7.~ v (3.25)
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We stress that the moduli and stabilizer fields have almost vanishing (F)-terms compared
with the SUSY-breaking field X. With the following choice of parameters in the Kéhler and
superpotential (3.15) for the SUSY-breaking sector,

3 1
vee —1567x 107%, w=-6x10"" A=10"c = 5 == ¥ =0 (320

one can estimate the masses of the gravitino and X and its F-term as

ZWX
msso >~ 395GeV, mx ~ 6 x 108 GeV, T 4541 GeV, (3.27)
Pl

which shows that the SUSY is mainly broken by SUSY-breaking X. The tiny cosmological
constant is achieved by properly choosing v. The above parameters suppress the Kahler metric
of the SUSY-breaking field, Ky 5 ~ 1/(cx - ReT) ~ 0.023 as discussed in Sec. 3.4. We confirm

that the obtained small gravitino mass is smaller than the other sparticle spectra in Sec. 3.7.3.

3.6 Moduli-induced gravitino problem

Following the above arguments, the moduli and stabilizer fields are much heavier than the
inflaton field and it is expected that they decay into the particles in the MSSM before the
BBN. However, as commented in Sec. 2.4, one should study the cosmological moduli problem,
in particular, the moduli-induced gravitino problem [31, 65], even if the masses of heavy modes
are larger than O(100) TeV.

First of all, we show the relevant couplings between moduli and gravitinos in the unitary

gauge,
L3j9 = 79,5, D0, — XIPW*ih,0m1h, — XPW,a" ), (3.28)

where [)pwg = O, + 1(K, 0,07 — K japqz;j ) are the covariant derivatives with respect to the
gravitino v, in two-component formalism. (See, for more details, e.g., Refs. [65].) Under a
field-dependent chiral transformation,

W ~1/4
(1) a0
W

the Lagrangian (3.28) is brought into the following form

eHhvpo

Ly = €"P74,5,0,0, + T(GJ8p¢J - Gjapqgj)&#&,,z/;a — B2 (4,0, 4 b, ,), (3.30)

with G = K + In|W|? and G; = 9;G. Around the vacuum expectation values of moduli 7' r
given by (3.16) and (3.21), the Lagrangian (3.28) is expanded in terms of the four-component
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formalism of the gravitino W,

ehvpo hwpo P 5
Lajy = _T\Du%%ap\pa + T«GTJ’)ap(ST - <GTJ’>8p5T W Vs
1

= e, — 1

(R (Grr)oT” + (G)T” )T, [, 410, (331)

From the mass-squared (2.25) of the moduli and stabilizer fields, the pair (7", H;) is lighter
enough than other pairs. Thus, the dynamics of heavy pairs are irrelevant to the thermal

history of the universe after the inflation and in what follows, we analyze the decay processes
of T', H,, and SUSY-breaking field X.

3.6.1 The decay of inflaton field

Let us estimate the decay width from inflaton into gravitino pair. According to the equivalence
theorem [66], the gravitino wavefunction is written in terms of its helicity +1/2 components,
i.e., goldstinos at a high-energy limit. With the F-term of modulus (3.22) and the mass of light
modulus field given by Eq. (2.25), we find that the canonically normalized inflaton (o') decay
width into the gravitino pair (W5, + W3/5) is

1 Dy W 2 mgl 1 ma m§/2
T(o! — Wy00 =
(0! 3/2V3/2) =~ 2887 (K1) ‘< W >’ mg/zMP%l 288 (K N) M3,
2
16 % 1018 ( % ) GeV, (3.32)

which is calculated from the couplings in Eq. (3.31). The factor mg /22 originating from the
longitudinal mode of the gravitino enhances the decay width. It would produce an enough
amount of gravitinos and threaten to spoil the successful BBN. However, the above direct
decay can be neglected thanks to the almost vanishing (F')-term of the inflaton as shown in
Eq. (3.22). The main decay channel of inflaton is derived from the following Lagrangian,

1 1 ! Uy 1 r Voo 1T T
Lrgy = —WF;VFT“” — Zg n0Ty E P — gg m 0T} et FF. (3.33)

with T = ReT”" and T/" = ImT”". The gauge kinetic functions f,(X,T) are now considered
as in Eq. (3.6), where the R-symmetry breaking term such as {5 X is assumed in the gauge
kinetic function. Note that the R-symmetry is also explicitly broken by the existence of constant
superpotential w in Eq. (3.15).

The main decay width from the inflaton into the gauge-boson pairs (g™ + ¢(")) is estimated
as

3 3 2
& mi
r Mgy ~ ~ 3.95 GeV, 3.34
2 T =g 2 1287 <\/_2KT1TI MZ, ¢ (3:34)

r=1
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with the numerical values of mass and vacuum expectation value of inflaton (2.8) and (2.25).
As shown in Sec. 2.2.3, the number of gauge bosons N, is that of MSSM and the coefficients in
the gauge kinetic function (free parameters in 5D SUGRA) are chosen as £ = & = €2 = 0.22
otherwise zero so that the gauge coupling unification at the GUT scale is realized.

Although the inflaton also decays into the gauginos A" with the following interactions,

Lo = ——Z Re f(A"0" DA™ + Zlm FoD (Vo)

1 af?” 1 T\T
+) (ZWFT AT (H.c.)) : (3.35)

with D, A" being the covariant derivative with respect to gaugino, the above decay channels are
suppressed by the gaugino masses and almost vanishing F-term of inflaton such as

3 3

1 \" N7~ mr1 (51) m)\f —21 myr 2
Y I(o —>/\>\)—; or ~1.5x 10 Z(&) (1'5Tev) GeV,  (3.36)

r=1 r—=1

where A" are the canonically normalized gauginos. Now, the derivative of F-term for the inflaton
is estimated as,

aFTl 8 K 171 m%
- /2 T V12 T, - /2
< 57 > <8T1 (K™ |Dp W[+ KT Dy WDH1W>> 0 (m2 . (3.37)

T1

Finally, we comment on the other decay processes. When the masses of sfermions are much
smaller than that of the inflaton field, the inflaton decay into the sfermions is suppressed by the
factor, Msgtermion/mr1. The inflaton decay into the fermion pairs and quark-quark-gluon are also
negligible compared with the main decay channel owing to their small masses and phase factors,
as pointed out in Ref. [65]. In our setup, the inflaton decay process via a p-term is irrelevant
in our estimation as will be shown in Sec. 3.7.1. This is because p-term is smaller enough
than the inflaton mass mqs1. Since SUSY is broken at the vacuum, the inflaton can decay into
superpartner of inflaton field, so-called the modulino, and gravitino. The SUSY-breaking, in
particular, the gravitino mass determine not only the mass difference between the inflaton and
modulino, but also the mixing terms between 7" and H; in their mass-squared matrices. One
can then find that the inflaton decay width into the modulino ¢! and gravitino is given by

1 (mm\’ ms3 /2 oo (M2 \?
r Ly ~ 7.2 %10 (—) GeV,  (3.38
(08 = 7)o (Mpl) (mTl s/ 8 400Gev/) ¢ (3:38)

with mpm =~ 4 x 102 GeV given by Eq. (3.23). By a similar argument as in the case of
other decay channels, the phase factor mg//m leads to the small amount of gravitino. As
mentioned before, we take the ansatz that X does not have a U(1); charge for the 5D Z5-odd
vector multiplet carrying the inflaton field. Thus, the inflaton decay into the SUSY-breaking
field X is also suppressed, because of the vanishing tree-level interaction between X and 7.
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In summary, the total decay width and the branching ratios of the inflaton decaying into the
gravitino(s) are
3
Flel = F(Ul — all) ~ ZF(Ul — g(’")g(r)) ~ 3.95 GeV,

r=1

F(O’l — \113/2\113/2)

Br(c! — W3,,U39) ~ ~1.4x107%,

Br(o! — 6'W3)5) ~ ~ 1.8 x 10722, (3.39)

in the case of ms/;, = 395GeV. As discussed in Sec. 2.2.3, the reheating temperature T ~
1.38 x 10° GeV is estimated in Eq. (2.39) by equating the total decay width of inflaton ', with
the Hubble parameter Hg. The tiny branching ratio of the inflaton decay into the gravitino(s)
reduces the nonthermally generated gravitino yield Y3,

ns3/2 3TR

Y5 = —= ~ Br(o' — 51\113/2)4 ~3.8x 107, (3.40)
S

mo1

with mg, = 395GeV, T = 1.38 X 10°GeV and s = 4p/3T. nsj2, s, and p represent the
number density of the gravitino, entropy and energy densities of the Universe, respectively. In
the previous calculation, we assume that the oscillating energy of inflaton field dominates that
of the Universe after the inflation and the energy densities of other fields will be analyzed in
the next section.

We stress that the gravitino nonthermally generated through the inflaton decay can be
suppressed by the structure of the supersymmetric moduli stabilization and inflation. Thus, it
is expected that supersymmetric moduli inflation would give the solution to the cosmological
moduli problem, in particular, the moduli-induced gravitino problem. We show an another
gravitino production through the stabilizer fields, the SUSY-breaking field, and the thermal
bath in the next section.

3.6.2 The decay of stabilizer and SUSY-breaking fields

Next, we discuss the decay of stabilizer field H; and SUSY-breaking field X. Their imaginary
components Im H; and Im X stay at the origin during and after the inflation. Hence, they do
not oscillate as explicitly shown in Appendix A. By contrast, the real parts of stabilizer field
hy = Re H; and SUSY-breaking field x = Re X are stabilized at the values close to the origin by
the Hubble induced masses during the inflation. When the Hubble parameters are comparable
to the mass scales of hy and x after the inflation, they oscillate around their SUSY-breaking
minima of potential (3.21) evaluated by the reference point method (3.16).
The results of Appendix A allow us to write down the amplitudes of both fields

2
Ahy ~ m3/2, Ax >~ (w) : (3.41)

mHl mx
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First of all, we take into account the dynamics of hy. From the mass of h; given in Eq. (3.23)
and the reheating temperature (2.39), hy stars to oscillate before the reheating process, i.e.,
HM ~my, > H(Tg), where Hyg. is the Hubble parameter at the beginning of its oscillation.

When there are no interactions between H; and fields in the MSSM, H; mainly decays into the
gravitino pairs ¥,

1 D, W\|* m} 1 mi

T = T(hy — WyWy)) = 1 2= 1

all (71 3/2V3/2) 2887 K 1, 11, < W > mg Mg, 2887 (K, g, N) Mg,
~0.02 GeV, (3.42)

from which, h; decays after the coherent oscillation of h; and reheating process, i.e., H" >

H(Tg) > H™ . with H". ~ m,;, and H} ~T(h; — Ws3/9W3/5). Here and in what follows, we

dec> osc dec

represent Hg, H® , and H$. . as the Hubble parameters at the moment of reheating, beginning

of oscillation of relevant fields ®, and decay of ®, respectively. Correspondingly, the scale
factors of 4D spacetime ag, aZ., and a3, are also defined in a similar fashion to the Hubble
parameters presented above.

When h; oscillates after the inflation around its SUSY-breaking minimum, its oscillating

energy density is represented as

1 1 a\7?
Py ™ §m%11(Ah1)2 = §m§/z (T) : (3.43)
which is converted into the gravitino yield,
2
2pn 1m3,TR - Mz \?
yh o P2 ~82x10°% (—) , 3.44
T mps T4 my, 400 GeV (3.44)

with Tr = 1.38 x 10° GeV, my, = 4 x 10" GeV and s is the entropy density of the Universe.
As can be seen in the following inequality, h; does not dominate the Universe and release a

sizable amount of entropy,
Tr \ _ m3 ., Mgy (T (3.45)
end jjth1 ; 2Ving jlhl , .
dec dec

where p, (pr) is the energy density of h; (radiation). In addition, plenga = Viar == O(10713)
stands for the energy density at the end of inflation and T (?elc corresponds to the decay temper-

ature of hy,
5 —1/4
TG«
Th = ( 93 ) \/ TP Mpy ~ 8.6 x 107 GeV. (3.46)

The tiny mass of the gravitino contributes to the suppression of the amplitude of h; and its
energy density.

Py
PR

— P

1> =
rerl f

tEven if H, couples to the standard model field, the conclusion is the same as that of the following discussion.
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Next, we discuss the dynamics of SUSY-breaking field . The production of gravitinos
through x decay is evaluated from the following dominant decay width,

1 DXW 2 mf}( 1 V12 mg(
e ~ ‘_ . (347
( 3/2 3/2) 2887 (K x %) < W > mg,/2M131 288m(Kxx) lw m§/2M1%1 ( )

which is enhanced by the factor m /22 originating from the longitudinal mode of the gravitino.

By employing the parameters (3.26), the VEVs of moduli (2.8), and masses of gravitino W3/,
and SUSY-breaking field X (3.27), the total decay width of x is estimated as

I =Tz — Usa030) ~ 3.7 x 10° GeV. (3.48)

Thus, the reheating process starts after the oscillation and decay of x = Re X, that is, HX_ >

Hi,. > H(Tg), with HZ, ~ mx and Hj,, ~ I'(x — W3,9V3/5). The energy density of the

coherent oscillation x at the reheating

4 -3 —4
1 2 1 m3/2 a% ar
o —m2(Ar)? e = | 22 ) (e 3.49
g 2mz( x) 2 ( m:% ) (agsc) (agec ’ ( )

is converted into gravitino yield which is relativistic at the production,

2/3
200 3Te (map TR L (o " (3.50)
2 mes  2myx \mx oy B 400 GeV . |

Now, the scale factors are related as,

I\ —2/3 —-2/3 —-1/3
ar <\/6an> Aose <\/6mX> Qe (6(F§n mX)2> (3.51)
g 5 — ) - 4 ’ °

ac’ mp ac’ mp ac’ ms

osc 0OsC OSC

and the numerical values are given in Eqgs. (3.27), (3.39), (2.39), and (3.48). Since z decaying
into the gravitino is negligible because of the tiny mass of the gravitino, it implies that the
gravitino production from x decay is not the dominant source for the relic abundance of gravitino
reported by Planck. At the same time, x does not produce a sizable entropy in a way similar
to the case of hy. Our results are consistent with the studies in Ref. [67], which suggest that
the gravitino production is significantly relaxed under the condition ms/, < mx < mp < A.
When A is smaller than the inflaton mass, i.e., my1 > A, the inflaton would decays into the
fields in the hidden sector which also produce the gravitino fields. In the next section, we show
the thermal production of gravitino, which will explain the current relic abundance of gravitino.

3.7 The Higgs boson mass, gravitino dark matter and
sparticle spectra

3.7.1 Yukawa couplings and naturalness

Before going to the detail of the relic abundance of gravitino, we analyze the Yukawa couplings
and p-term included in the superpotential of MSSM. The holomorphic superpotential can be
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only introduced at the orbifold fixed points y = 0, L, where the N = 2 SUSY is partially broken
down to the N/ = 1 SUSY. First, the Yukawa couplings among the MSSM chiral multiplets and
(s)neutrinos chiral multiplets involved in the hypermultiplets @, are written as

Wnkawa = A QiHully + X5 QiHaD; + A5 LiHGE; + NS LiHL N, (3.52)
where )\;?Lj’d’e’n are the holomorphic Yukawa coupling constants. We choose the size of )\;‘]fd’e’"
as of O(1). Furthermore, the R-charge of the chiral multiplets in Eq. (3.4) (Ry) is assigned as
RX = RHa = 2, RQi = Rz,{i = RDi = R/;l. = Rgi = RNi = 1, Ryu = Ryd = 0. After canonically
normalizing their matter chiral multiplets, the physical Yukawa couplings are obtained as

u )\?J d )\% e )\Zej n )\Z
Yij Yij Yij = Yij = )
Yo, Yy, Yu Yo,Yy,Yp Ve, Yo, Ye (Ye, Y, Yn,)
(3.53)
where

Y, = 2N3(ReT) {Y(ca . T) + O (ReT)| X + (9(|X|4)} ~ ONV3(ReT)Y (o - T), (3.54)

with an almost vanishing vacuum expectation value of X. The function Y (z) is always positive,
and is approximated as

1 — ¢~ 2Rez 1 R > O’
Y(2)= —o ~ { ez s (3.55)
2Rez mexp(Q\Rez]) Rez <0,

which reflects the fact that the wavefunctions of fields in the fifth direction are localized toward
y =0 (y = L) when ¢, - (ReT') is positive (negative). When all the relevant fields are localized
toward y = 0, the size of Yukawa couplings yfj’d’e’" are of O(1). On the other hand, in the
localized case toward y = L, the Yukawa coupling constants among relevant matter fields are
exponentially small. It is thus possible to realize the hierarchical Yukawa couplings of quarks
and leptons, and the tiny Yukawa couplings of neutrinos, even in the case of Dirac neutrinos. As
shown in Tables 3.1 and 3.2, we find that the observed masses and mixing angles of quarks and
leptons at the EW scale are obtained by setting the proper U(1); charges of matter fields and
the holomorphic Yukawa couplings )\Z’jd"" with of O(1). Their numerical values are obtained
by solving the full one-loop RG group equations of the MSSM from the GUT scale to EW scale.

Interestingly, the U(1), charge assignments of matter fields give rise not only to the observed
hierarchical masses and mixing angles among the elementary particles, but also to the flavor
structure of the soft SUSY-breaking terms which are derived from the four-point couplings be-
tween the SUSY-breaking field and the matter multiplets in the effective Kéhler potential (3.9).
The soft SUSY-breaking terms are characterized by the Lagrangian,

3
1 1
Loost = — E m%a‘SaP — (5 E M\ + 6 E @aﬁ'ySaS,BS'y + Buh,hg + h.C.) , (356)
o r=1

B,y
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cQ = (0.1, 0.1, 1.1) = (0.1, 01 1.6) A2 =0
cQ :( 0.1,-0.1,0.8) :( —0.1, 0) ¢, 2 =01
ch7'=(0.1, 0.4, 1) (01 05 0) it =-0.9
¢, =% = (0.1, 0.1, 0.6) = (0.1, 02 0.2) A =0
;7> =(-0.1,-0.1,0.3) :( —0.1,0) =
! :( 0.2, 0.2, 1) :( 02 0, —0.5) o =-01
b= =1(0.1, 0.1, 0.2) = (0.1, 0.1, 0.1)

cg :( 0.1,-0.1,0) :( 03 —0.3,-0.3)
ch'=1(03,02, —05)| A= (=07, —07, —0.7)

Table 3.1: U(1); charge assignments of the quarks, leptons, and Higgs for the Zs-odd vector
multiplets V" in Ref. [7].

u d

A% | A% ]
0.32 0.35 0.95 0.45 0.5 0.59
0.22 042 0.33 0.28 0.24 0.38
0.51 048 1.5 1.03 1.02 0.81

A% | A%
0.28 0.22 0.52 0.77 0.85 0.69
0.4 1.15 0.31 0.25 0.98 0.58
0.8 1.02 1.05 0.34 0.26 1.03

Table 3.2: The holomorphic Yukawa coupling constants )\;‘j’d’e’” in the superpotential (3.52) [7].

where S, = hu,hd,di,ﬂi,cii,ii,éi,ﬁi are the scalar components of H,, Hq, Q:;,U;, D;, L;, &, N;
and A" (r = 1,2,3) are the gauginos. The soft SUSY-breaking masses and trilinear scalar
couplings (A-terms) are determined as [56, 57],

m% = —(F'F9;0;1(Y5.)), agy = Yapy (F10;In(Vs, Vs, Vs,)), (3.57)

where the indices I and J run over all the chiral multiplets. As a counterpart of u-term in the
MSSM, we consider the following superpotential,

3
W= kiHH,Ha. (3.58)

with x; being the O(1) dimensionless couplings. The R-charge is assigned to the stabilizer chiral
multiplets as 2 and Higgs chiral multiplets as 0, respectively. Even if we add the above cubic
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Sparticles | Mass [GeV] | (S)Particles | Mass [GeV]
Mo, 1682 mg, 2834
Mo, 1530 me, 1157
mg, 581 meg, 2390
o 1157 meg, 2298
my, 1698 my, 414.5
My, 799 my, 414.5
mp, 1636 My, 1145
M, 1698 My, 1100
mp, 2208 My, 298.5
me, 1682 M, 550
mg, 1396

Table 3.3: The soft scalar masses mg_, the up-and down-type Higgs boson masses My, ,, and

the gluino mass M3 at the GUT scale in Ref. [7]. The subscripts Q. denote the mass eigenstates
for the three-generations of left-handed Qz, up-type right-handed #f;, down-type right-handed
D; squarks, left-handed £;, right-handed &; charged sleptons, and right-handed sneutrinos N;
with ¢ = 1,2, 3.

interactions between the stabilizer fields and Higgs fields, the moduli stabilization and inflation
scenario in Sec. 2.2 are irrelevant to their dynamics. This is because their vacuum expectation
values are almost vanishing at the vacuum. Thus, the effective p-term at the GUT scale is
generated by the existence of nonvanishing vacuum expectation values of H;. It is expressed as

= Z < ki(H,;) (3.59)

where the relevant fields are canonically normalized. The above p-term could be chosen as TeV
scale, e.g., in the case of k1 = ko = 0, k3 = 2/3, My = 395GeV, my, ~ 4.8 x 10" GeV, and
(Hs) ~ mg/o/mp, given by Eq. (3.21),

1o 3.8 x 107322 Ny o~ Oy ). (3.60)
My,

The suppression factor 3.8 x 1072 is related to the mild large volume of fifth dimension. One can
also consider the origin of p- and Bp-terms as the Giudice-Masiero terms [68] in the boundary
Kéahler potential at y = 0,

K9 = M, Hy + hoc., (3.61)
with ¢ being a constant, that leads to p-and Bu-terms of the order of gravitino mass,

[ emgys, B~ —cmg/Q. (3.62)
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These holomorphic terms do not have an origin in the bulk Kéhler potential (3.7) in the nature
of N/ =2 SUSY.

As a result, one can estimate the masses and coupling constants of supersymmetric particles.
In Table 3.3, the soft scalar masses and gluino masses at the GUT scale are summarized by
employing the U(1); charges in Table 3.1 and the F-term of the SUSY-breaking field X given
by Eq. (3.27). On the other hand, the tiny F-terms of moduli give rise to the almost vanishing
A-terms. In the light of relic abundance of gravitino and Higgs boson mass, we parametrize
the ratios of gaugino masses at the GUT scale as

_ Mi(Mgur) o — My (Maur)
= v 2= T v
Ms(Mgur) M3(Mgur)

where M,.(Mguyr), r = 1,2, 3 represent the bino, wino, and gluino masses at the GUT scale.
Their ratios can be changed by the parameters £% in the gauge kinetic function (3.6) without
spoiling the gauge coupling unification at the GUT scale. This is because the SUSY-breaking
field X is irrelevant to the size of gauge couplings owing to its tiny vacuum expectation value.

After the EW symmetry breaking, the Z-boson mass m  and soft SUSY-breaking masses
of the up-type Higgs my, satisfies the following relation at the EW scale,

(3.63)

r

2 1

% ~ —mi, (Mpw) — |#(Mew)|* + O (m) , (3.64)
where pu(Mgw) and mpy, (Mgw) are the p-term and mpy, at the EW scale, respectively. Here,
we take the limit of large value of tanf to realize the correct Higgs boson mass in the low-
scale SUSY-breaking scenario. In order to obtain the observed Z-boson mass, the p-term and
up-type Higgs boson mass are typically of the order of the Z-boson mass my; = 91.2 GeV,
otherwise we have to properly tune both terms. As a measure of degree of tuning of p-term at
the GUT scale, we introduce the so-called Barbieri-Giudice parameter [69], 100 x [A*] % with

_ 10Inm3

20|yl

In the following, we explore the parameter regions on the place of the ratio of gaugino masses

to obtain the observed Higgs boson mass and correct relic abundance of gravitino without
demanding the fine-tunings.

We remark about the origin of neutrino masses and related phenomenology. Although
we focus on the Dirac neutrinos, one can introduce the mass terms of Majorana neutrinos
under a different ansatz of R-charges of matter fields that also explain the tiny masses of
the neutrinos by employing the see-saw mechanism [70]. In such a case, these terms would
be inserted in the superpotential at the other boundary y = L to obtain the correct mass
scale of Majorana neutrino. In terms of O(1) parameters x;; and the U(1);—; charges of the
Majorana neutrino chiral multiplets N; for the U (1)—; vector multiplets V', the superpotential

is obtained as W = mije’QC%Tﬂ N;N;. As discussed in Ref. [71], the inflaton decays into the
Majorana neutrinos, i.e., 7' — N;N; after the inflation. When the Majorana neutrino is
not thermalized, the nonthermally generated Majorana neutrinos induce the lepton-number
violations and hereafter baryon asymmetry is generated by the sphaleron process [72, 73, 74],
known as the nonthermal leptogenesis [75].

(3.65)
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3.7.2 Relic abundance of gravitino dark matter

In this section, we estimate the relic abundance of the gravitino by employing the obtained
sparticle spectrum. The discussion in Sec. 3.6 indicates that the gravitino is not efficiently
produced by the decay of inflaton, heavy moduli, stabilizer, and SUSY-breaking fields after the
inflation. However, for the thermal bath that is occupied of the relativistic particles after the
reheating process, the gravitinos are thermally produced by the particles in the MSSM. The
light supersymmetric particles would also produce the gravitino at their decoupling time.

First, we study the thermal production of gravitino from the thermal bath. The dominant
production channel comes from the scattering between gauginos and gravitinos, provided that
the couplings among them are not suppressed. On the other hand, other production channels
through the sparticles are more suppressed than those of gauginos as discussed in Refs. [76, 77].
The authors of Refs. [76, 77] show that the abundance of gravitino is written in terms of
numerical parameters w, = (11,27,72) and k, = (1.266,1.312,1.271) in Ref. [77],

3
MT(TR)2 kT m3/2 TR
QIfp? = 14+ —— | w,g,(Tg)?*1 3.66
o 2( T mz, ) (Te)" I\ 75 ) | To0Gev | | Tovgev - 360

where h is dimensionless Hubble parameter. We plot the thermal abundance of gravitino
in Fig. 3.1 as a function of the ratios of gaugino masses at the GUT scale Mgyr, 1 =
Ml(MGUT)/MS(MGUT) and o = MQ(MGUT)/MS(MGUT) with Mg(MGUT) = 550 GeV. Here,
we suppose that the gaugino masses at the reheating temperature M, (Tg) are given by those
at GUT scale M,(Mgur) by employing the one-loop RG equations in the MSSM. In Fig. 3.1,
the dotted curves correspond to the upper and lower limits of dark matter abundance 0.1175 <
Qg/];hz < 0.1219 reported by the Planck Collaboration [15, 16]. It is now assumed that the relic
abundance of dark matter only consists of the thermally produced gravitino.

NNLSP(Higgsino-like neutralino) | mass[GeV]
0 41
NLSPs(right-handed sneutrinos) | mass[GeV]
D, 415
D 415
v, 415
LSP(gravitino) mass[GeV]
Uy, 395

Table 3.4: The masses of NNLSP, NLSPs, and the gravitino at the EW scale for the reference
point (r1,72) = (6,3.5) in Ref. [7]. The subscripts denote the mass eigenstates for the sneutrinos
(7) and the Higgsino-like neutralino ().

Next, we show the nonthermal productions of gravitino from the decay of the light super-
symmetric particles such as the NLSP and/or next-to-next-to-lightest supersymmetric particle
(NNLSP). Let us take the ratios of gaugino masses (r1,r2) = (6,3.5) in a consistent way with
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Figure 3.1: The thermal abundance of gravitino within the range of Planck data [15, 16],
0.1175 < Q [h* < 0.1219. As drawn in Ref. [7], it is dependent on the ratios of gaugino masses
r1 and 7o.

the observed relic abundance of dark matter as drawn in Fig. 3.1. By solving the full one-loop
RG equations in the MSSM from GUT to EW scales with (rq,72) = (6,3.5) and the input pa-
rameters in Table 3.3, one can obtain the sparticle spectra. As shown in Table 3.4, the NLSPs
and NNLSP are identified as three degenerate sneutrinos and Higgsino-like neutralino. The
full sparticle spectra are shown in the next section. Since the tiny Yukawa couplings of Dirac-
type neutrinos suppress the couplings between the degenerate sneutrinos and other (s)particles,
loop-corrections are negligible for the soft SUSY-breaking masses of right-handed sneutrinos.
It implies that the interactions of gravitino and right-handed sneutrinos are so suppressed that
they are not thermalized. In this respect, the abundance of nonthermal gravitino produced by
the higgsino-like neutralino is roughly estimated in terms of mass and the thermal abundance
of the Higgsino-like neutralino Y, mgo and 50,

msz/2

Q5 h? = Qgoh?. (3.67)

X1

In the low-scale SUSY-breaking scenario, that is, u < O(500) GeV, the thermal abundance of
Higgsino-like neutralino is suppressed by the large annihilation cross section which originates
from the nature of degenerated chargino and Higgsino-like neutralino. Then, the decoupled
time of both chargino and Higgsino-like neutralino are almost the same as each other. As a
result, the abundance of nonthermal gravitino is outside the current sensitivity of Planck,

Q7R < 0.11, (3.68)

and then the relic abundance of gravitino is given by its thermal abundance as mentioned
before,
Q30h? ~ Q3502 (3.69)
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Figure 3.2: The blue shaded regions correspond to the Higgs boson mass resides in the allowed
range, 124.4 < my;, < 126.8 GeV [39]. The green dashed (solid) line represents the 1% (10%
) tuning the p-term, |A,| x 100(%). The relic abundance of the gravitino 3/sh* corresponds
to the red dashed curves constrained within the ranges 0.1179 < Q3,,h* < 0.1215 by the
Planck [15, 16]. This figure is shown in Ref. [7].

However, the neutralino and sneutrinos decay into the gravitino dark matter after the BBN.
The electronic and hadronic showers released by the their decay threaten to spoil the successful
BBN. Although the right-handed neutrinos are produced associated with the sneutrino decay
into the gravitino, their abundance is suppressed and harmless for the BBN.

For the Higgsino-like neutralino decay, one can relax the constraints from the BBN when
the NLSP occupies the Dirac-type right-handed sneutrinos [78]. The result of Ref. [78] in the
case of bino-like neutralino NNLSP is also applied in our setup, because the sparticle spectrum
is almost the same. Thus, the small thermal abundance of Higgsino-like neutralino reduces the
constraints from BBN data. The bino-like neutralino can be also considered in our scenario by
choosing the small value of |ri| in Fig. 3.1. However, the nonthermal production of gravitino
enhanced by the large thermal abundance of bino-like neutralino would break the successful
BBN as discussed in Refs. [48, 55, 78].

3.7.3 Results

In the previous section, it is found that the relic abundance of gravitino constrains the ratios of
gaugino masses at the GUT scale, r; and r, as illustrated in Fig. 3.1. On top of that, we show
that the mass of Higgs boson gives the further constraints on r; and 75 in this section. One of
the two Higgs bosons in the MSSM, in particular, the lightest C'P-even Higgs boson becomes
a plausible candidate of that of standard model. The low-scale SUSY-breaking scenario in
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the MSSM is difficult to achieve the realistic Higgs boson mass. Since it is of the order of the
Z-boson mass at the tree-level, the loop corrections play an important role for raising the Higgs
boson mass to be consistent with the LHC experiment [79]. Moreover, the recent LHC data
implies that such loop-corrections have to be maximally enhanced that can be realized by the
maximal mixing of left-and right-handed top squarks. When the mass eigenstates of these top
squarks are nearly degenerated, it could be difficult to realize the observed lightest CP-even
Higgs boson mass. As pointed out in Ref. [40], the certain nonuniversal gaugino masses are
relevant to realize such an enhancement through the renomralization group effects and at the
same time, the degree of tuning the p-parameter can be relaxed. This is because the up-type
Higgs boson mass appearing in Eq. (3.64) can be suppressed by the certain ratios of gaugino
masses.

In this regard, we analyze the full one-loop renormalization group equations of the MSSM
from GUT scale to the EW scale by scanning the ratio of nonuniversal gaugino masses r; and
ry. The numerical calculation of Higgs boson mass and the degree of tuning the p-parameter,
|A,] x 100%, are drawn in Fig. 3.2. It is then found that the blue-colored region resides in
the range of 124.4 < m,;, < 126.8 [39], whereas the green dashed and solid lines correspond to
the degree of tuning the p-parameter 1% and 10%, respectively. Thus, there are parameter
regions which lead to the correct relic abundance of gravitino and the observed Higgs boson
mass simultaneously without a severe fine-tuning.

In Tables 3.4, 3.5, and 3.6, we show a typical sparticle spectrum, the Higgs boson mass my,,
and the degree of tuning the p-parameter |A,| x 100(%) for the benchmark point (r1,rs) =
(6,3.5). Our results are consistent with the experimental lower bounds for all the sparticle
masses reported by the LHC experiments in Refs. [51] and [80]. In the gravity-mediated SUSY-
breaking scenario, the flavor dependent interactions in general cause the dangerous SUSY flavor
violations. However, in our setup, the flavor dependent soft SUSY-breaking terms induced by
the A-terms are suppressed by the vanishing F-terms of moduli fields. Even if the moduli fields
have the sizable F-terms at the vacuum, the SUSY flavor violating interactions are controlled
by the U(1); charge assignments of matter fields [81]. As a result, dangerous SUSY flavor-
violating interactions in the decay channels such as y — ey and b — s are not discriminated
by the present sensitivity of experiments [82, 83]. In the next chapter, we discuss the high-scale
SUSY-breaking scenario considered as another simple solution to raise the Higgs boson mass
and avoid the SUSY flavor violations by allowing some demanding the tuning of parameters to
obtain the EW vacuum.

3.8 Summary

In an former part of this chapter, we have discussed the several SUSY-breaking scenarios on
the basis of the 4D A/ = 1 SUGRA in the light of gravitino mass. In particular, we focus on the
gravity-mediated SUSY-breaking scenario where the gravitino is the lightest supersymmetric
particle, i.e, the gravitino dark matter that is triggered by the nontrivial Kahler metric of the
SUSY-breaking field. With the small Kahler metric of SUSY-breaking field, the gravitino mass
becomes small compared with those of other supersymmetric particles without relying on the
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Sparticles | Mass|GeV] || Sparticles | Mass|GeV]
M, 2618 meg, 3241
M, 2359 ey 2525
me, 2520 o 2421
ma, 2011 My 2331
me, 1735 M 2133
mg, 974 ms, 1447
mg, 2625 My, 3240
mg, 2620 s, 415
ms, 2522 mg,, 2330
ms, 2189 Tn,;M2 415
mg, 2117 My, 2132
mg, 1724 mp,, 415
myo 1723 Mgt 444
myo 1135 Mg+ 1723
myo 448
My 141

Table 3.5: The mass eigenvalues of sparticle spectra at the EW scale for the reference point,
(r1,72) = (6,3.5) in Ref. [7]. The subscripts denote the mass eigenstates of sparticles such as
up (1), charm (¢), top (%), down (d), strange (3), bottom (b) squarks, the scalar electron (),

muon (f1), tauon (7), neutrino (7), the neutralino (Y), and the chargino (y*).

details of SUSY breaking mechanism. Thus, one can consider the gravitino dark matter with
low-scale SUSY-breaking scenario where the cosmological gravitino problem is solved if NLSP
decays do not spoil the success of BBN. Note that here the gauge kinetic functions and the
kinetic terms of the matter fields should satisfy certain conditions as discussed in the case of
CMSSM [58].

Since the abundance of gravitino depends on the moduli and inflaton decays, as a concrete
model, we have considered the 4D N' =1 SUGRA derived from 5D SUGRA model on S*/Z,
as discussed in Chapter 2. The gravitinos produced by the moduli decays would threaten to
spoil the success of BBN when these moduli have sizable F-terms. Ome of the solutions to
avoid such problems is that these moduli F-terms are suppressed. Such a situation can be
realized in our supersymmetric moduli stabilization and inflation shown in Chapter 2. The
moduli, inflaton, and stabilizer fields have supersymmetric masses at their supersymmetric
vacuum. We found that, even after introducing the source of SUSY-breaking, their minima
are not so deviated from their supersymmetric one and then their F-terms are suppressed by
the gravitino mass. Although the couplings between matter fields in the MSSM and SUSY-
breaking field are controlled by their U(1) charge assignments for 5D Z,-odd vector multiplets,
they are almost uniquely determined to realize the hierarchical Yukawa couplings among the
elementary particles. In our setup, the NLSP and NNLSP are then uniquely fixed as the
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mp[GeV] my|GeV] ma[GeV] mpy+|GeV]
125.4 1423 1423 1425
A< 100(%) | My(mg)|GeV] | My(mz)[GeV] | Ms(mz)|GeV]
2.1 1133 1719 1575

Table 3.6: The masses of lightest CP-even Higgs boson my, and charged Higgs bosons mpyg, my,
and mpy, , the degree of tuning of the p-parameter, |A,| x 100(%), and the gaugino masses at
the EW scale for the reference point (r1,72) = (6,3.5) in Ref. [7].

sneutrino and Higgsino-like neutralino, respectively. The small thermal abundance of Higgsino-
like neutralino leads to a negligible nonthermal productions of the gravitino. The sneutrionos
are not thermalized due to tiny Yukawa couplings of Dirac-type neutrinos. One can relax the
constraints from the BBN in these sparticle spectrum as discussed in Refs. [48, 55, 78], and
at the same time, the produced right-handed neutrinos via the sneutrino decay are irrelevant
to the BBN. Thus, the total relic abundance of gravitino dark matter is dominated by its
thermal production after the inflation, that is controlled by the gaugino masses. The authors
of Refs. [40] show that the certain ratios of gaugino masses also play an important role for
raising the Higgs boson mass in the MSSM without a severe fine-tuning. Taking these issues
into account, we find that certain ratios of gaugino masses in our model lead to both the correct
relic abundance of gravitino reported by Planck [15, 16] and observed Higgs boson mass in LHC
data [39].

So far, we concentrated on the gravitino dark matter in 5D SUGRA as one of concrete models
describing particle phenomenology and cosmology both at the same time. The suppressed
Kéahler metric of the SUSY-breaking field is the key ingredient to generate the mass hierarchies
between the gravitino and other supersymmetric particles. If the 5D SUGRA model is derived
from type IIB string theory on a warped throat and/or heterotic M-theory on the Calabi-Yau
manifold [22], the SUSY-breaking sector could be originated from the gauge theory living on
D-branes and/or NS5-branes. For the case of type IIB string, the visible and SUSY-breaking
sectors can be constructed from the different types of D-branes wrapping the different cycles
in the internal manifold. The different sizes of internal cycles would lead to the hierarchical
Kéahler metric between the SUSY-breaking field and matter fields in the visible sector as in the
5D model discussed here.
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Chapter 4

Moduli rolling to a MSSM vacuum
with wino dark matter

In contrast to the previous chapter, we study the 5D SUGRA with high-scale SUSY on the basis
of Ref. [11]. Before going to its details, we summarize the current experimental results of the
LHC. The LHC Run I results show that there is no hint of supersymmetric particles up to a scale
of O(1) TeV [38], and as we mentioned in Chapter 3, certain mechanism is required to realize
the observed Higgs boson mass [39] in the framework of MSSM with a low-scale SUSY-breaking.
Even in the case of low-scale SUSY-breaking scenario, one can achieve the observed value of
Higgs boson mass as discussed in Chapter 3. When the SUSY-breaking scale is larger than
O(10) TeV, the observed Higgs boson mass is achieved in the MSSM with split SUSY [8], spread
SUSY [9] or pure gravity mediation [10]. These high-scale SUSY-breaking models predict the
small gaugino masses compared with those of the other supersymmetric particles. In particular,
in the pure gravity mediation scenario, the gaugino masses are generated by the anomaly
mediation [43, 84], whereas the other sparticle masses are induced by the gravity-mediated
SUSY-breaking. Thus, in such a scenario, the lightest supersymmetric particle is the wino-like
neutralino that will be the dark matter candidate [43, 84]. However, one cannot determine the
relic abundance of wino-like neutralino unless we specify the thermal history of the universe
after the inflation. In addition to thermally produced wino-like neutralino, there is a nonthermal
production from the gravitino decay [85], moduli decay [50] and Q-ball [86]. In this respect, one
has to specify a concrete model to discuss the high-scale SUSY-breaking scenario with the wino
dark matter. In the following, we construct a phenomenologically successful model derived
from the 5D SUGRA on S'/Z, with successful moduli inflation and stabilization proposed in
Chapter 2.

4.1 High-scale SUSY-breaking scenario and sparticle spec-
tra

In addition to the low-scale SUSY-breaking model in Chapter 3, we discuss a high-scale SUSY-
breaking scenario of 5D SUGRA on the basis of the previous moduli inflation and stabilization
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in Chapter. 2. The SUSY-breaking sector is set as that in the low-scale SUSY-breaking scenario
in Chapter 3. Even in this situation, one can discuss the high-scale SUSY-breaking scenario
without contradicting to the moduli inflation and the moduli stabilization, as far as the SUSY-
breaking scale is much lower than the inflation scale. In contrast to the low-scale SUSY-breaking
scenario, we do not consider the R-parity violating operator in the gauge kinetic function,
represented by f(©) = £, X with &, being the real parameter. Thus, the sizable gaugino masses
are not generated from the tree-level gauge kinetic function,

[Ty =) & T" (4.1)

I'=1

due to the almost vanishing F-terms of moduli fields. The anomaly mediation generates the
gaugino masses [43, 84],

_ by

" 1672

where b, = (33/5,1,—3) are the beta-function coefficients in the MSSM. Now, the relevant
vacuum expectation values of conformal compensator, (F'?)/(¢) are replaced by the gravitino
mass mgs, since the moduli and the stabilizer fields have almost vanishing F-terms (3.22) and
the vacuum expectation value of SUSY-breaking field X is much smaller than reduced Planck
scale (3.18).

Furthermore, there are other one-loop threshold corrections to the gaugino masses. When
the p-term is of the order of the gravitino mass ms/s, the heavy higgsino contributes to the
gaugino masses as calculated in Refs. [84, 85],

ms3/2, (4.2)

becrgy m i
M, = 16m2 ,usm2ﬁ|lu‘2 e In m2 (4.3)

where ¢, = (1/11,1,0) and tan§ = v4/v, with v, 4 being the vacuum expectation values of
up-and down-type Higgs fields. Here, we take the limit, my < pu, m4 with my and m4 being
the masses of W-boson and C'P-odd heavy Higgs boson, respectively. We explain the origin of
pu- and Bu-terms later.

The soft SUSY-breaking masses of supersymmetric particles are derived from the four-
point couplings between X and the matter multiplets S, in the MSSM (3.9) that depend on
the U(1); charges of S, for 5D Zy-odd vector multiplets. As shown later, typical sparticle
masses are of the order of the gravitino mass. It then turns out that these sparticle spectra
are similar to those predicted by the pure gravity mediation [10], where the gaugino masses
are lighter than other sparticle masses by one-loop factor (4.2). Then, the wino-like neutralino
corresponds to the LSP through the renormalization group effects as can be seen in Eq. (3.13).
The thermal abundance of wino LSP is determined by the wino mass that is converted into
the gravitino mass from Eq. (4.2) after solving the Boltzmann equations. On the other hand,
the nonthermal abundance of wino is highly model-dependent. Hence, on the basis of moduli
inflation as discussed in Chapter 2, we proceed to study these nonthermal abundances produced
by the decays of gravitino, moduli and stabilizer fields.
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The U(1) charges of the matter chiral multiplets in the MSSM and (s)neutrinos yield the
flavor structure of them as well as the hierarchical structure of the mass matrices of quarks and
leptons as shown in Chapter 3. In the high-scale SUSY-breaking scenario, we set the same U (1)
charges of matter fields as in the case of low-scale SUSY-breaking scenario. In addition, we
also consider the origin of p-term as in Eq. (3.58), which leads to the p-term of the order of the
gravitino mass (3.60). Bpu-term is obtained from the Giudice-Masiero terms [68] in Eq. (3.61).
From the soft SUSY-breaking terms defined in Eq. (3.63), the soft scalar masses are of the
order of the gravitino mass and they can be extracted from the four-point couplings between
the SUSY-breaking field X and the matter multiplets in Eq. (3.9). On the other hand, the
gaugino masses and the A-terms are almost vanishing, because the moduli and the stabilizer
fields have almost vanishing F-terms. Therefore, one-loop anomaly mediated effects are the
leading contribution to them, which yields Eq. (4.2) for gaugino masses and

Gapy = — (’ngéﬁv + 'Y,gya@ + 7§ya54> ms3/2, (4.4)
for A-terms, where 77 = (%gf‘ﬁwy;ﬁ7 - ngC’r(Sa)ég) are the anomalous dimension with

S, being the fields in the MSSM and C,.(S,) are the quadratic Casimir invariants. These
anomaly mediated effects for the soft SUSY-breaking masses can be negligible compared with
the F-term of SUSY-breaking field X, that is, gravity-mediated effects. We stress that the wino
mass is constrained by the LHC experiments. The unstable gravitino must decays before the
BBN, otherwise the electronic and hadronic showers associated with the gravitino decay would
spoil the successful BBN. Thus, from Egs. (3.13) and (4.2), the wino mass is constrained to
My > 200 — 250 GeV. The LHC experiments searching for the disappearing tracks [87] also
give the lower bound for the wino mass My > 270 GeV.

4.2 Relic abundance of wino dark matter

In the following, we explore the relic abundance of the wino LSP by a similar argument as
in the case of low-scale SUSY-breaking scenario in Chapter 3. Their main contributions are
categorized into two types of decay channels. First, the inflaton (0! = ReT"), the real part of
stabilizer (hy = Re Hy) and SUSY-breaking fields (z = Re X)) decay into the gravitino pair after
the inflation and hereafter the nonthermally produced gravitinos decay into the wino LSP at
its decoupling time. On the other hand, their imaginary parts of fields, Im 7", Im H; and Im X
do not oscillate around their minimum in the inflationary era and the other heavy moduli and
stabilizer fields are also irrelevant to the inflaton dynamics. Second, the thermally produced
gravitinos in the thermal plasma during the era of radiation domination decay into the wino
LSP.

First of all, we estimate the nonthermal production of gravitinos given through the decays
of o', hy and z after the inflation shown in Ref. [7]. For the inflaton decays into the gravitino
pairs, the gravitino yield Y5/, = ng/2/s written in terms of the number density of gravitino ng,
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and the entropy density of Universe s is given by

Y2, ~ Br(o! — Uy,,U = i
3/2 ( 3/2 3/2)4mT1 2887T<KT1T1>FZH 4M1%1
B mg/2 2 Tr
~2x107" < ) "
~ 10°GeV/ \10°GeV )’ )

where 1'%, ~ 3.95GeV is the total decay width of inflaton and Ty ~ 1.38 x 10° GeV is the
reheating temperature, which are calculated in Sec. 3.6.
Next, the gravitino yield produced by the stabilizer field h; = Re H; becomes

2 1m3 T, 2 /102GeV\® [/ T
= P DT R:2.5><10—18< o/ ) ( ev) ( ~ > (4.6)
mmgs 4 my, 10° GeV m, 1092 GeV

with pp, being the energy density of field h;. Finally, the following amount of gravitino is
yielded by the decay of the SUSY-breaking field z = Re X,

N\ 2/3
ye 3 Tr (ms2\"" (T2 / ~1.2x 1018 ( m3/2 )20/3 10° GeV | *? Tr
327 9y Umx re ) 105 GeV mx 10°GeV )’

h
Yio =

(4.7)
where I'?}; is the total decay width of SUSY-breaking field z,
1 m%
[y~ — Wy W — 4.8
all ( 3/2W3/2) = 961 m3/2 M (4.8)

We conclude that the gravitino yield from the decays of o' and h; is suppressed as a

consequence of almost vanishing Frterms of 7' and H, . However, for x decay, the gravitino
yield is sensitive to the masses of gravitino mgs/; and SUSY-breaking field m,, which is also
pointed out in Ref. [88]. Fig. 4.1 shows that the particular values of my and ms/, lead to a
sufficient abundance of gravitino. Throughout the above calculations, it is supposed that there
is no matter dominated era for the fields expect the inflaton field and thus inflaton releases the
entropy and reheats the universe at its decay after the inflation.

In addition, the gravitino is thermally produced in the radiation-dominated era. As dis-
cussed in Sec. 3.6, the thermal abundance of gravitino is calculated in Refs. [76, 47, 77, 89|
in terms of dimensionless Hubble parameter h, and the numerical parameters y,/107!? =

(0.653,1.604,4.276) and k, = (1.266,1.312,1.271) defined in Ref. [89],

MT(TR)Z kr TR
S/Q_Zyrgr (Tr)* < Sm—gﬁ In (Tr) *\ To0Gev | (4.9)

where M,.(Tg) and g¢,.(Tr) are the gaugino masses and gauge couplings in the MSSM at the
reheating temperature Tk. After solving the Boltzmann equation for wino LSP (yV), its non-
thermal abundance is estimated as [50, 86,

45 1
R min 3/2+ 3/2+ 3/2+ 3/2 87T2g*<T3/2) MP]T3/2<O'ann/U> ’ ( )
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where the entropy released from the gravitino decay is neglected and g.(75/2) ~ 10.75 is the
effective degrees of freedom in the MSSM at decay temperature of gravitino,

T. <—10 M3 T3 )1/4 (4.11)
3/2 = : .
/ WQQ*(T;),/Q) P1+ 3/2
The gravitino decay width (I's/,) is determined by the gravitino decays into the gauginos in the
case of our sparticle spectrum as can be seen in Tab. 4.1. Since the other sparticles are heavier
than the gravitino, I's/, is simplified as

3 m3/2

sm M,

Ls/o = (4.12)

The thermally averaged annihilation cross section of the wino LSP ({0.u,v)) in Eq. (4.10) is
roughly estimated by the annihilation cross section between wino and W-boson,

3(g2(Mew))*

4.1
16mM3 (4.13)

<O-annv> -

where it is given in the limit of my < My and go(Mgw) is the SU(2); gauge coupling at
the EW scale. For more details of estimating the annihilation cross section of wino LSP, refer
to, e.g., Ref. [90]. The annihilation of the nonthermally produced wino LSP can be negligible
due to its large cross section. In our :seltup7 the wino yield produced nonthermally is then
approximately given by Y;(lfh ~ Y;}IQ + Yy, + Y3h/12 + Y3,

Second, we estimate the thermal production of wino LSP given in the thermal plasma and
it is also roughly estimated by solving its Boltzmann equation,

-1

8m2q, (T~
M@mv)MPlTﬁ : (4.14)

h
Ve = 15
with g. (7 )2(1)) ~ 80 being the effective degree of freedom in the MSSM at the freeze-out tem-
perature of wino LSP T. When we consider the non-perturbative effects for the estima-
tion of thermal abundance of wino LSP, the wino yield is affected in the mass region above
mgo > O(1)TeV [91]. In such a case, the observed dark matter density is achieved for
mgo > 2.7TeV in the case of pure wino produced thermally.

Therefore, the sum of its thermal and nonthermal abundances contribute to the relic density
of wino LSP, i.e., Ygo o~ Yxtél + Y;{lfh. Since Ygo becomes constant at the time of low enough

temperature, the total relic density of wino LSP becomes

Qo = Q5 + Q4 (4.15)
where 5
h(nth nth) ©now



The ratio of critical density of Universe p., and the present entropy density of Universe s, are
evaluated as pe;/Snow == 3.6 B2 x 1072 GeV [16], where h ~ 0.673 is the present Hubble constant in
units of 100km/sec/Mpc [16]. We plot the total relic abundance of wino LSP as functions of m),
and my in Fig. 4.1. The dotted, dashed and solid contours denote the nghg =0.1,0.11,0.12,
respectively. The results are consistent within the range 0.1175 < €40 h? < 0.1219 reported by
the Planck collaboration [15, 16]. Although, in our estimation, we do not take into account
the non-perturbative effect known as Sommerfeld effect for the annihilation cross sections of
wino [91], it is expected that the obtained result is reliable for mg < 1TeV. Even if the non-
perturbative effect reduces an amount of thermally produced wino in the mass region above
O(1) TeV, the nonthermal production of wino compensates its total relic abundance.

In particular, with the gravitino mass mg/, = 1.4x10° GeV and mass of SUSY-breaking field
mx = 2.9 x 108 GeV, the total relic abundance of the wino is within the range reported by the
Planck [15, 16]. At this point, the sparticle spectra and the Higgs boson mass are summarized
in Table 4.1 by setting tan 5 = 4 and the U(1); charges of matter fields given in Tab. 3.1.
The above numerical masses of sparticles are given by employing the one-loop RG equations of
MSSM from the SUSY-breaking scale mg» to the compactification scale M¢ ~ 2.1 x 10'° GeV,
whereas we evaluate the Higgs boson mass on the basis of the formula shown in Ref. [92]. The
sparticle spectrum in Tab. 4.1 implies that there are no dangerous SUSY flavor and C'P-problems
peculiar to the supergravity models, that is a common feature in high-scale SUSY-breaking
scenario. Note that it is now supposed that the parameters w, v, A in the superpotential (3.15)
are chosen so as to realize the above masses of gravitino mg, = e8/2 (W) and SUSY-breaking
field through Eq. (3.22).

In this chapter, we have studied the particle phenomenology and cosmology on the same
footing with an emphasis on the relic abundance of wino LSP. It is possible to check these
wino dark matter scenario by the ongoing LHC 14 TeV data [93] and cosmological observations
represented by the cosmic rays from the Fermi Gamma-Ray Space Telescope [94] and AMS-02
experiment [10, 95, 96]. When the large mass of wino dark matter is excluded by collider
experiments and cosmological observations, the nonthermal production of wino LSP explicitly
shown in this chapter is quite important to realize its correct relic abundance.
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Figure 4.1: The relic abundance of the wino-like neutralino as functions of the gravitino mass

mg/o and the mass of SUSY-breaking field mx in Ref. [11]. The dotted, dashed and solid
contours denote Qgoh? = 0.1, Qgoh® = 0.11 and Qgoh* = 0.12, respectively.
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mass[GeV] mass[GeV]
ma, | 13x 10° | ms | L2 x 10°
ma, | 12x10° || mas, | 9.3 x 107
mg | 9.1 x 10° mg 1.0 x 10°
e, | 89X 10° | my, | 9.0 x 10°
mi | 70 x10° | ms | 9.0 x 10°
mg, | 41 x 100 || ms, | 8.6 x 10°
mg | 1.3% 10° mg,, | 1.2X 10°
mg, | 1.3% 10° mg,, | 1.4 X 10°

ms, | 13 x 10° | my, | 1.0 % 10°
ms, | 89X 10° | my,, | LAx 107
my, | 6.7x10° | my 8.6 x 10°

my, | 41x10° | my, | LAx10°

mg | T3x10° | mg | 377

mgo | 7.3 X 10° me+ | 7.3 x 10°
3 X2

mig 1227 m3y/2 1.4 x 105

mg | 377 | ma | 1255

M 3896

Table 4.1: The masses of sparctiles, the Higgs boson mass my,, the gravitino mass ms/, and
the gluino mass Mj are evaluated at the EW scale in Ref. [11]. The subscripts of sparticles
denote such as up (@), charm (), top (%), down (d), strange (3), bottom (b) squarks, the scalar
electron (€), muon (j1), tauon (7), neutrino (7), the neutralino (y) and the chargino (y*).

4.3 Summary

We have investigated the 5D SUGRA compactified on S'/Z, in a high-scale SUSY-breaking
scenario. In our setup, the systematic analysis for the particle phenomenology and cosmology
can be performed on the same footing. In general, the nonthermal abundance of dark matter
is highly model-dependent and one has to study them in a concrete model. We adopted the
successful scenario for moduli inflation and stabilization explained in Chapter 2 to estimate the
relic abundance of dark matter.

The supersymmetric moduli stabilization and inflation do not lead to the gaugino masses
at the tree-level, unless the R-parity violating term is introduced in the gauge kinetic function
as discussed in Chapter 3. Thus, in our model, after introducing the SUSY-breaking sector,
the gaugino masses are dominated by the anomaly mediation and/or threshold corrections,
whereas the gravity mediation via the SUSY-breaking field dominates the other soft SUSY-
breaking terms such as sparticle masses. As commented in Chapter 2, the flavor structure of
soft SUSY-breaking terms is governed by the extra U(1) symmetries. Thus, the sparticle spectra
in this high-scale SUSY-breaking model are almost the same as those predicted by pure gravity
mediation [10] and the lightest supersymmetric particle corresponds to the wino-like neutralino,
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which would be dark matter candidate. Its relic abundance arises from the sum of thermal and
nonthermal processes after the inflation. The inflaton and moduli are supersymmetrically
stabilized at the minimum of potential so that the gravitino production from their decays is
suppressed by their negligible F-terms. As a result, the small amount of nonthermally produced
wino-like neutralino via the gravitino decay is irrelevant to the Planck data. On the other hand,
the SUSY-breaking field and thermal bath generated after the inflation produce the significant
amount of gravitino that decays into the wino LSP. The amount of wino LSP depends on the
masses of gravitino and SUSY-breaking field as shown in Fig. 4.1. The wino-like neutralino is
also produced by the thermal process in the thermal bath.

In summary, it is found that the relic abundance of wino dark matter is approximately given
by its nonthermal abundances when the mass of wino-like neutralino is smaller than O(1) TeV.
Thus, the nonthermal process is quite important to realize the correct relic abundance reported
by Planck [15, 16] that would be checked by ongoing collider experiments and cosmological
observations. If the large mass of wino dark matter is excluded by them, the scenario of moduli
inflation and stabilization shown in Chapter 2 is one of possibilities to realize the wino dark
matter scenario.
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Part 11

Axion inflation in string theory

68



Chapter 5

String axions

Axion is the light scalar field introduced by the Pececi-Quinn as the solution to the strong CP
problem [97]. In QCD (quantum chromodynamics), one can generically write down the CP
violating term,

0 =

L= 32?GWG , (5.1)
where G and G are the field strength of gluons and its dual one, respectively. The no-observation
of the electric dipole moment of the neutron [98] and and 199Hg [99] show that the size of 0
should be smaller than 1071°. It is no reason why the theta is so small within the framework of
QCD (strong CP problem). As the solution to the strong CP problem, Peccei-Quinn introduced
the global symmetry called as PQ symmetry. After the spontaneous PQ symmetry breaking,
the Pseudo-Nambu-Goldstone boson appeared through the following coupling

c=2ad, (5.2)
fa
a is the axion and f, denote the scale of PQ symmetry breaking. When the axion obtain the
vacuum expectation value, the theta term is canceled out.

In contrast to QCD axion, axions are defined in string theory in a different way. The string
axion is the extra-dimensional components of several higher-form fields through the dimensional
reduction of the obtained effective supergravity action. In this chapter, we briefly review the
cosmology of string axion on the basis of the 10D low-energy effective supergravity action of
several string theory. We also show the possible string inflation with axion in the light of its
axion decay constants. .

5.1 Elements of weakly coupled heterotic string theory
First of all, we begin with the heterotic string theory [13] in which the closed string is only

propagating. The anomaly-and tachyon-free heterotic string theory allows the existence of
gauge fields whose gauge groups are only SO(16) x SO(16) or SO(32) or Es x Fg. For our
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purpose, we restrict ourselves to the SO(32) and Eg x FEjg heterotic string theory in which the
SUSY exists.*

The matter contents in the bosonic sector are dilaton (¢10), metric tensor (gan) with
M,N = 1,2, ..., 10, antisymmetric tensor (Byy), adjoint gauge field (A%,) with [ =1,2,...,16
being the Cartan indices of SO(32) or Eg x Eg. Also, their superpartners appear as massless
modes. The low-energy effective action of the heterotic string theory in string frame is described
by 10D supergravity action whose bosonic part is given in the notation of [101],

1etero 1 _ 1
Sé}ullt '> 22 e 20 [R +4dprg N\ xddrg — iﬂéh) A *H:.Eh)} —
10 J Mm(10)

1

—2¢10
— e tr(F A xF),
29%0 M(10) ( )

(5.3)

which can be determined by the relevant scattering amplitudes on the worldsheet up to of order
O(d') with o/ being the regge slope. The gravitational and Yang-Mills couplings are defined as
262, = (2m)7(a)4, g3, = 2(27m)"(a’)? and the vacuum expectation value of the ten-dimensional
dilaton ¢y leads to the string coupling, gs = e'?0). F represents for the field-strength of
SO(32) or Eg x Eg gauge groups and it has the index of vector-representation, normalized as
tr,(TeT%) = 26%°. In what follows, “tr” and “Tr” represent for the trace in the vector and
adjoint representation of the SO(32) gauge group, respectively. In addition, H denotes the
heterotic three-form field strength defined by

’

(0%
H?()h) = dB2 - Z(UJYM - U)L), (54)

where wyy and wy, are the gauge and gravitational Chern-Simons three-forms, respectively.
One can extract the kinetic term of the B-field from the three-form field strength given in
Eq. (5.3),

1
Skin + Swyz = ———=— dBy N\ *dBy — N,T: B
kin 2wz 4"1%0 /M<10> S Za: 5/a ’

1
= —— dBs N\ xdBy — N, T, Bg N o(T,), 5.5
4/1%0 /M<10> 2 Xa: 5/M ‘ (o) (5:5)

(10)

where the latter part denote the magnetic sources for the Kalb-Ramond field Bg, so-called
Wess-Zumino term. Such sources correspond to the non-perturbative objects, i.e., the stacks of
N, five-branes with their tensions being 75 = ((27)°(a’)?)~!, where N, = %1 correspond to the
single heterotic and anti-heterotic five-branes, respectively. To preserve the SUSY, five-branes
wrap the holomorophic two-cycles I', and their Poincare dual four-forms are represented by
d(I'y). The Kalb-Ramond two-form By and six-form Bg are connected with the ten-dimensional
Hodge duality,

xdBy = €*?°d B, (5.6)

*Although it is difficult to discuss the consistency condition and five-branes in SO(16) x SO(16) heterotic
string theory for lack of SUSY, there are several studies in this direction, see for Refs. [100].
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and then the action of Kalb-Ramond two-form in Eq. (5.5) are rewritten in terms of six-form
Bg as
1

Skin + Swz = — 5~ e??194 By A *dBg
4/%10 M (10)

/

+ 2 / Bs A <trF2 —trR?* — 4(2m)? Z Nad(l“a)> . (5.7)
M (10) o

2
8K

The following tadpole condition of the NS-NS fluxes results from the equation of motion of B,

’

d(e**1 x dBg) = —O‘Z (trF2 —trR?* — 4(2m)? Z Na(S(Fa)) = (0], (5.8)

in cohomology and where R and F represent the field strengths of the extra-dimensional com-
ponents of curvature on internal manifold and gauge fields whose gauge groups are embedded
in SO(32) or Eg x Es. When the five-branes do not exist, the tadpole condition must be
canceled by the contributions between the geometrical part and magnetic fluxes, otherwise the
non-Abelian gauge and gravitational anomalies arise in the system. If the heterotic five-branes
exist, such anomalies are canceled by themselves at the non-perturbative level. On the world-
sheet, these heterotic five-branes also recover the modular invariance [102, 103] which can be
shown in the case of heterotic orbifold [104]. However, in such a case, we must take into account
the gauge anomaly and the global Witten anomaly on heterotic five-branes where the partition
function is vanished in the even number of chiral fermions on the heterotic five-branes [105, 106].

At the field theoretical approach, the cancellation of Abelian gauge and gravitational anoma-
lies are captured by taking into account the following one-loop Green-Schwarz term at the string
frame [107, 108],

1
SGS - W/B2 VAN Xg, (59)

which can be extracted from the S-dual type I theory up to normalization factors as shown in
Ref. [109] and the eight-form Xg is yielded as

1 1 1 1 1
Xg = ﬁT]rF‘1 — %(Ter)Q — %(TrFQ)(trRQ) + gtrR‘l + 35
For more details of the cancellation of Abelian gauge anomalies through Green-Schwarz mech-
anism, see Refs. [110]. Hence, the abelian and non-abelian gauge anomalies and gravitational
anomalies are canceled by the above Green-Schwarz mechanism (5.9) and the tadpole condi-
tion (5.8) as discussed in Refs. [111, 110]. These conditions severely constrain the phenomeno-
logical models in the framework of heterotic string theory. It is possible to achieve these
anomaly cancellation by constructing just the three-generation standard-like models. However,
even if there are no Abelian gauge anomalies, the Abelian gauge bosons may become massive by
absorbing the axions appearing through the Green-Schwarz coupling given by Eq. (5.9) [110].
One should take care of the couplings among hypercharge gauge boson and axions in order to
avoid such situations.

(trR*)2. (5.10)
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5.2 Axions in heterotic string theory

Let us dimensionally reduce the above effective action of the heterotic string theory on a general
complex 6D manifold M. Along the line of Refs. [110], we expand the B-field in the basis of

Kihler form wy, with & = 1,2,---, hb! and its hodge dual four-form 1y,
hl,l
By =0 + 123 b wy,
k=1
hl’l
B = 156 vols + 12>~ b iy, (5.11)
k=1

where [, = 21/ is the string length and volg = w; A we A ws is the volume form of internal
manifold normalized by [ mVolg = 1. The two-form B, and six-form Bg are related by the
Hodge duality, *19d By = €2?19°dBg. Note that the hodge dual four-form satisfies the following
relation

M

We call the b(()o) and b,(f) as the universal axion pairing with the dilaton and the Kahler axion
pairing with the Kahler moduli, respectively. These axions have continuous shift symmetry
originating from the gauge symmetry of Kalb-Ramond B, field, where By (Bg) couple to
the fundamental string (a five-dimensional object called as heterotic five-branes). The explicit
computation showed that such a shift symmetry is preserved to all orders in the o-model
perturbation theory [112].

When the heterotic five-branes appear in the low-energy effective theory, one cannot ensure
the approximation of weakness of string coupling which arises from the fact that the tension
of heterotic five-branes is of order g;2. In order to study these objects, it is required to start
from the strong coupling limit of heterotic string theory. The strong coupling limit of SO(32)
heterotic string is described by its S-dual theory, that is, type I string theory, in which the
heterotic five-branes become D5-branes. On the other hand, Horava and Witten pointed out
the existence of the strong coupling limit of Eg X Fg heterotic string theory in Ref. [113] and the
low-energy phenomena is captured by eleven-dimensional supergravity on S'/Z, background.

In the strongly coupled Eg x Eg heterotic string theory, the heterotic five brane is considered
as the Mb5-brane compactified on eleventh direction S'/Z,, where the self-dual tensor field B
exist. In the same way as in the case of weakly coupled heterotic string theory, we can define
the axion and dual two-form under the following convention

hll

=5 + Zb W, (5.13)

where w;, denote the two-cycle wrapped by the M5 brane. Thus, existence of M5-brane implies
that the extra axions (b,(f)) and two-form field (b ) appear in the low-energy effective theory.
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In addition, in the strongly coupled SO(32) heterotic string theory, the heterotic five brane is
considered as the S-dual of D5-brane where the symplectic gauge fields live on. The axion is
also defined as the four-dimensional component of Ramond-Ramond field living on D5-brane.

5.3 Elements of type II string theory

Next, we discuss the type ITA and IIB string theory, in which both the closed and open strings
are propagating. Before going to define the axions in type II string theory, let us first summarize
their matter contents and low-energy effective actions on the basis of Ref. [114].

In type ITA superstring theory, massless fields in the bosonic sector are dilaton (¢19), met-
ric tensor (gpn), antisymmetric tensor (Bysy) for Neveu-Schwarz (NS) sector and Ramond-
Ramond (RR) fields such as a one-form € and a three-form C5. Other RR-fields are related
to above them by hodge duality. Also, their superpartners appear as massless modes. Its low-
energy effective action in string frame is described by 10D supergravity action whose bosonic
part is given by

S = S+ S + 5, 519
where
1 —2¢10 1
Sng = — e R+ 4d¢i9 A *dprg — =Hz N xHjz | |
1 ~ ~
S _ L P2 nxFy 4+ By |
R 4K2 A(10) 2 Al s o
1
SWA) _ _ _— By AFyAF 5.15
CS 4,{2 11G0) 2 4 4, ( )

which can be calculated by the relevant scattering amplitudes on the worldsheet up to of
order O(a’). The gravitational and Yang-Mills couplings are defined as 212, = (27)7(a’)?,
9% = 2(27)7(a')? and the vacuum expectation value of the ten-dimensional dilaton ¢ leads
to the string coupling, g, = e/?19) in the notation of [101]. In addition, Hs and F; 4 denote the
NS and R-R field strengths defined by

H3 — dBQ,
E,=dC, i,
Fy=F,+Cy A Hs. (5.16)

By contrast, in type IIB string theory, massless fields in the bosonic sector are dilaton
(¢10), metric tensor (gyn), antisymmetric tensor (Bysy) for Neveu-Schwarz sector and several
Ramond-Ramond fields such as a scalar Cj, a two-form C5 and a four-form Cj4. Other R-R
fields are related to above them by hodge duality. Also, their superpartners appear as massless
modes. Its low-energy effective action in string frame is described by 10D supergravity action
whose bosonic part is given by

Star’ = Sns + Sy + 85, (5.17)
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where

1 1.
SR — 13 [Fl NKFy + Fy AxFy + 5 Fs AxFs |
1
SUB — _ ~ [ CyAHs AR 5.18
CS 4/{2 4 3 3 ( )

with F, = dC,_,, Fy = F3 — Cy A Hy and self-dual field strength F5 = Fy — 1Cy AHy + 1By A Fy
satisfying the constraint Fy = % F}.

String theory is not only the theory of string, but also describes the solitonic objects such
as D-branes where the open strings have the Dirichlet (Neumann) boundary conditions in the
directions transverse (longitudinal) to the brane. From the quantization of the open string living
on a D-brane, one finds the massless gauge field and its superpartner. The low-energy action
of Dp-brane with p being spatial dimension is calculated by computing scattering amplitude
between open strings and closed strings. The explicit form of it is obeyed by the Dirac-Born-
Infeld (DBI) action in a supergravity background and Chern-Simons term,

Spe1 = —/ dp+1£€(p73)¢/4\/_det(giEj‘ + e~?2(F;; — Byj)),
M
Swz = / "B aC, (5.19)
M

where £ denote the coordinate of world volume M mapped by the that of 10D spacetime and
gg is the pullback of the metric at the Einstein frame. The metric at the string frame g;gj is
transformed under SL(2, R) symmetry of worldsheet which is related to the SL(2, R)-invariant
metric at the Einstein frame g5 = e¢/2g5.

5.4 Axions in type II string theory

Let us perform Kaluza-Klein reduction of the type II string effective action on CY threefold.
For completeness, we restrict ourselves to the type IIB string theory.! In the same way as the
case of heterotic string theory, we expand the Kéhler form J, B-field and R-R form in the base

fAn extension to the case for type ITA string theory is straightforward.
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of Kahler form wy, with k = 1,2,--- , hY! and its hodge dual four-form w0, of CY threefold,

hl,l
J = l? Z thI,
I=1
hl’l
By =0 + 12> by,
I=1
hl’l
Cy=c + 12w,
I=1
hl’l
Ci =12 0y, (5.20)
=1

where ¢/, bg())’ C§0) and 050) are h'! four-dimensional scalar fields. b(IQ) and 0(12) four-dimensional
two-form fields. Up to now, there is a unbroken N’ = 2 SUSY in four-dimensional effective
theory derived from type IIB string theory on CY manifold. In order to obtain chiral spec-
trum, it is required to break N' = 2 SUSY to N = 1 SUSY. That situation is realized in
the presence of non-dynamical objects, i.e., orientifold planes. It plays an important role for
tadpole cancellation induced by certain D-branes including the standard model sector.

We briefly review the CY orientifold with O3/O7-planes on the basis of Ref. [115]. In
the presence of O3/O7-planes, the basis of Kéhler form is decomposed as the orientifold-even
and-odd bases w’, i = 1,- - ,hi’l and w*, a=1,--- A", respectively. Since only orientifold
invariant fields appear in the four-dimensional effective theory, the orientifold-even fields (R-R
0-form Cj, dilaton P, 950)’ t!) appear in the four-dimensional effective theory when they are
expanded in the basis of w’. On the other hand, the orientifold-odd fields (b§°), c§°), b(()z) and
c((f)) appear in the four-dimensional effective theory when they are expanded in the basis of w®.
Thus, the orientifold invariant fields are the axiondilaton 7, Kdhler moduli T}, two-form scalars
G, summarized as

T = Co + ie_@,

1 , 1 _
fTZ- — §I<Ll'jkt]tk + Z@Z(O) + Z—leq)/imgGa<G — G)B,

Go = Co — Thy. (5.21)

The orientifold-odd complex structure moduli (¢ also appear through the complex structure
deformations of CY metric,

67

Wﬁa(fa)ﬁj%j’ (5.22)

0gij =
where €2 is the holomorphic three-form of CY manifold. Note that b(()o) and b’(€0) as the universal
axion pairing with the dilaton and the Kahler axion pairing with the Kéahler moduli, respec-

tively. These axions have continuous shift symmetry originating from the gauge symmetry of
Kalb-Ramond B-field.
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5.5 Inflation with axions

The cosmic inflation is a most successful scenario which not only generates an origin of the
current temperature fluctuation, but also provides testable predictions for the cosmological
observables. Especially, the primordial gravitational wave is one of the main target for the
current and future cosmological observations. According to the size of the tensor-to-scalar ratio,
the slow-roll inflation scenarios are mostly classified into two types of them. The small-field
inflation predicts the small tensor-to-scalar ratio, whereas the other scenario is the large-field
inflation which predicts a measurable tensor-to-scalar ratio. These large field inflation would
be testable for the near-future cosmological observations. Thus, it has substantial implications
for the fundamental theory such as string theory. For the detectable tensor-to-scalar-ratio,
r = 0(0.01 —0.1), a so-called Lyth bound [116] suggested that the inflaton is realized in the
region of the trans-Planckian value of inflaton field. However, in this field regime, one cannot
neglect the Planck suppressed operators and correspondingly description of effective field theory
is lost. In the case of large-field inflation models, we always encounter such problems how to
treat the trans-Planckian field values. In this section, we show the treatment of the trans-
Planckian values on the basis of the string theory.

5.5.1 Natural inflation

When we consider string axions as the candidate of inflaton, axion potential is mainly classified
into two types of models. One is the natural inflation scenario where the inflaton is identified
as the pseudo-Nambu Goldstone boson [29] with the following Lagrangian,

L= —%(ad))? — A* [1 — cos @)] : (5.23)

where ¢ is the axion with f being its decay constant. In the string set up, the axion shift
symmetry is spontaneously broken down to the discrete one by nonperturbative effect such as
D-brane instanton effects and gaugino-condensation living on the hidden D-brane expect for the
D-brane including the standard model. In any cases, their dynamical scales are characterized
by A. However, the natural inflation compatible with the observed Planck data [15, 16] requires
the trans-Planckian axion decay constant. (See, for more details, e.g., Ref. [30].) It is in general
hard to realize such the axion decay constant beyond the Planck scale in the 4D effective theory
as well as the higher-dimensional theory, since the scale of axion decay constant is connected to
the volume of internal manifold and the cut-off scale of higher-dimensional theory. In particular,
the string theory shows that the typical fundamental axion decay constants are below the scale
10'"GeV as pointed out in [117].

To overcome such a problem, there are several approaches to realize the natural inflation
with trans-Planckian axion decay constant. Along the line of Ref [118], let us consider the
scenario where two axion fields ¢; and ¢y couple to two non-Abelian gauge groups G; and Gs.
When these gauge theories are confined at the dynamical scales A; and A,, the axion potential
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becomes
A1 os [Py ©2 1] os [(2L 4 P2
L=A] [1 oS <f1 + fz)} + A5 {1 cos (91 + 92>} , (5.24)

where fi5 and g2 are axion decay constants. In the case of A3 > Aj, there appears a heavy
and a light linear combination of axions,

~ 1

¢heavy - o (ﬂ + @> s
Vi +95; \9 92

~ 1

Plight = — 5= (ﬂ - @) : (5.25)
Vi +95 \91 92

After integrating out &heavy, the effective potential for éhght becomes

L£=A [1 — cos <%>] : (5.26)

-1
f=\9gi+g (@> (é - ﬁ) : (5.27)

9192 g2 g1

with

As pointed out in Ref [118], under the condition

o

g 0 (5.28)

the effective axion decay constant for élight can be chosen as trans-Planckian size. This align-
ment mechanism is realized even for the sub-Planckian axion decay constants fi 2, g12 << Mpy.
It is generalized to many axion cases in Ref. [119]. Also, in the case of many axions, one can
realize the super-Planckian decay constant called as N-flation [120]. (See, a similar proposal
for assisted inflation [121] and M-flation [122].) On the other hand, in the single axion case,
its decay constant can be enhanced by a small five-dimensional gauge coupling as pointed out
in the five-dimensional theory [123, 6]. In the next Chapter, we show an another approach to
enhance the axion decay constant in the single axion case on the basis of Ref. [124].

5.5.2 Axion monodromy inflation

Let us focus on the another popular axion inflation, i.e., the axion monodromy inflation [125,
126] in string theory. In contrast to the natural inflation, the axion shift symmetry is explicitly
broken down by the existence of D-brane. As a result, the inflaton potential has a structure
of monodromy and the field range of inflaton during the inflation becomes larger than its
fundamental period determined by the axion decay constant. In this scenario, we do not need
the trans-Planckian axion decay constant.
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The axion monodromy inflation is characterized by the following Lagrangian

5067 — i, (5.29)

where ¢ is the axion associated with the higher-dimensional form fields and p; denotes the
energy scale as shown later. p is the model-dependent fractional number. (For more details,
see Ref. [114] and references therein.)

We proceed to explain the details of monodromy inflation by taking into account the space-
time filling D5-brane in type IIB string theory [126]. Now, we assume that the D5-brane wraps
the 4D spacetime and certain internal two-cycle s in the 6D internal space. The action of
D5-brane is given by the unmagnetized DBI action,

o
(2m)°gs(a')?

where Ggp, a,b = 0,1,2,3,4,5 denotes the pullback of the metric of the target space and an
extra-dimensional component of the Kalb-Ramond field B, corresponds to the axion b = f22 B
where B, is the Kalb-Ramond two-form.

After dimensional reduction of DBI action along the cycle ¥y with its volume [ in o/ =1,
the axion potential is extracted as

RN/ vy
Ve ~ OO XCIE * 402, (5.31)

where 7T is some unknown warp factor. In the large field regime of axion b > [, one can obtain
a linear-type potential term,

Sps = / $o/—det(Goy + Bu), (5.30)

-
Ve = s o (5.32)

The relevant Lagrangian of the canonically normalized axion ¢ = b is given by

506 — 4o, (53
where p3 = TEP @ with f being the axion decay constant for ¢. We stress that the axion
exhibits not a sfnft symmetry but monodromy in its scalar potential. Furthermore, the above
discussion is also applied for its S-dual NS5-brane. The axion living on an NS5-brane wrapping
the cycle Y5 is defined as a four-dimensional component of RR field C5. The other types of
monodromy inflation in Eq. (5.29) with p = 2/3 [125] have been proposed for the D4-brane
in type ITA string theory on a twisted torus. When we consider a coupling between NS-NS
two-form and the R-R field strength, the axion monodromy inflation becomes the form of
Eq. (5.29) with p = 4/3,3 [127]. Also, the other types of axion monodromy inflation with p = 2
is discussed in terms of the seven-branes [128] or a four-form field strength [129].
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Chapter 6

Natural inflation in weakly coupled
heterotic string theory

In this chapter, we take into account the weakly coupled heterotic string theory with an em-
phasis on axion dynamics based on Ref. [124]. When the anomalous U(1) symmetries exist in
the system, the moduli fields contribute to the anomaly cancellation through the Stiickelberg
couplings between the axions and gauge bosons. Such axions appearing in the Stiickelberg
couplings are then absorbed by the anomalous U(1) gauge bosons and become massive. Those
mass scales are typically the string scale. Thus, certain axion fields are decoupled from the sys-
tem. In particular, when the anomalous U(1)s are included in the Cartan direction of Eg x FEg
heterotic string theory, it is possible to absorb the linear combinations of the universal axion
b(()o) and Kahler axions bgo). In this chapter, we identify one of the unabsorbed Kahler axion
as the inflaton. Also, the real parts of moduli fields such as dilaton and Ké&hler moduli should
be stabilized and heavier enough than the inflaton field, otherwise they would be destabilized
and generate non-adiabatic curvature perturbations constrained by Planck data. In order to
overcome this problem, we consider that the certain non-perturbative corrections lead to sta-
bilize the dilaton and real parts of Kahler moduli. Note that, the complex structure moduli
can be stabilized at the minimum by the flux-induced superpotential at the tree-level. When
the internal manifold is chosen as “Swiss-Cheese” CY manifold, its geometrical structure leads
to stabilize a linear combination of Kahler moduli without relying on a lot of non-perturbative
effects to the superpotential. These CY manifold is extensively studied in the string phe-
nomenology and cosmology on the basis of the Type IIB string theory [33], F-theory [130]
and heterotic string theory [131]. The remaining Chapter is organized as follows. First of all,
we review the heterotic string theory on general CY manifold with multiple anomalous U (1)
symmetry in Sec. 6.1. In Secs. 6.2.1 and 6.2.2, we propose two successful inflation models. We
summarize this chapter in Sec. 6.3.
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6.1 Effective action of heterotic string with U(1) mag-
netic fluxes

We restrict ourselves to the Ey® x B} heterotic string.* In contrast to the standard embedding
where the SU(3) gauge fields in Ey® are identified as the spin connection of CY manifold, we
consider other class of model by employing the U(1) magnetic fluxes (line bundles) called as non-
standard embedding. In such a model, the visible EY*® gauge group decomposes into the product
group of G5 (certain GUT or just the SM gauge groups) and multiple U(1)s whose rank depends
on that of Gyi. Such a decomposition of the gauge group is induced by multiple U(1) magnetic
fluxes (multiple line bundles), in other words, the constant extra-dimensional components of
multiple U(1) field strengths. Although we do not know the consistent quantization condition of
string in the presence of magnetic fluxes in contrast to type I string theory, we assume that they
are treated as those in the field theoretical approach. These U (1) fluxes play phenomenologically
important role of realizing the 4D SM model gauge groups and chiral matters. Their possibilities
were pointed out in Refs. [111, 109] and the type IIB string theory [132]. Throughout this
chapter, we further assume that the charged scalar fields under the multiple U(1)s and bundle
moduli (Wilson line moduli in type II string theory) do not affect our following discussion. It
would be ensured by the remaining gauge symmetries and certain dynamics.

Let us carry out the KK reduction of 10D Ey® x EY heterotic supergravity on the general
CY manifold. Effective tree-level Kahler potential becomes

K =—Mjh(S+5)— Mgn(V), (6.1)

where M2 = <5 First part is the the Kahler potential of dilaton and the latter is that of
10

Kéhler moduli ¢; whose size determines the internal two-cycle of CY manifold with its volume
being V = ¢ [y J A J A J written in terms of Kéhler form J = 23", t;w;. The dilaton and
Kéhler moduli are defined as
1 —2¢10
= — {6 4 +z’béo)} ,

 A4n [6

T, =t; +ib”, (6.2)

where their imaginary parts correspond to the dilaton axion béo) and Kahler axion bgo) for
i=1,2,---hb! respectively.

Let us take a closer look at these axionic couplings descended from 10D kinetic terms
of H in Eq. (5.3) and one-loop GS counter term [108] in Eq. (5.9). When U(1) magnetic
fluxes (extra-dimensional components of constant field strength) are inserted into the Cartan
direction of EY*®, the axions have the following couplings of the U(1)™ gauge bosons A,,,
m=1,---,8 —rank(G,;s) in the action,

Saxion - /\ F b(z) A\ Fm 6.3
4z2/ +Z 20 /R : (6:3)

*Tt is straightforward to extend the following analysis to SO(32) heterotic string theory.
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where

trF, 1 1 - trF,
T = tr(T™T™) / m A (trF2 - §trR2> Q= (T T™) / 1"2 . (64)
C T;

vy 2m 1672 T

Here, F),, and F), represent the four-dimensional and extra-dimensional U(1)™ field strengths
with their generators T™. F is the extra-dimensional components of field strengths of EY
symmetry. The above Stiickelberg couplings indicate that the dilaton and Kéahler moduli have
U(1)™ charges, Q¢ and Qf i = 1,---h"', respectively.

Hence, 4D U(1) gauge symmetries restrict the form of tree-level Kéhler potential as

In ( S2Vm>
vm> (Tk+Tk— QT"V ) }
(6.

Rijh . or - o
g (pen- L) (4525
where k;;;, stands for the intersection number of CY manifold. U(1) vector multiplets V,,,

m = 1,---,8 — rank(G,j), respect the shift symmetry (gauge symmetry) of dilaton axion

IC:_MFQ’I

5)

b(()o) and Kahler axion b§°) for i = 1,2,---hb.  As mentioned before, we focus on so-called
“Swiss-cheese” CY manifolds with the following form of Kahler potential,

K = —ln{kzl(Tl+T1)3—Zki(Ti+Ti)3}, (6.6)

with k1, k; > 0. In the next section, such a negative sign in the moduli Kahler potential plays
an important role of stabilizing the Kahler moduli.

After expanding the Kéahler potential to second order on the vector multiplets, the mass
terms of the U(1) gauge bosons are obtained as

_ Mg, [ KssQg Q% K7, Q7 Of.
Smass = Z 4 ( (16#2)2 ‘f‘;w /R1,3 A A x4 Ay, (67)

m,n

which is typically of the order of the string scale M? = 1/I2 with I, = 27v/a/.! The U(1)
invariant Kéhler potential with U(1) magnetic fluxes in Eq. (6.5) also generate the moduli-
dependent Fayet-Iliopoulos terms [135],

oK

§m:%

hl,l
Qg T,
= — Kg — E K, .
1672 ° P (6:8)

'm=0

where K; = 0K/0Z! for Z1 = STy, -+, Tj1.
See for more details, e.g., Refs. [110, 133] for Eg x Eg and [133, 134] for SO(32) heterotic string theories.
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For our purpose, we show the gauge threshold correction for gauge kinetic function of the

non-abelian gauge groups embedded in Eém) X Eéhid) gauge group. The existence of U(1) mag-

netic fluxes induce the one-loop corrections originating from the one-loop GS term in Eq. (5.9),

fVis =9 + 5@E7
fria = S = BT, (6.9)
where
1 1 _ 1 -
= — F? — —trR? U; . 1
B o /CY 62 (tr 2trR ) A W; (6.10)

As shown in Eq. (5.8), the gauge threshold corrections in both visible and hidden sectors

are correlated each other. It is originated from the tadpole cancellation condition of EéVis) X

Eéhid) heterotic string theory. On the other hand, the gauge kinetic functions of non-abelian
gauge groups embedded in SO(32) heterotic string theory have the nonuniversality due to the
structure of SO group.

6.2 Natural inflation and moduli stabilization

Based on the weakly coupled heterotic string theory on “Swiss-Cheese” Calabi-Yau manifold,
we propose two moduli stabilization scenarios in Secs. 6.2.1 and 6.2.2. In both cases, the
lightest Kahler axion have the trans-Planckian axion decay constant that induces a successful
natural inflation. Its axion decay constant can be enhanced by the one-loop corrections to the
gauge kinetic function of the hidden E}Y groups. That situation is different from the usually
considered aligned natural inflation scenario in the case of two axions with sub-Planckian axion
decay constants [118].

The other moduli fields expect for the inflaton should be heavier than the inflaton field,
otherwise they would be destabilized. In our setup, the multiple U(1) gauge bosons absorb the
linear combination of the other Kéhler axions. These axionic couplings (Stiickelberg couplings)
are originated from multiple U(1) magnetic fluxes. The real part of dilaton is assumed to be sta-
bilized at its minimum by the contributions from the non-perturbative effects. In Sec. 6.2.1, the
dilaton potential is generated from the Kahler potential in Sec. 6.2.1 and gaugino-condensation
effects in Sec. 6.2.2. Furthermore, the world-sheet instanton effect gives rise to stabilize one of
the real parts of Kdhler moduli and then the structure of “Swiss-Cheese” Calabi-Yau manifold
contributes to the stabilization of other real parts of Kahler moduli.

6.2.1 Single gaugino condensation

Let us take a closer look at the detail of moduli stabilization. In our setup, the multiple U(1)
gauge bosons absorb the universal and Kahler axions except for the axion-inflaton as seen in
Eq. (6.7). After that, the non-perturbative effects stabilize the dilaton and all the real parts of
Kéhler moduli at the SUSY-breaking minimum. At this level, one of the Kéahler axion remains
massless. Finally, after considering the Kéhler axion as the inflaton, one can obtain its effective
scalar potential.
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Setup

For complete our discussion, we adopt the following “Swiss-Cheese” CY manifold with five
Kihler moduli (k! = 5) and four anomalous U(1)™ symmetries (m = 1,2,3,4) in the reduced
Planck unit,

K=K (S+5V,V3Vv?

3 3 3 3
—In k;l(T1+T1)3—k2 <T2+TQ—ZQ¥QV"> — ks <T3+T3—qugvn>

n=1 n=1
i (Ty+ Ty = gt V')’ — ks (T5 + T5 — af,V')'} (6.11)

where g7 = Q%/ 2m and k;, @ = 1,2,3,4,5 are the positive constants in correspondence with
the intersection numbers of “Swiss-Cheese” CY manifold, di ¢ ¢, distotys Qistatsy QigtytssQtststs-
We will come back to the reason why we consider the model with five Kéhler moduli and four
anomalous U(1)s in the next section. The dilaton Kéhler potential is given in terms of its U(1),,
charges ¢ = Q% /167%, n=1,2,3,

3
K°:—1n<s+5—zqg "> (6.12)

n=1

at the tree-level.
Moreover, we consider the following U(1) invariant superpotential,

W =Wy+ A @_#(5—52T2—53T3—64T4—55T5) + B e_ﬂlTl’ (6.13)

where W, is the constant term as a consequence of the moduli stabilization of complex structure
moduli of CY manifold. In a similar way to the case of type IIB string theory, the flux induced
superpotential could be tuned to small values when we consider the vacuum away from large
complex structure limit. In such a case, it is expected that the backreaction from the three-form
flux to the CY manifold is the sub-leading order. When the hidden sector gaugino condensate,
the second term in Eq. (6.13) appears in the superpotential. It encodes the contribution of one-
loop threshold corrections in Eq. (6.10) to the gauge kinetic function at the hidden sector. The
third term in Eq. (6.13) corresponds to the non-perturbative potential for 77 as a consequence
of world-sheet instanton effects on its cycle.

Moduli stabilization at the perturbative level

Next, we explore the moduli stabilization at the perturbative level. With the help of NS-
NS three-form flux as shown in Eq. (6.13), the complex structure moduli associated with the
“Swiss-Cheese” CY manifold can be stabilized.

The certain linear combinations of imaginary components of the dilaton and the Kahler
moduli, i.e., axions are also stabilized (absorbed) by the anomalous U(1)™ gauge bosons in-
cluded in the vector multiplets V™ m = 1,2, 3,4. The mass-squared of U(1)™ vector multiplets
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depend on U(1)™ magnetic fluxes as shown in Eq. (6.7). It is then turned out that the following
linear combination of the canonically normalized axions,

Xl 1 Im S n Im 75 . Im 75
N1 C_Ié’ \% KSS q%—’g V KTQTQ Q%E V KT3T3 ’
X2 1 ImS n Im 75 L Im T3
N2 qg’ \% KSS q%z V KTQTQ Q’%g, V KT3T3 ’
1 Im S Im7T5 ImT5
X =— + + : (6.14)
N3 qg’ \% ng q%g V KTQTQ Q%3 V KT3T3>

are absorbed by U(1)" (n=1,2,3) gauge bosons. The overall normalization factor is denoted as

N" = /(1 qav/Ess)? + (1B, )? + (L, Koz, (6.15)

for n = 1,2,3. The details of Kdhler metrics of axions are summarized in Appendix B. Thus,
after canonically normalizing the U(1) gauge bosons, we obtain their mass-squared matrices

M2
My, = = Kssqs'as+ )  Krratar, | - (6.16)
5 4\/<Re fm’m>\/<Re fn’n> ( lz’]: ilyj i4dy

for m,n = 1,2, 3. The gauge kinetic functions of U(1)s, fy.. are also obtained by compactifying
the internal manifold, f,,,, = tr(T™1")S6,,,, + O(BT). We stress that U(1)" gauge invariance
of the superpotential (6.13) requires the following relation between these U(1) charges of the
moduli S, Ty and T3,

q§ = ap, Bo+ ap, Bs. 45 = a7, Bo + a3, B3 4 = a3, Bo + 4, Bs. (6.17)

Since the U(1) gauge invariance condition (6.17) restricts the form of mass-squared matri-
ces (6.16), one can achieve the full-rank mass matrices (6.16) iff the number of U(1)s is bigger
than three. As a result, the imaginary components of S, T, and T3 are completely absorbed
by the U(1)"%3 gauge bosons. From the superpotential (6.13), the decay constant of universal
axion is much smaller than the Planck scale and it cannot be identified as the inflaton.

In a similar fasion, the following linear combination of axion is absorbed by U(1)* gauge
boson,

1 Im T4 Im T5
Xt= + : (6.18)
N* (q%ll V KT4T4 qélrg) V KT5T5>

where N* = \/(1/(1%4« /Kr,7,)? + (1/q7, /Krn7,)?, and the orthogonal direction of X

Vi _ L ( ImT, . Im T3 ) ’ (6.19)

N4 qal% \/ KT5T5 q%ll V KT4T4
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remains massless at this stage. Its massless axion is identified as the inflaton later. Following
the above arguments, one can stabilize the complex structure moduli and the four imaginary
parts of the moduli X™, m = 1,2, 3,4 at the perturbative level in the presence of four anomalous
U(1) vector multiplets.

Moduli stabilization at the non-perturbative level

Next, we discuss the stabilization mechanism of moduli fields at the non-perturbative level.
In order to stabilize the dilaton field, we assume the following form of non-perturbative
correction to the dilaton Kéahler potential in addition to its tree-level one (6.12),

K™ = dgPe b9, (6.20)

where b, p, and d are the real unknown constants. The gauge coupling in the hidden sector is
expressed as g = (Re.S — 37, BiReT;)™"/? as given in the superpotential (6.9). The authors
of Refs. [136, 137, 138] proposed that the two ansatzs of the non-perturbative correction to the
Kihler potential K™ which are written by*

K=K'+K™or K=1In (eK° + eK“") . (6.21)

Along the line of Ref. [139], the dilaton is assumed to be stabilized at the minimum in the
presence of such corrections to the Kahler potential. However, our following inflation mechanism
does not rely on the detailed form of non-perturbative effects.

Then, one can write down the F-term scalar potential in terms of the Kéhler potential (6.11)
and the superpotential (6.13). To simplify the analysis, we redefine the linear combination of
the dilaton and the Kéahler moduli as,

Q=5 — BTy — B3T3 — BuTy — B515, (6.22)
which leads to the following form of the Kéhler potential (6.11) and superpotential (6.13),
K=K (®+®,T+1T5Ts+ T3, Ty + Ty, Ts + T5, V', V2, V?)

3 3 3 3
(T T = ks <T2 Ty — Zq;gv”> — kg (Tg +T3— > q:EV”)

n=1 n=1
—ky (T4 + Ty — qrf‘p4V4)3 — ks (T5 + 15— C]%5V4)3} )
W=Wy+ Ae s ®4+ Be T, (6.23)

In what follows, we suppose that the gaugino condensation term in Eq. (6.23) is enough small
8

compared with the others in Eq. (6.23), i.e., Wy, Be Tt > Ae™ " ®. In this way, it enables

fThe non-perturbative correction to dilaton Kéhler potential was also addressed in the approaches of effective
field theory [137].
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us to ignore the gaugino condensation term that generates the inflaton potential as discussed
later.

In these field bases, the moduli T}, ReT5, ReT3, Re Ty, ReT; and Re ® can be stabilized at
the minimum satisfying the supersymmetric conditions,

DT1W — 07
Dp,W = Kp,W =0, Dp,W = Kp,W =0, Dp,W = Kp,W =0, DpW = KW =0,
DoW = KoW =0, (6.24)

where the non-perturbative correction to the dilaton in Eq. (6.21) is importanto to stabilize
Re ®. The real parts of moduli 7}, j = 2,3,4,5, are also stabilized under the following condi-
tions,

(T +T)2  OKO (T; +T5)? < ; T
I N3kj( 5+ T5) +8 N3kj( i+ 15) - @&)j%)(ng):o, (6.25)

L= kl(Tl +T1)3 81} o kl(Tl +T1)3 b + Re®

in the limit of ReT} > ReT; and Re S > ReT;. The dilaton Kahler potential is now approx-
imated as its tree-level one K° in Eq. (6.21). After solving the Eq. (6.25) for Re®, Re ® is
written in terms of Kéhler moduli,

k’1 (Re T1)3

~ b ~
Re S ~ Re BijeTjQ

B > BjReT}, (6.26)

for j = 2,3,4,5. Therefore, as shown in Eq. (6.9), the gauge kinetic function is dominated by its
tree-level part rather than its one-loop corrections. It implies that the perturbative expansion
is valid in our setup. This structure is coming from the condition Re7} > Re T} (j # 1) and
negative signs in the volume of “Swiss-Cheese’ CY manifold (6.11). Since the above stabilization
mechanism cannot be realized without these negative sign, it is an important feature of the
“Swiss-Cheese” Calabi-Yau manifold. Finally, we comment on the D-term potential provided
by the anomalous U(1) symmetries included in Kéhler potential (6.11). In our setup, the D-
term potentials are automatically vanished thanks to the supersymmetric conditions for moduli
ﬁelds, KT2 = KT3 = KT4 = KT5 = ch = O,

At the minimum of the relevant moduli fields given by Eq. (6.24), the scalar potential of
4D N = 1 supergravity,

Vo= (KffDIWDjW - 3|W|2) : (6.27)

has the supersymmetric AdS minimum,
(V) = =35 |W P (6.28)
Although several approaches to uplift such an AdS vacuum have been addressed in various

papers such as the F-terms with dynamical SUSY-breaking sector [140, 32, 64, 141] or D-terms
with anti-heterotic five branes [142], in the following, the SUSY is assumed to be broken by
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the dynamical SUSY-breaking sector as discussed in Chapter. 3. Their Kahler potential and
superpotential are described by

X"
A‘[(:|‘XV|2_ A2 )

AW = vX. (6.29)

Here, we suppose that the dynamical SUSY-breaking sector is originating from the non-abelian
gauge theory living on the heterotic five-branes and A is its dynamical SUSY-breaking scale.
X is a gauge singlet chiral superfield under Ey® x EN4 symmetry. Furthermore, we omit the

moduli dependence of X for simplicity. By setting the parameter v as also discussed in 5D
SUGRA in Chapter 3,

(V)Y + AV ~ O (—3|<VV>|2 + KXX|V|2> =0< v =3|(W) (6.30)

the Minkowski minimum can be realized. )

In the following discussion, we take into account the term Ae~ " ® omitted in the superpo-
tential (6.23). Even when such a term is included in the full scalar potential, the moduli Re ®,
Ti, ReT,, ReT3, Re T, and Re T5 could remain to stay at the minimum close to the values given
by Eq. (6.24). This is because it is supposed that the gaugino condensation term is much small
compared with the others in the superpotential (6.23) at the minimum. Thus, the inflaton mass
appearing through the gaugino condensation term can be parametrically lower than those of
heavy moduli fields which are stabilized by the flux-induced constant term and the world-sheet
instanton effect in Eq. (6.23), and the D-term contribution in Eq. (6.11). It will be shown in
the following numerical analysis. The explicit form of their mass matrices are summarized in
the Appendix B. We again remark that the four U(1) gauge bosons absorb the same number of
axions except for the axion-inflaton Y* at the string scale and then, they are decoupled from
the inflaton dynamics below the string and compactification scale.

Inflaton potential and its dynamics

Let us write down the inflation potential. Along the above stabilization procedures, one can
integrate out the heavy moduli and substitute their field values given by Eq. (6.24). First,
we canonically normalize the light moduli Y* (the orthogonal direction of absorbed axion in
Eq. (6.19)) as

~ 1 Kp 7 Ko N
Y4 ~_— .19 < TyTy + 1575 ) Y4 = N4 Y4 6.31
N4\/ G PErn,  @hP Ko, 031

by employing the following relation,

T 1 X1 Yy
miy = — - )
N# qalg V KT4T4 qél% V KT5T5

T, — — X v (6.32)
mdigs = — — . .
N q%5 \/ KT5T5 q%l; V KT4T4
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Note that U(1)* gauge invariance of the superpotential (6.23) requires
Then, one can extract the effective scalar potential for Y4

Vi ~ A*(1 — cos (BY?)), (6.34)

2
in the limit of Ae™"a ®e® « W, Be (T} The overall scale of scalar potential (inflation
scale) A? and the inverse of its axion decay constant 3 are given by

2
At =6eKe " R A(W, + Be ™),

2
g= " b _____ & . (6.35)
a N*N* \ at, /K7, a1,/ Erp
The obtained scalar potential (6.34) is that of natural inflation by identifying the axion
Y* as the inflaton. The observed power spectrum of curvature perturbation is achieved by
setting the parameter in Eq. (6.35) satisfying A* ~ O(107%) in the reduced Planck unit. The
trans-Planckian axion decay constant ~! is realized by the enhancement of one-loop factor
compared with the dilaton-axion as shown in Eq. (6.35). We expect that the spectral index of
curvature perturbation and the tensor-to-scalar ratio can be consistent with the Planck data.
To justify our expectation, we numerically estimate the cosmological quantities constrained
by the cosmological observations. As a matter of convenience, we take the dilaton Kahler
potential as K% + K™ given by Eqgs. (6.11) and (6.20). Their parameters are chosen as

1
ki ==, ko =ks =ky=ks =4,

6
d=T7,b=1p=2, (6.36)
in the Kahler potential and
A=t —30, B——~ =21, Wo=6x10"" pu~1x107"
—3007(1_ 9 - 27 Ml_ 7T7 0 — 7M— Y
1
Po = Py = By = 5 3 (6.37)
s

in the superpotential given by Egs. (6.13) and (6.29), respectively. Here, we consider O(1) U(1)
charges of moduli fields.
By setting these parameters, the vacuum expectation values of the moduli are obtained as

Ty ~1.3, To~Ty~Ty ~Tys~0.025 S~&~1.09, (6.38)

which yield the typical Kaluza-Klein scale

M
Mgk = 575 = 1.2 1017 GeV, (6.39)
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with
M, = My 107 Gev. (6.40)
dra~
This size of gauge coupling of visible gauge group Gsa™' ~ 24 is mainly determined by
the vacuum expectation value of dilaton and it is consistent with that predicted by the gauge
coupling unification at the string scale . On the other hand, one would suspect that the effective
field description is violated because the vacuum expectation values of Kéahler moduli given in
Eq. (6.38) are smaller than 1 in string unit. In such a case, the effective field theory generically
receives the stringy and higher derivative corrections that translates into the correction terms
to the CY volume (AV) in the Kéhler potential, although we do not its explicit form in the
CY manifold. However, in our setup, the CY moduli volume is larger than the correction term
AY at the vacuum given in Eq. (6.25) and then moduli 7} (5 = 2, 3,4, 5) will still be stabilized
at the vacuum close to that in Eq. (6.25). In any rate, our proposed idea to enhance the axion
decay constant is irrelevant to the detail of moduli stabilization.
The input parameters given by Egs. (6.36) and (6.37) are set to reproduce the CMB scale

At ~322x 1077, (6.41)
and the desired trans-Planckian axion decay constant,
p1~6.1, (6.42)

in the reduced Planck unit.
As discussed in Chapter 2, in terms of the slow-roll parameters,

M_lgl (8{/4‘/;&)2

‘=7 Vet
02 Vet
= M2
77 Pl ‘/'eﬂ Y
Oy a Ve 02, Vet
£ = Mglv—;’“, (6.43)
eff

an amount of e-folding from the time ¢, at the pivot scale to the inflation end t.,q is estimated
as

Tx 1 ?e4nd d?4
N,=— | dtH(t) ~ — iy 6.44
/te RS (6.44)

where H(t) is the Hubble parameter, Y* and Y2, represent for the field values of the inflaton
Y4 at the time ¢, and tend, respectively. The end of inflation corresponds to the violation of
slow-roll conditions, max{|e|, |n|} = 1. From the cosmological observables written in terms of
the slow-roll parameters given by Eq. (2.28), it turns out that their numerical values and the
e-folding number at the field value Y* ~ 13Mp,,

Pe~22x107% ny,>~0.961, r ~0.05 N, =62, (6.45)
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are consistent with the Planck data [15, 16],
Pe = 21960050 x 1072, n, = 0.9655 & 0.0062, r < 0.11, (6.46)

at the pivot scale k, = 0.05Mpc~'. The dual Coxeter number a = 30 of hidden E} gauge
group and factors O3 ~ B4 ~ f5 ~ 1/8m are important to enhance the axion decay constant of
inflaton field.

6.2.2 Double gaugino condensations

Contrary to the moduli stabilization in the previous section 6.2.1, in this section, we derive the
inflaton potential along the different type of the Kahelr potential and superpotential. In the
previous model in Sec. 6.2.1, the dilaton is assumed to be stabilized at the minimum by the
Kéhler potential including the non-perturbative corrections (6.21), whereas in the model of this
Sec. 6.2.2, the dilaton is stabilized by the inclusion of the gaugino condensation terms. That is
the the main difference between the model 1 and the model 2. In a similar way to the model in
Sec. 6.2.1, the one-loop threshold corrections enhance the axion decay constant which appear
in the gauge kinetic function of the hidden gauge group. Guided by the results in model in
Sec. 6.2.1, the volume form of “Swiss-Cheese” CY manifold also gives rise to stabilize the real
parts of moduli.

Setup

For complete our discussion, we adopt the “Swiss-Cheese” CY manifold with three Kahler
moduli (k! = 3) and one anomalous U(1) symmetry,

3 / 3
K=-In(S+5)—In (kb(Tb+Tb)3—ks (TS+TS—%VS) — K, (T;+T;—%VS) )

(6.47)

where k;, ks, k. are positive constants in correspondence with the intersection numbers of
“Swiss-Cheese” CY manifold dy,y,+,, di,t,t,, diyryr. Since only two moduli T, and 77 have U(1),
charges under an anomalous U (1) vector multiplet Vj, the single linear combination of Ké&hler
axions b\ and b,”) are absorbed by it. By contrast, its orthogonal direction remains massless
and is identified as the inflaton later. Differently from the previous model in Sec. 6.2.1, we do
not consider the non-perturbative corrections to the dilaton Kahler potential.

Moreover, the U(1)s invariant superpotential is chosen as,

2 (5 1.5 1)

8n2 (1) (1)
- Sf s Tsf s TS -
(54 . ) + Bye b2

w =wo + Ag e 2 -+ 02 6_””Tb, (648)

where wy is the constant term as a consequence of the complex structure moduli of the CY
manifold. When the gauginos condensate at two hidden sectors, the second and third terms in
Eq. (6.48) appear in the superpotential, where these gaugino condensation scales are determined
by ranks of the two hidden gauge groups characterized by ao and by, respectively. On the
other hand, the fourth term of the (r.h.s.) denotes the non-perturbative potential for 7} as a
consequence of the world-sheet instanton effect on its two-cycle.
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Moduli stabilization

Next, we begin with the moduli stabilization at the perturbative level. As with the case of
model in Sec. 6.2.1, the complex structure moduli associated with “Swiss-Cheese” CY manifold
are stabilized with the help of fluxes, whereas one linear combinations of the Kéahler axions are
stabilized by anomalous U(1)s symmetry.

Indeed, U(1), vector multiplet absorbs the following linear combination of the canonically
normalized axions Im T and Im 77 as,

1 [ ImT, Im 7"
XS:—( S s ) (6.49)
s

Ny VEnr, O/ Ko

where Ny = \/(1/%«/KTSTS)2 + (1/¢ir/Krr)* with ¢, = Q,/2m and ¢, = Q. /2m. Now the
Kéhler mixing of two Kahler moduli are neglected due to the fact that their stabilization is
also the same as model 1 in Sec. 6.2.1. Its orthogonal direction

1 m 7, Tm 7"
yS:_(_ mos i ) (6.50)
¢,

N '\/ KTS'T; QS\/KTSTS

remains massless and it is identified as the inflaton later. Note that the U(1), gauge invariance
of the superpotential (6.48) requires that the U(1), charges of the moduli are related as

qs BV + ¢, BV =0,
g 8 + ¢, gD =0. (6.51)

To simplify our analysis of F-term scalar potential, we change the field basis as
o =5 —pMT, - gV, (6.52)
which leads to the following form of the Kahler poential and superpotential,
K=-In(®+ &+ (T, +T,) + T, + T)))
B 0 3 o 3
= ( B(To+ T = b (Tt T = Ve ) =K (TOHT = Ve )
27 27

872

_ 8 _s8r? (1 _ g2 (1) _ g/ (2)y g
W :w(] + A2 e as N _|_ B2 e bo ((I>+(IBS Bs )Ts+(ﬁs ﬁs )Ts) + 02 e_nubTb' (653)

In what follows, we suppose that the third term of the (r.h.s.) in Eq. (7.9) is much smaller than

_sa? _sa? (1)_ 52 1) _ g/(2)y g
the other terms in Eq. (7.9), i.e., wg, Ag e 2 q), Coe 1o > Bye™ (@+(8s =B ) Tat (B =Aa)Ts)

In particular, such a hierarchical structure among two gaugino condensations result from the
different hidden gauge groups. In this way, it enables us to ignore the third term in the super-
potential (7.9) that generates the inflaton potential as discussed later.
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Next, we show the moduli stabilization at the non-perturbative level. At this stage, the
dilaton (®) and Kéhler moduli (73, ReTs, ReT?”) are stabilized at the minimum satisfying the
supersymmetric conditions. They are written by

D@W - O,
DTbW - 0,
Ky, = Kp = 0. (6.54)

Since T}, is stabilized at its own superpotential, T and 77 are also stabilized under the following
conditions,

3ki(T; + T;)* B;
K ~ B, 6.55
T R(TL,+T,)? o+ (6.55)

in the limit of Re7} > Re Ty, ReT! and Re S > ReTs, Re T.. After solving the above Eq. (6.55)
for Re ®, Re @ is written in terms of Kahler moduli,

kb(Re Tb)3

ReS:Re@:m

8, > B;Re T}, (6.56)

Therefore, the gauge kinetic function in Eq. (6.9) is dominated by its the tree-level part com-
pared with its one-loop corrections when Re T} > ReT; (j # 1) is satisfied. It implies that the
perturbative expansion is valid in our setup. This structure is coming from the negative signs in
the volume of “Swiss-Cheese” CY manifold (6.47). It is an important feature of “Swiss-Cheese”
CY manifold. Although we focus on the F-term potential until now, the D-terms induced from
the Kéhler potential (7.9) is vanished due to the supersymmeric conditions (6.54).

At the minimum of relevant moduli fields given by Eq. (6.54), the scalar potential of 4D
N = 1 supergravity has the the supersymmetric AdS minimum at the minimum,

(V) = =35 W2 (6.57)

In the same way as model 1 in the Sec. 6.2.1, we suppose that the dynamical SUSY-breaking
sector associated with the heterotic five-brane uplift the AdS minimum. The Kéahler potential
and superpotential of SUSY-breaking field X in the dynamical SUSY-breaking sector become

| XT°

A2
AW = vX, (6.58)

AK = |X|* —

where X do not have some charges under EY* x B9 symmetry and A is the dynamical SUSY-
breaking scale. Here, we omit the moduli dependence in the Kahler potential of X which is
irrelevant to the moduli stabilization, for simplicity. By setting the parameter v as

(V) + AV = K (—3|W|2 + KXX|V|2> —0, < [v]?=3|(W)]2, (6.59)
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one can obtain the Minkowski minimum. . o e o e

In the following discussion, we take into account the term By e~ by (PHBT ATt (8 AT
omitted in the superpotential (7.9). Even when such a term is included in the full scalar poten-
tial, the moduli ®, T}, ReT}, ReT? are stabilized at the values close to the minimum given by
Eq. (6.54). This is because it is supposed that one of the gaugino condensation term is much
small compared with the others in the superpotential (7.9) at the minimum. Thus, the inflaon
mass appearing through the other gaugino condensation term can be lower than those of heavy
moduli. As ReT, and ReT?, their masses also include the D-term contributions from the Kéhler

potential (7.9).

Inflaton potential

Let us write down the inflaton potential. Along the above stabilization procedures, one can
integrate out these heavy moduli and they could be replaced with the vacuum expectation
values given by Eq. (6.54). First of all, we canonically normalize the lightest moduli Y; (the
linear combination of Im 7, and Im 77 given by Eq. (6.50)) as

~ 1 }KZF T }KZFQf/ :) ~
Y, — /2 T 4 =)y, =N,Y,, 6.60
Ns\/ ((q{s)zKT;T; (q5)2KTSTS ( )

by employing the following relation, moduli,

1 X Y.
I Ts _ S . s :
" N (qs\/KTSTS qg\/KTS'T;>

1 X Y
Im7T! = — ( + ) , (6.61)

N 05/ KTS/T; qs\/ K17,

We stress that U(1), gauge invariance of the superpotential (6.48) requires

g5 B + ¢, gV =0,
;8% + ¢, B2 = 0. (6.62)

Thus, for the canonically normalized field YS, one can obtain its effective scalar potential,

N

Ve = Ag(l —cos (Bs Ys)), (6.63)

872 872
in the limit of Bye™ 2 " « wp, Age” o2 B Che=m(T) | The overall scale of scalar potential

(inflation scale) A? the inverse of its decay constant 3 are given by

52 _sx? Q2 g _ g g _ g
Afsl = 6ele % Re@BQ(wo + Age = ® 4 Cs 6_’“’Tb)7 Bs = - S 4+ = ° )
ba NN qsv/ K qs\/ K11,

(6.64)
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The obtained scalar potential is that of natural inflation when we identify the axion Y, as
the inflaton. The correct power spectrum of the curvature perturbation is achieved by setting
the parameter in Eq. (6.64) satisfying

A~ O(1077), (6.65)

in the reduced Planck unit. The enhancement of axion decay constant 5! originates from the
loop-correction in the gauge kinetic function which do not arise in the dilaton-axion as shown
in Eq. (6.64). As a result, the spectral index of curvature perturbation and the tensor-to-scalar
ratio are expected to be consistent with the Planck data. By solving equation of motion of
inflaton field, we find that the predictions of this model are same as those obtained in the
previous model in Sec. 6.2.1. However, it is difficult to consider two gaugino condensation
terms originating from Fg x Eg or SO(32) heterotic string theories. This is because the rank
of Eg x Eg or SO(32) gauge groups should incorporate the rank 4 SM gauge groups in addition
to two gaugino condensation sectors. In such a case, it is required to tune some parameters
to realize the correct inflation scale. Therefore, in this section, we focus on the situation that
at least one of the gaugino condensation sector is derived from the gauge theory living on the
heterotic five-branes.

6.3 Summary

In this chapter, we proposed the natural inflation scenario in the framework of weakly coupled
Ey® x E¥4 or SO(32) heterotic string theory on the “Swiss-Cheese” CY manifold. The Ey*
gauge group are decomposed into the SM (GUT) and extra U(1l) gauge groups, where the
magnetic fluxes are inserted into this Cartan direction. Recent Planck data indicate that the
axion-inflaton should have the trans-Planckian decay constant, otherwise the obtained natural
inflation is inconsistent with the Planck data. So far, there are several approaches to attack this
problem. The most familiar scenario to obtain the trans-Planckian axion decay is alignment
mechanism by employing two axions with sub-Planckian decay constants [118]. In this chapter,
in order to overcome such a problem, we focused on the one-loop corrections to the gauge
coupling in the hidden gauge group. These corrections result from the dimensional reduction
of one-loop Green-Schwarz term [107, 108] which is the typical feature of the weakly coupled
heterotic string theory. In particular, these threshold corrections are not relevant to a dilaton
axion but influential to Kahler axions. Thus, we considered the inflaton as one of Kahler axions
associated with the two-cycles of the CY manifold. The axion potential is generated by gaugino
condensation terms in the hidden gauge group. As a result, the decay constant of axion-inflaton
reaches the trans-Planckian value which leads to the successful natural inflation.

In order to extract the potential of single axion, we must take into account the moduli
stabilization of other fields so as not to destabilize them. Their mass scales are then constrained
to be larger than the inflation scale and one can avoid the cosmological moduli problem. Hence,
we discussed two moduli stabilization scenarios in Secs. 6.2.1 and 6.2.2. In Sec. 6.2.1, the non-
perturbative corrections to the dilaton Kahler potential lead to stabilization of the real part of
dilaton. On the other hand, in Sec. 6.2.2, the dilaton is stabilized by the gaugino condensation
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term. In both cases, the volume moduli can be stabilized by the world-sheet instanton effect.
The structure of “Swiss-Cheese” Calabi-Yau manifold plays an essential role to stabilize the
other real parts of Kéhler moduli. Furthermore, the anomalous U(1) gauge bosons absorb the
imaginary parts of the moduli except for the axion-inflaton, and they become massive. As
a result, one can stabilize the moduli fields expect for the inflaton and the obtained scalar
potential is the form of natural inflation with trans-Planckian axion decay constant. In the
next chapter, we discuss the natural inflation in type II string theory.
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Chapter 7

Natural inflation with and without
modulations in type IIB string theory

In this chapter, we take into account the type IIB string theory with an emphasis on axion
dynamics, in particular, the axion inflation based on Ref. [143]. In the same way as in the case
of heterotic string theory, we show that the decay constant of axion associated with the complex
structure moduli is enhanced to the trans-Planckian value due to the moduli-dependent gauge
threshold corrections. Thus, it is expected to identify the inflaton as the imaginary part of the
complex structure moduli. As a simple setup to study such threshold corrections, we consider
the internal space as toroidal orientifold or orbifold.

This chapter is organized as follows. First of all, we briefly review the moduli-dependent
gauge threshold corrections in type IIB string theory. The open strings stretched between D-
branes in the A/ = 2 bulk induces the moduli-dependent corrections for the gauge coupling.
In Sec. 7.2, we show the moduli stabilization except for the inflaton sector. In contrast to the
heterotic string theory, the three-form flux-induced potential generates the potential of dilaton
and complex structure moduli. However, it depends on the quanta of three-form fluxes. In our
setup, certain linear combinations of dilaton and the complex structure moduli remain massless
at the perturbative level.

Next, we consider the remaining moduli stabilization by the non-perturbative effects such as
the racetrack scenario [144] adopted in Secs. 7.2.1, 7.2.2 and the Kachru-Kallosh-Linde-Trivedi
(KKLT) scenario [145] adopted in Sec. 7.2.2. Then, one can stabilize the linear combination of
dilaton and complex structure modulus, and Kahler modulus. At the same time, the real part
of complex structure moduli paired with the axion-inflaton can be also stabilized due to the
nonvanishing superpotential terms.

Finally, from the other non-perturbative effects, one can extract the effective scalar potential
of remaining massless axion. The obtained axion potential is a type of natural inflation in the
large complex structure moduli limit, where the vacuum expectation values of complex structure
moduli are much larger than 1 in the string unit. Since its decay constant is enhanced by the
loop-corrections, the successful natural inflation is realized to be discussed in Sec. 7.3. On the
other hand, in the region away from the large complex structure moduli limit, it is found that
there are the modulation terms to the original scalar potential of natural inflation as shown in
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Sec. 7.4. Finally, we summarize these contents in Sec. 7.5.

7.1 Moduli-dependent threshold corrections

Along the line of Refs. [146, 147], we summarize the fact that the gauge couplings on D-branes
receive the one-loop gauge threshold corrections. Let us consider the non-abelian gauge theory
with the gauge group G, living on D-branes. At the scale u below the string scale M, the
running gauge coupling (g, (1)) on D-branes is given in terms of 4D gauge coupling at the string
scale Mj (g,) and the beta-function coefficient of the gauge group G,

1 1 ]W2 A
= — +b,1n a 7.1
2 @t (u )*16%2 (7-1)

In type II string theory, A, stands for the one-loop corrections originated from the open
strings between two stacks of D-branes or O-planes. Such correctoins are mostly moduli-
dependent [148].

In particular, the stringy threshold corrections are explicitly calculated by means of CF'T
technique. The authors of [146] calculated their detailed form in type ITA string theory on
toroidal orientifold or orbifold in the existence of O-planes and D6-branes which wrap a certain
supersymmetric three-cycle of tori. There is some studies on the local cycle in type IIB/F-theory
in the existence of fractional D-branes [149, 150]. As he T-dual system of type ITA string theory,
one can two brane systems depend on the choice of T-duality. One is the D5/D9-branes system
and other is D3/D7-branes system that will be concentrated in this chapter. Since there are
03/07-planes in addition to the D3/D7-branes, the gauge coupling on D7-branes with the
gauge group G, receives the threshold corrections from the A/ = 2 SUSY sector in this system.
Its explicit form is provided by

FRe T2
Y {m (i UM)[* + In (Re el +§{Z‘IT,€€ | )} , (7.2)

c

up to the regularization constant, where (i U*), (k = 1,2,3) is the Dedekind eta-function
depends on not the Kihler moduli (T%), but three complex structure moduli U*. (pF,¢")
denote the wrapping numbers on three two-tori and b¥=2 are the beta-function coefficients
labeled by the a-stack of D7-branes and the other c-stack of D-branes. The contribution from
the charged massive open strings stretched between both branes is counted by the summation
over c.

Since the gauge kinetic function is a holomorphic function, correspondingly only holomor-
phic corrections appear in the gauge kinetic function on D7-branes [151]. Thus, the first term
on the right-handed side of Eq. (7.2) contributes to it,

J == ZbN In (n(i U")) . (7.3)
™
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In particular, the Dedekind eta-function in Eq. (7.3) is approximately given in the large complex
structure moduli limit (|U*| > 1, k = 1,2, 3),

n(iU*) — e~12U", (7.4)

Note that in such a large complex structure moduli limit, the instanton effects for the Kahler
and superpotential are suppressed. In the case away from the large complex structure limit, we
have to include a more general form of Dedekind eta-function in Eq. (7.2) that is discussed later.
In summary, the gauge kinetic function on D7-branes is expressed by including the threshold
correction,

fa:ZE+Z@UJ, (7.5)
T J

where the summations of Kahler and complex structure moduli depends on the wrapping cycle
of D7-branes and ¥’ characterize the effects of charged massive string. Here we consider the
gauge kinetic function without dilaton dependence. When the two-form fluxes inserted along
the wrapping cycle of D7-branes, the gauge kinetic function has a dilaton dependence. However,
we omit such a dilaton dependent term, because it is irrelevant in our moduli stabilization and
inflation as shown later.

7.2 Moduli stabilization on toroidal orientifold or orb-
ifold

Let us proceed to the details of moduli stabilization on the basis of type IIB string theory on
toroidal orientifold or orbifold such as T?%/Z, or T?/(Zy x Z,) with D3/D7-branes.

Contrary to the heterotic string theory on Calabi-Yau three-fold in Chapter 6, in the type
I1B string theory, there are R-R three-form flux F3 and NS-NS three-form flux Hj3. These
three-form fluxes generate the dilaton S and complex structure moduli U* dependent potential
in the 4D effective theory. This kind of flux-induced potential is formulated in the language of
superfield by Gukov-Vafa-Witten superpotential [152],

Wiaux = G3 N\ Q, (7.6)
Y
where () is the holomorphic three-form of the CY manifold and G35 = F5 — ¢ SHj3 is the three-
form flux. In general, such fluxes yield the potential of the dilaton and all complex structure
moduli and they could be stabilized at the perturbative level [153].

As an example, when we take into account the extra-dimensional space as 1%/ Z, or T? /(Z %
Z5), moduli fields are categorized into dilaton S, three complex structure moduli U* and Kéhler
moduli 7% with £ = 1,2,3. In what follow, we study the overall Kahler modulus 7' = T =
T? = T* for simplicity. Our following analysis can be applied to the more general case of three
Kaéahler moduli. In the next section, we show the detail of their moduli stabilization.
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7.2.1 Moduli stabilization at the perturbative level

First of all, we begin with the stabilization of the dilaton (S) and complex structure moduli
(U, U?, U?) in terms of the three-form flux (7.6). By dimensionally reducing the system, their
Kahler potential and superpotential is written as

3
K=-In(S+S5)-> WU +0T",
i=1
Wiax = w1 + iwy (U' — U?) 4+ dw3 U? +iwy S + wsU* (U — U?) + weS U? + w7 S (U' — U?)
+iwg SU (U — U?), (7.7)

in the reduced Planck unit, Mp = 1, where the three-form fluxes are specified in Eq. (7.7)
with w,, (m = 1,2,...,8) being integers originated from the quantization conditions of the
R-R and NS-NS fluxes. The above ansatz plays an important role for the moduli stabilization
as discussed later.

Before going to discuss the potential with the K&hler and superpotential (7.7) we redefine
one of the complex structure modulus as

Ut=U'-U? (7.8)
which leads to following Kahler potential and superpotential,

K=—-In(S+8) —In(U*+ U?) — In(U? + U®) — In(U* + U* + U* + U?),
Wik = w1 + iwy U* + dws U + iwy S + wsUP U* + weS U? + w7 S U* + iwg SURU*.  (7.9)

in the field base S, U?, U? and U*.
These moduli fields are stabilized at the minimum satisfying the supersymmetric condition,
i.e., the extremal condition,

DWW =0, (7.10)

for ® = S, U2, U? and U*. Moreover, we search for the supersymmetric Minkowski minimum
W = 0. Then, the above stabilization condition (7.10) can be summarized as

Ws=Wys =Wya =W =0. (7.11)
Under the following ansatz of R-R and NS-NS fluxes
W = W Wg, W3 = —WsWg, Wy = —We Wy, Wg = 1, (7.12)
the expectation values of S, U? and U* are obtained so as to satisfy the Eq. (7.11),

ReU?Re S = —(wy + wswy), ReU* =0, ImU? = wy, ImU* = wg, ImS =ws.  (7.13)
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At this supersymmetric Minkowski minimum, we find that their mass-squared matrices in the

field basis (U*, U3, S) become

2

mS:
KUU \Wyspa |2 + K95 Wpa |2 0 0
0 K[{4U4|WU3U4‘2 KU4U4WU3U4W5~U4 , (7.14)
0 KV'0' WosgaWsps K0! |[Wisga]?

whose rank is 2. Thus, U* and the linear combination of S and U? are stabilized at the
supersymmetric Minkowski minimum with some appropriate choices of the integers w,,. For
the supersymmetry breaking minimum, the authors of Ref. [154] pointed out the possibilities
of one massless axion in the light of F-term axion monodromy inflation. So far, we do not
canonically normalize these moduli field. These canonically normalization is summarized in
the Appendix C.

We comment on the tadpole condition which severely constrains the string model building.
Although, with the above choice of R-R and NS-NS fluxes, one would not realize the tadpole
condition among themselves, the following moduli inflation scenario is irrelevant to the structure
of tadpole condition.

7.2.2 Moduli stabilization at the non-perturbative level

Next, we concentrate on the remaining massless moduli. They are complex structure modulus
U2, the linear combination of S and U? and overall Kihler modulus 7. The Kihler potential
of single overall Kahler modulus 7" is described in the large volume limit,

K=-3n(T+T). (7.15)

where we do not consider the world-sheet instanton effects, that possibilities are discussed in
a separate paper. The non-perturbative corrections to the superpotential such as the gaugino
condensation on D3/D7-branes are introduced to stabilize the Kéhler modulus 7', complex
structure modulus Re U? and dilaton S,

_ 87r2f1 7 87'r2f2 _ 87r2f3 _ 87r2f4

Wion = A(U)e ¥ —B(U)e M 4+C(U)e M —DU)e N | (7.16)

where fi (f2) represents the gauge kinetic function of pure SU(Ny) (SU(N3)) gauge theory on
two stacks of D7-branes,

T bU?
f1—f2—E+ iR

(7.17)

To simplify our discussion, it is then assumed that both gauge kinetic functions receive the
same U?-dependent threshold corrections characterized by beta-function coefficient 4. On the
other hand, the latter parts are originated from pure SU(N3) x SU(N,)) gauge theories on two
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stacks of D3-branes at the orbifold fixed points with the following gauge kinetic functions f3
and fy,

fs=fa= LN (7.18)

47

Even if the prefactors in the gaugino condensation terms (A(U), B(U), C(U), D(U)) depend
on the heavy complex structure moduli stabilized at the tree-level (7.6), there will no sizable
influences for the following discussion of moduli stabilization. Then, these prefactors are treated
as constants and neglect the fluctuations of these heavy complex structure moduli around their
minimum (7.13).

To brighten the outlook for stabilizing the moduli fields, we first redefine the Kahler modulus
as

- b2
T=T+ —U> 1
+ 35U (7.19)

In these field basis (T, S), the Kihler modulus 7" and dilaton S are stabilized along a similar
step to the the racetrack scenario [144]. Their supersyummetric conditions

DTWnon - (Wnon)f + Kj‘Wnon - Oa
D.S'Wnon - (Wnon)S + KSWnon - 07 (720)

enable us to estimate the expectation values of Kahler modulus and dilaton,

N3Ny | NsC
n
27T(N4—N3) ]\ng7

S Ny N- Ny, A
Ty ~ 11V2 2

< >_27T(N2—N1)lanB’ (5) =

(7.21)
at the racetrack minimum under the condition that (Wyon) < ((Waon)7), ((Waon)s). Such a
relationship is satisfied in the following numerical analysis. The racetrack superpotential for
S stabilizes the certain linear combination of S and U?, whereas the orthogonal direction is
already stabilized by the flux-induced superpotential as discussed in Sec. 7.2.1. Now, we choose
ws = 0 in the superpotential (7.9) so that the stabilized point of Im S is the same as that given
in Eq. (7.13).

Next, we focus on the massless complex structure modulus U?. Since we rotate the field
basis of Kéahler modulus as in Eq. (7.19), the Kéhler potential is also changed as

_ _ _ N _
K=-U*+0U%) WU +U"+U*+U?) = 3Wn(T + T — E(U2 +U?)). (7.22)

;whereas the superpotential do not include the potential of U2. Therefore, the extremal condi-
tion V2 = OV/OU? = 0 is satisfied under the following condition:

1 1 b 1
Ky2 = — — — = — 4+ - — =0, (7.23)
U24+U? U+ U+ U?+U? 4T+T—%(U2+U2)
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which leads to the expectation value of Re U? by employing (Re U*) = 0,

24(Re T)
502

In the above analysis, we assume that U and the linear combination of U? and S are replaced
by constants given by the supersymmetric conditions DysW = DyaW = DgW = 0, when
we evaluate the stabilization of light moduli 7, S and Re U2. Furthermore, we neglect the
deviations and fluctuations of heavy moduli from the minimum given by Eq. (7.13). This
assumption is ensured when the gaugino condensation scale is small compared with the mass
scales of heavy moduli in Sec. 7.2.1.

The stabilization of Re U? is checked by evaluating the rank of the mass matrices for U2,
U3, U*, S and T. It turns out that the squared mass of ReU? is positive at the uplifted
vacuum as shown later. This is because the gaugino condensation scale determined by the
superpotential (7.16) is suppressed from the mass scales of heavy moduli such as U* and the
linear combination of U? and S. They are summarized in Appendix C.

So far, the non-vanishing superpotential (W) # 0 gives rise to the negative vacuum energy
at the supersymmetric minimum D;W = 0 for [ = U2, U3, U*, S and T. In a similar way to the
case of heterotic string theory, we assume that the AdS vacuum is uplifted to the Minkowski
minimum by some uplifting sector as suggested in Ref. [145],

ReU? = : (7.24)

V=Vp+ Vi, (7.25)

where Vi denotes the F-term scalar potential obtained in the above analysis. It is possible to
construct the uplifting potential V;, in type IIB string theory by setting anti-D3-branes [145]
on warped throat and some dynamical SUSY-breaking sectors [140, 32, 64, 141]. In the next
section, we move on to the dynamics of the light axion Im U? that corresponds to the inflaton
field.

Finally, we show an another possibility to stabilize the Kahler modulus 7. Until now, we
perform the racetrack scenario [144] for the stabilization of Kéhler modulus, whereas, for the
case of KKLT scenario [145], its stabilization is achieved by single non-perturbative correction
and a tiny constant value in the superpotential. In such a case, one can also derive the same
inflaton potential for Im U? as will be shown in the next section, since the obtained inflaton
potential is irrelevant to the detail of Kahler moduli stabilization. One way to realize the
tiny constant value of superpotential in the KKLT scenario is to tune R-R and NS-NS fluxes
in such a way that the tiny expectation value of superpotential (IW) < 1072 is realized so
as to be compatible with the large-volume limit of 7" as shown in Eq. (7.15). Furthermore,
the energies of these fluxes may spoil the background solution and the product of three-tori
is modified to complicated geometry such as non-Kéahler manifold so as to keep the stability
of system. Even when the supersymmetric fluxes are turn on, the D-branes and O-planes
required from the tadpole cancellation [153] may give the backreactions to the geometry. From
this perspective, these backreactions induced by the three-form fluxes and the source of branes
are further assumed to be negligible in the relevant sector of moduli stabilization.

We again remark that the stabilization of other Kahler moduli. Although we have taken
int account the single overall Kédhler modulus 7', the other Kéhler moduli 7; (i = 1,2) could
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be stabilized by the similar step as in the case of T'. It can be realized by the another non-
perturbative corrections to the superpotential such as the gaugino condensation on D7-branes
wrapping the irrelevant cycle associated with the modulus 7'. Let us demonstrate the above
statements. When the gauginos of SU (Ml(l)) and SU (MQ(”) gauge theories condensate at a scale
heavier than the those for the modulus 7', the superpotential is generated as

87T2f£i) 87T2f£i>

w=> aWe " —BU)e ", (7.26)

where fl(z) = a;T; and fz(l) = ayT; with a1, as being constants and these prefactors A;(U) and
B;(U) depend on only the heavy complex structure moduli stabilized at the tree-level (7.6).
Then, T and T are also stabilized at the racetrack minimum.

7.3 Natural inflation without modulations

Let us proceed to discuss the inflaton potential. First of all, we set an another SU(L) gaugino-
condensation term on D7-brane wrapping the cycle associated with T,

W o E((U))e™ T {76 (ReU?)—igiImU? (7.27)

where the gauge coupling on SU(L) gauge theory receives the U2-dependent threshold cor-
rections. The other threshold corrections from the heavy complex structure moduli, U? and
U* are included in the prefactor of gaugino condensation term E((U)). Here, the rank of the
SU(L) and SU(N;) (i = 1,2,3,4) gauge theories are chosen as L < N; with i = 1,2,3,4 to
ensure the reliability of our calculation. In this setup, one can analyze only the dynamics of
Im U?, because all the other moduli fields are much heavier than Im U? due to the flux-induced
superpotential (7.6) and the high-scale gaugino-condensation terms (7.16). Under L ~ N;, the
other moduli discussed in the previous section would not be fixed at the minimum of potential
given by Egs. (7.13) and (7.21) and one cannot neglect their fluctuations around their vacuum
expectation values.

As a result, one can extract the effective scalar potential for Im U? from Eq. (7.27) by setting
certain uplifting sector (7.25),

Vet = Aq (1 — cos (M\19)), (7.28)
where Ay ~ 68 (W) E((U))e™ T T =6RU% and A\, = br/6d L. Now, we canonically nor-
malize the axion as ¢ = dImU? where the canonical normalization factor d ~ 1/(ReU?)
depends on the relevant complex structure moduli. It is summarized in Appendix C. Although
there are kinetic mixing between U?, U# and T as can be seen in the Kahler potential (7.22),
their mixing terms are negligible on the inflaton dynamics. This is because other fields expect
for Im U? are already fixed at their minmum.

By identifying the inflaton as ¢, the axion potential is just that of natural inflation as men-
tion before in Chapter 5. The desired trans-Planckian axion decay constant can be obtained
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by the enhancement factor as seen in the scalar potential (7.28). In addition to the inverse of
one-loop factor, the ratio b/L and the vacuum expectation value (Re U?) are dominant sources
to enhance the axion decay constant that leads to the successful cosmological observables re-
ported by Planck [15, 16]. We stress that the beta-function coefficient b in N/ = 2 sector is
irrelevant to the dynamics of SU(L) gauge sector.

The cosmological observables such as the power spectrum of the curvature perturbation F%,
its spectral tilt ng, running of the n, dn,/dIn k and the tensor-to-scalar ratio r are are estimated
by employing the slow-roll parameters for the inflaton ¢,

e__l(awa>2_(An21—cw%Auw
2\ Ver 2 (1—-cos(A\ ¢)”

. 8¢8¢Veg . 2 COS()\l ¢)
O S TG W)
4 1 —cos?(A\ 9)

0y Vet 00504 Ve
= 2 = () ;- (7.29)
Vi (1 —cos(A1 9))
An amount of e-folding is also evaluated from
(o Vﬁ?
N, = < do, (7.30)
d)end a¢%H

where ¢, and ¢enq stand for the field values at the pivot scale and the end of inflation, respec-
tively. The inflation ends when the slow-roll condition is violated, max{e,n, &} = 1.

In the following numerical analysis, we choose the representative parameters in the super-
potential given by Egs. (7.9), (7.21), (7.27) and the Kéhler potential given by Eq. (7.22) as
follows,

w5:0, U}6:17 ’UJ2:—8, ’UJ7:—3, N1:N3:12, N2:N4:20, Lle, bzl,

1
b2:12,A:—8,B:—3,C:9,D:3,E:E, (7.31)

and the other parameters in Eq. (7.9) are fixed to satisfy Eq. (7.12). These parameters are fixed
such that the correct order of power spectrum of curvature perturbation is generated. Also,
these parameters give rise to vacuum expectation values of moduli fields,

(ReU') ~ (ReU?) ~ 2.8, (ReU?) ~ 1, ImU"') ~ 1, ImU?) ~ 0, (ImU?) ~ —3,
(ReS) ~ 7.7, (ImS) ~0, (T) ~7.1. (7.32)

By solving the equation of motion of inflaton field with the above set of parameters, we find
that the cosmological observables with an enough amount of e-folding N, ~ 61 are

ng ~0.963, r~0.06, dn,/dlnk ~ —8 x 1074, (7.33)

consistent with WMAP and Planck data [15, 16] as shown in Eq. (6.46).
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We again remark that, the gauge coupling receives the moduli-dependent threshold correc-
tion induced by the massive open-string. The axon appear through such corrections have the
trans-Planckian axion decay constant due to the enhancement of one-loop factor in Eq. (7.18).
It is the model-independent feature in string theory and higher-dimensional theory. Thus, when
we consider certain non-perturbative effects depending on such the particular axion, it gives
rise to a successful natural inflation and one can obtain several tensor-to-scalar ratio which is
of @(0.01 —0.1) in our framework.

7.4 Modulated Natural inflation

In the previous analysis, we approximate the Dedekind eta-function in the threshold correction
by its leading term in Eq. (7.4). It is an usually considered situation corresponding to the large
field limit of complex structure moduli and in this limit, the obtained inflaton potential is just
that of usual natural inflation with trans-Planckian decay constant.

In this section, we take a closer look at the next leading term in the Dedekind eta-function,

(i U?) — e~ T:V° [1 e 0(6—47“]2)], (7.34)

that will deviate the minimum from that given in the large complex-structure limit, the correc-
tion terms are suppressed exponentially though. According to it, the inflaton potential receives
the following corrections,

‘/inf - ‘/:eff + Vmoda (735)
where

Vinod = Az cos (\29) , (7.36)

with Ay = Ay %6_(2’“’%)@9 U) and Ay = (27 + b /6L)/d. Even though it is the next leading
term in the scalar potential, the modulations [155, 156, 157] to the leading inflaton potential Vg
will appear as a consequence of the correction V;,,q. That effect depends on the vacuum expec-
tation value (ReU?). In the previous analysis with the numerical values of parameters (7.31),
such a correction is suppressed by the large field value of (Re U?) > 1.

However, we should take into account the strong CP problem if the relevant axion couples
o the QCD sector. When there is a tachyonic potential around the origin, ¢ = 0, ¢ has the
nonvanishing vacuum expectation value, which would lead to the unobservable #-term. Let us
estimate whether its tachyonic potential appears or not. From the axion mass-squared at the
origin given by

RV (A1)?A; — (Ag)?As, (7.37)

nf { ¢:0:

its positivity is realized under the following condition,

2 b b\°
(A)?A1 = (A2)*A2 > 0 > (%) 7> 2 (27r + 76T_L) ¢ 2R %) (7.38)
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Thus, in the following analysis, we concentrate on the region where the above inequality is
satisfied.

Next, we discuss the cosmological effects, in particular, modulations from the additional
scalar potential Vj,.q. For the general scalar potential (7.35), the slow-roll parameters are
found as

~ (MArsin (A @) — AaAgsin (Ag ¢))

2V ’
. ()\1)2/\1 COS ()\1 qb) — ()\Q)QAQ COS ()\2 Qb)
= V;nf ’
o A1y sin (M Qb)v— A2z sin (A2 @) y (A1)?Ay sin (A ¢)V— (A2)*Agsin (A2 ¢) o (7.39)
inf inf

In addition, the spectral index n, including the next-leading order of slow-roll approximation
are given by

5 1 1
Nng = 1+277—66—|—2[— <§+12C’> 62—|—<80—1)€77+§772— (C’—g) 52}—!—--- . (7.40)
where C' = —24In 2+ is the numerical factor written in terms of the Euler-Mascheroni constant

~v =~ 0.577. The ellipsis includes more higher corrections about slow-roll parameters, e.g., fourth
derivative with respect to the inflaton field as discussed in Ref. [26]. Eq. (7.40) implies that ,in
some parameter regions, a sizable £2 = (0(0.01) will contribute to the numerical value of spectral
tile ns. On the other hand, the authors of Refs. [158, 159] discuss the higher-order corrections
to P which do not induce sizable effects. It is remarkable that such a modification from the
natural inflation is controlled by the field value of complex structure modulus ((Re U?)) and
the ratio of beta-function coefficient and rank of gauge group (b/L) in the superpotential (7.9).

In the following numerical analysis, we focus on a particular value (Re U?) ~ 1 by setting
certain numerical values of parameters different from Eq. (7.31). A non-negligible V},,q gives
a different prediction of cosmological observables from that of natural inflation. In particu-
lar, several values of b/L and (ReU?) drastically change the cosmological observables r, n,
dns/dInk as shown later. The power spectrum of curvature perturbation P can be fixed as
the observed value 2.2 x 1079 by suitably choosing overall scale of inflaton potential, i.e., the
gaugino-condensation terms in Eq. (7.21). As drawn in Fig. 7.1, for the universal value of
(ReU?) = 1 with b/L = 1/10,1/5,1/4,1/3,1/2, one can predict several size of spectral index
ns and the tensor-to-scalar ratio r within enough amount of e-folding numbers, 50 < N, < 60.
The oscillating curves in Fig. 7.1 are originating from the oscillations of slow-roll parameters
through the modulation term in the scalar potential. In Fig. 7.2, we set b/L = 1/5 (1/10) and
(ReU?) = 1.2 (2.4) in the left (right) panel such that the leading scalar potential V.g has the
same structure. However, in the left panel with (Re U?) ~ 1, the next-leading scalar poten-
tial Vieq provides significant contributions compared with the right panel. With b/L = 1/5 and
(Re U?) = 1.2, the scalar potential with and without such modulations is shown in Fig. 7.3, al-
though there is no significant difference between them. If we consider the region of (Re U?) < 1,
the next-to-next leading order of the Dedekind functions should be add in the potential. In
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such a parameter space, we should include the instanton correction to the Kahler potential and
superpotential. In Tab. 7.1, we summarize the predictions of cosmological observables.
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Figure 7.1: Predictions of spectral tilt of curvature perturbation n, and tensor-to-scalar ratio
r within the range of e-folding number, 50 < N, < 60 in Ref. [143]. For the universal value of
(ReU?) = 1, black-solid, red-dashed, green-dashed, blue-dot-dashed and orange-dotted curves
represent the fixed ratios b/L = 1/10,1/5,1/4,1/3,1/2, respectively.
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Figure 7.2: The three slow-roll parameters, e, n and &2 as a function of inflaton field ¢.
e, n and £ are in correspondence with black-dot-dashed, red-dashed and blue-solid curves,
respectively [143]. We set the numerical values of parameters as b/L = 1/5 (1/10) and
(ReU?) = 1.2 (2.4) in the left (right) panel.

As a result, one can obtain several values of the tensor-to-scalar ratio r and allowed spectral
index ns =~ 0.96 reported by Planck which is sensitive to the value of complex-structure modulus,
(ReU?). This intersecting phenomena is seen not in an original natural inflation model [29)],
but in a modulated natural inflation discussed here. It is governed by the structure of Dedekind
eta-function. In the large field limit of complex structure moduli (Re U?) > 1, our inflaton
potential reduces to the original natural inflation [29], whereas, in (ReU?) ~ 1, modulation
terms appear in the scalar potential. Such modulation effects are also discussed in the multi-
natural inflation scenario [71]. In a near-future, it is expected that future precise cosmological
observations select certain values of cosmological observables.
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Figure 7.3: The scalar potential V' as a function of the inflaton field ¢ shown in Ref. [143].
In a similar way to Fig. 7.2, the black-solid curve denotes the scalar potential (7.35) with
modulations by setting the parameters b/L = 1/5 and (Re U?) = 1.2, whereas the red-dotted
curve denotes the leading scalar potential (7.28) without modulations for the same parameters.

7.5 Summary

In this chapter, we discussed the natural inflation in the framework of type IIB string theory on
toroidal orientifold or orbifold. The trans-Planckian decay constant required in the successful
natural inflation is achieved by one-loop threshold corrections for the gauge coupling. In type
[1B string theory, there is an explicit calculation for such quantities on the toroidal orientifold
or orbifold background [146, 147]. In general, such corrections are moduli-dependent. When
one of the moduli appearing in the threshold correction is identified as the inflaton, its decay
constant can be enhanced by the inverse of one-loop factor. As shown in this chapter, these
gauge threshold corrections are phenomenologically important not only for the gauge coupling
unification, but also for the cosmic inflation.

On toroidal background, the moduli-dependent correction is characterized by the Dedekind
eta-function which respect the modular symmetry of torus. In our model, the axion paired with
the complex structure modulus plays the role of inflaton. The other axions and moduli fields are
stabilized at the minimum by three-form flux induced potential and racetrack superpotential.
Then, they are decoupled from the inflaton dynamics. In the large complex-structure limit,
(ReU?) > 1, the obtained form of inflaton potential reduces to that of natural inflation, whereas
in (ReU?) ~ 1, one has to treat the full Dedekind eta-function. Due to the analytic form of the
function, cosmological observables such as tensor-to-scalar ratio and spectral tilt of curvature
perturbations are better fitted with the Planck data. Indeed, both the small and large tensor-
to-scalar ratios can be realized with the fixed spectral tilt of curvature perturbation. It is
expected that the modulated spectrum of natural inflation could be detectable in the near-
future experiments. Thus, one can obtain suggestive cosmological implications for string model
building.

Although it is also interesting to extend our scenario to more general curved background
such as Calabi-Yau manifold, we do not know the explicit form of one-loop threshold corrections.
It is expected that some (discrete) symmetries would be preserved in the effective theory of
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b/L | (ReU?) | N. | ny r | dng/dInk
1/10 1.3 50 | 0.96 | 0.14 | —0.0008
1/10 1.3 57 1096 | 0.12 | —0.012
1/5 1.2 55 1 0.96 | 0.08 | —0.002
1/5 1.2 60 | 0.96 | 0.08 | —0.001
1/4 1.2 53 | 0.96 | 0.07 | —0.002
1/4 1.2 58 1 0.96 | 0.06 | —0.001
1/3 ] L1 |54]096]004] —0.002
1/3 1.1 60 | 0.96 | 0.04 | —0.001
1/2 1.1 50 |1 0.95 | 0.01 | —0.0003

Table 7.1: The input parameters b/L, (ReU?) and the obtained results such as the e-folding
number N, spectral tilt of curvature perturbation ng, its running of spectral index dn,/dInk
and tensor-to-scalar ratio r in Ref. [143].

type IIB string theory on curved background. By focusing on such symmetries, one would guess
the moduli-dependent function appeared in the threshold correction. We leave it for a future
work. If a lot of axions appear in the low-energy effective theory derived from the string theory,
they would induce the isocurvature and the cross-correlated perturbations in addition to an
adiabatic curvature perturbations induced by the inflaton. In Ref. [160], we have found that
Planck analysis on the generally correlated isocurvature perturbations prefers the existence of
the correlated isocurvature modes for the axion monodromy inflation in contrast to the situation

in the natural inflation.
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Chapter 8

Conclusions and discussions

In this thesis, we have taken into account the following two approaches to solve and explain
the theoretical and phenomenological /cosmological problems of the standard model of particle
physics. One of them is the “bottom-up approach” that explains these problems by minimally
extending the standard model. In particular, we adopt the five-dimensional supergravity model
compactified on S'/Z, in the light of the extra-dimension and local SUSY. In Chapter 2, we
investigated the cosmological aspects of 5D SUGRA with the emphasis on the moduli inflation.
The moduli fields appear associated with extra-dimensional components of higher-dimensional
vector and tensor fields. In our setup, the moduli fields are represented by chiral multiplets
in the 4D effective theory, those are originated from 5D U(1) Zs-odd vector multiplets. As
shown in this chapter, the parameters in modulus scalar potential as well as the kinetic term
are severely constrained by the higher-dimensional Lorentz and gauge symmetries.

We have presented two types of successful inflation scenario in the single framework of
phenomenological 5D supergravity model. One of them is the small-field inflation that is similar
to the Starobinsky one [1], whereas the other one behaves like a natural inflation categorized
as the large-field inflation. Both mechanisms are achieved by the potential induced by the
U(1) charged stabilizer fields. The stabilizer fields play essential roles of giving not only the
desired inflaton potential, but also the supersymmetric moduli stabilization that enables us to
integrate out the heavy moduli and stabilizer fields supersymmetrically. Thus, the obtained
results are irrelevant to the dynamics of SUSY-breaking field and therefore it turns out that
the SUSY-breaking scale is constrained to be lower than the inflation scale.

Based on the successful moduli inflation scenarios, we have studied the phenomenological as
well as cosmological aspects of 5D SUGRA in Chapters 3 and 4, where the SUSY-breaking scale
is taken as low- and high-scale, respectively. The low-scale SUSY-breaking scenario discussed
in Chapter 3 is attractive scenario which not only protects the mass of the Higgs boson from
the huge radiative corrections, but also gives the plausible dark matter candidate. By setting
the U(1) charge assignments of matter fields in the MSSM to realize the observed hierarchical
mass matrices of quarks and leptons, one can explicitly determine the couplings between the
SUSY-breaking field and matter fields. It is then possible to consider the stable gravitino in
the suppressed Kahler metric of SUSY-breaking field, which is realized by mildly large volume
of fifth dimension. The obtained results are consistent with not only the observed Higgs boson
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mass by LHC experiments, but also the BBN data in the case of sneutrino NLSP and higgsino
NNLSP scenario.

In contrast to the discussion in Chapter 3, we also studied the high-scale SUSY-breaking
scenario with wino LSP in Chapter 4. The relic abundance of wino-like neutralino is so model-
dependent that one cannot determine it unless we specify the whole thermal history of the
universe after the inflation. In Chapter 4, we have taken into account both the thermal and
nonthermal processes to estimate the relic abundance of wino-like neutralino. As a result, it was
found that its relic abundance depends on the gravitino mass. When ongoing LHC experiments
and cosmological observations give an hint of the mass of wino LSP, one would judge whether
the abundance of wino is originated from the thermal or nonthermal process. One would then
extract the constraints on the inflation and SUSY-breaking sector in this scenario.

In Part I of this thesis, we have concentrated on the cosmological and phenomenological
aspects of 5D supergravity model. However, when 5D supergravity is derived as a low-energy
effective theory of ultraviolet theory such as heterotic M-theory and type IIB string theory on
a warped throat, our results and discussions provide insights into such ultraviolet completions.
Indeed, the norm function coefficients in the Kahler potential are related to the intersection
number of CY manifold and the extra U(1) symmetries can be originated from local symmetries
in D-brane or M5-brane configurations. It is interesting to proceed in this direction that will
be studied elsewhere.

In the second part of this thesis, we take an another approach called “top-down approach”, in
which we have studied certain ultraviolet theories towards the standard model. In particular, we
have focused on the cosmological aspects of heterotic string theory on CY manifold in Chapter 6
and type 1B string theory on toroidal orientifold or orbifold in Chapter 7, respectively. In both
scenarios, we have studied a natural inflation caused by the closed string axion. The recent
Planck data suggested that the decay constant of axion-inflaton should be larger than the Planck
scale. It is problematic in the string theory, because the fundamental axion decay constants
are typically lower than the Planck scale. To overcome this problem, in both scenarios, we
have studied the threshold corrections in the gauge coupling. When the axion-inflaton appears
in the gauge kinetic function only through such threshold corrections, its decay constant can
reach the trans-Planckian value. For the heterotic string theory discussed in Chapter 6, the
correction terms are originated from the one-loop Green-Schwarz term that depends on the
Kahler axions. We analyzed the system where the gauginos condensate in the hidden gauge
group and one of the Kéhler axion becomes an inflaton field. We have shown the stabilization
of other moduli fields by employing the nature of “’Swiss-cheese” CY manifold.

In the case of type IIB string theory, the threshold corrections are also calculated in a simple
toroidal orientifold or orbifold. However, in contrast to the heterotic string theory, the correc-
tion terms are written in terms of Dedekind eta-function depending on the complex structure
moduli. When we consider the non-perturbative effects in the hidden gauge group, one of the
axions in the complex structure moduli have a potential similar to that of natural inflation.
Interestingly, the potential has a modulation term stemming from the Dedekind eta function.
After performing the numerical calculation including the modulation terms, it turns out that
the cosmological observables are more consistent with those predicted by the natural inflation
without modulation. The near-future cosmological observations such as BICEP, Keckarray and
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Planck have a potential to detect such modulation effects. Even in the case of general curved
background, it is expected that some discrete symmetries protect the form of moduli-dependent
threshold corrections and we would obtain the similar results.

In Part II of this thesis, we have obtained successful cosmic inflation scenarios within the
framework of string theory. However, there are no phenomenologically desired string model,
at present compatible with both the collider experiments and cosmological observations. By
comparing the results in bottom-up and top-down approaches, we will reveal an underlying
nature of the standard model of particle physics and cosmology in the future.
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Appendix A

The SUSY-breaking effects to the
moduli inflation in 5D SUGRA

A.1 The fluctuations of fields around the vacuum

Along the line of Ref. [7], we summarize the deviations of moduli, stabilizer, and SUSY-breaking
fields from the SUSY-preserving minimum to the SUSY-breaking minimum. The reference
point method enables us to extract the fields values at the SUSY-breaking minimum under
the expansion of fields around the reference points given in Eqs. (3.16) and (3.18). Then, the
superpotential and Kahler potential are expanded as

3
W ~w+ WxéX + Z W gy 0T" 6 H,,

I'=i

3
+ ) Zy |6H|” + Zx[6X [, (A1)

i=1

RoT? ' 2

3 ’ N\ 2
. RedT! 1 [RedT!
K ~ -1 ") —
2 | e (Fer)

where 0¢, ¢ = T", H;, X with I’,i = 1,2,3, denote the perturbations around the reference
points. In the field basis (T, T2, T%, H,, H,, H3, X), the Kahler metric is obtained as

Ky =K + K3, (A.2)
where
1/(2ReT")? 0 0 0 0 0 0
0 1/(2ReT?)? 0 0 0 0 0
0 0 1/(2ReT®? 0 0 0 0
K" = 0 0 0 Zy, 0 0 0 . (A3)
0 0 0 0 Zy, O 0
0 0 0 0 0 Zn 0
0 0 0 0 0 0 Zy—A4X[2/A2
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and

0 0 0 aH1H1 0 0 CL}XX

0 0 0 0 GH2H2 0 a?XX

0 0 0 0 0 ag,Hs a3 X
KEY=|amH 0 0 0 0 0 0 |, (A.4)

0 amg,Hy 0 0 0 0 0

0 0 agHs O 0 0 0

akb X a3 X akX 0 0 0 0

with

aZH 1 2 I’ ZH
— L — cHiReT o i I/ —
U =577 T RelT (6 5 | =9,

ai 8ZX _ Cé{ 6—2CX~R6T o é
X791 " cx - ReT

2 Y
(A.5)
The inverse matrix of Kéhler metric is given by
KT'T" ~ (9ReT”)? + 8ReT ' RedT!, KT 1 ~ — Ay 6H,,
! = . . * 1 ZCI/H. /
KT~ AL X — ALSX, KM~ —— — 5 RegT?
* * ZHi (ZH1>2
. 1 2a’ , 4
KX~ = T2 RedT! 4+ ————|0X|? A6
ZX (ZX)2 € + AQ(ZX)2| | ? ( )
where
_ 2 O 12 O
Ay, = (2ReT) , A = (2ReT" )*=—. (A.7)
Zn, Zx

Thus, the covariant derivatives of superpotential with respect to moduli, stabilizer, and
SUSY-breaking fields are given by

DTI/W ~ KTI/U),
+ W g, 0H' + Ky prw (6T + 0T") + Ko Wy 0X
+ WTI/TI’Hi(;TlléHZ' + Z KTI/WTJ/Hk(sTk(SHku

J'=k

/ — W = ’
DuW == Wy 6T + Ky g w6 H + #(WI )2,

_ 1 _
DxW ~ Wyx + KygwéX + 5aX(1?<X)—<)w(2|5)<y2 + (0X)% + (6X)?), (A.8)
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and the total F-term scalar potential is found at the second order of ¢,

2
v~ % W (X +0%) — S @RI YW, (6H; + 6 Hy)

X -
W2

4w
v |6X]2+§ j THH 12+§ (2ReT" W2, [6H,*
1 Ilf

3
+ ) (—2Re T wWrrgur g, + wWou g )(6T" 5 H; + 6T" 5 H;)

I'=i

3
+ 2R Wiy, (0T 0 H; + 0T 0 Hy) =y wWoy (6T + 6T")(5H; + 61,)

I'=i =1

+ Z 2Re T" Wx Wiy gy (SH:6X + 6H;0X)

I'=i

T + Tf’ P P _
+ Z Z T 77 W (07" +6T”)(6H; + 6 H,). (A.9)
I'=i J'=

From the obtained scalar potential, the moduli and stabilizer fields receive the following varia-
tions from the SUSY-preserving minmum,

w mg/2 AQZ2
Hi~ ——— — ~ O , 0X ~ 5wWy,
2ReT Wy, (mH) (4w2 o
2
/ 1 + AHK I’ WTI’TI’H. 3 m3/2
0T ~ () zy, T P ~0 (=2, A.10
(WTI/H) i ( QR Wy, ReT” Mo (4.10)

and the F-terms of moduli, stabilizer, and SUSY-breaking fields are

3
\/KTI/TUFTI = K/z\/KT[/ I/K IJD W ~ O( 3/2>,

mTI/

VEmag FT = "2 /Ky g KT DW ~ 0( 3/2>,
m

H;
—Wy
Kyx FY ~ 2Kz KXXDxW ~ (ReTlReTQReTS)IQZ)l(/W (A.11)
with
ms ms
DprW=min [0 | =L 0(=L]], (I'=2,3),
M m5
DWW =0 (m3/2> , DyW =0 (m?) (i=1,2,3), DxW ~u. (A.12)
Tl

The SUSY is mainly broken by the SUSY-breaking field X and the F-terms of moduli and
stabilizer fields are suppressed by the gravitino mass.
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A.2 The fluctuations of fields during the inflation

Next, we show the deviations of fields during the inflation in contrast to those around the vac-
uum. The reference point method also allows us to extract them in a similar way to the previous
analysis at the vacuum. By expanding the fields around the reference points in Eqgs. (3.16) and
(3.18), the covariant derivatives of superpotential with respect to ¢ = 77, Im T, H;, X with
I'=2,3 and i = 1,2, 3, are obtained as

Dy W o2 Kppw + W gy 6H; + Ky w(0T" + 6T") + Ky (Wi, 0Hy + Wx6X)

3
+ Kpurgpr W, (6T + 6T )SH' + Wopwraar , 6T" S Hy + Ky > W 677 6 HY,
J'=j
Dy, W ~ Wysy, 0T + Ky, g, wdHs + K, 7, Wi, 6 H36 Hy
D, W ~ Wray,0T? + Ky, g,wd Hy + K gy, 3, Wi, 0 Ha0 Hy,
Dy, W = Wi, + Wrip, 0T + Ky, g, WSHy + 01 (K gy, g, )w(6T" + 6T )0 Hy,

WT1T1H1 (

+ Ky, Wi |6H, > + WxSH16X) + ST,

_ 1 _ _
DxW ~Wx + Ky gwéX + §8X(Kxx)w(2]6X|2 + (0X)? + (6X)?) + KxxWpy, 6 H10X,
(A.13)

which lead to the variations of relevant fields after solving their the extremal conditions

Ol =612 = 67% = 6ky = Oky = Oky = Sy = 0,

/ ZH |WH ’2 (Hinf )2
sol' ~ O L )~ [ — . (I'=2,3),
(WIQ‘I’HiRe T Zn, mrr
Kprw M3 /2 .
Sh; ~ O I ~ O —= =23
(WTI'H¢(2R6TI,)2> (mHi)’ ( 3)
w mg/2
ohy ~ O ~ 0 —=
' (WHI) (mH1> ’

ANZ% ma\

oT" = 60" +ior", 6H; = 6h; + idk;, 60X = dx + idy, (A.15)

where

with I',i = 1,2, 3.
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Appendix B

Mass matrices in the inflationary
model of heterotic string theory

Along the line of Ref. [124], we review the mass-squared matrices of dilaton and Kéahler moduli
in the case of single gaugino condensation with the dilaton Kéhler potential being the type of
K =K%+ K" in Eq. (6.21).

Before going to estimate the masses of moduli fields, we canonically normalize the moduli
fields whose Kéhler metrics are given in the limit of ReS > f;ReT; and Ty > T; with

j:27374757
b2 1 o4+ o\’ 1
Keg o~ ——_ — KWW — A -
7 16 (D + D)3 +2<p < 2 > (@ + @)

Bj
Ko ~ —24_
T (@ + )2
3
Kpp o0 ————
BT+ )

9k;(T; + T;)°
KTl'fj = —747
ki(Ty + 1Y)
- 6k(T; +T5)
iti kl(Tl ‘|‘T1>3’
 Okik;(T; + T)(T; + T5)?

L , B.1
k’%<T1 +T17)8 (B-1)

where i # j, 1,7 = 2,3,4,5. These moduli fields are stabilized at the supersymmetric minimum
K; =0with I = ®,T% T3 T T°. Thus, the off-diagonal elements of Kahler metric is negligible
compared with the diagonal one, because of small 3; and values of moduli 7}, j = 2,3,4,5.
The Kahler metric of moduli fields are then dominated by the diagonal components such as

Ky~ K507, (B~2)

with I, J = ®,T1,T; for j = 2,3,4,5.
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These mass-squared matrices of moduli fields receive both the F-term and and D-term
contributions. First, we show the D-term potential induced by the anomalous U(1) symmetries,

1

Vi —
P 2fuq)

: (¢sKs + a1, Kn, + an, Kr,)? + (¢sKs + ¢7, K, + 47, Kr,)*

2fua)2

+ a1, Kr, + 4. K1,)°, B.3
2fU(1)3 2fU(1)4<T Ty Ts T5) ( )

where fyqym denote the gauge kinetic functions of U(1)™, m = 1,2,3,4 symmetries and their
approximated forms become fyqym =~ tr(T"1™)S. Such D-term contributions are also ex-
panded by the smallness of §;, j = 2,3,4,5 at the supersymmetric minimum of moduli fields,

(Vo)1= (Vb)Y + (V)i (B.4)

where the leading term is given by

3
1
(Vb)ss = %(QQK@B + 41, K16 + 41, K1,8)°,

3
1 n n n
(VD)%TQ = Z Qf—(QSché + QTQKTzé)QTQKTQTW

1 2JuU@"
LA
(VD)o = (¢sKos + 97, K1,8) 07, K1y 1y 5
“—~ 2fuayn
.
0 o n \2 _\2
Vo), _n 1 2fU(1)" () (Knz)

0
(VD)Tng = Z 2fU(]_) QTQQTBKTZTQKT?,TS’

(VD)(’}BT:}, = Z 2fU (1) QT5 (KT3T3)27

1 2
(Vo)z,z, :2fU(1)4 (an, Ko, + . Knyr,) "
1
(VD)%4T5 :2fU(1)4 (q%4KT4T4 + q’ZI{S KT4T5) (Q%4KT4T5 + q%5KT5T5) )
1 2
(VD)%)TE) :2fU(1)4 (qéll“4KT4T5 + QE‘I‘},KT5T5) ) (B5)

and otherwise zero. Although these leading terms are of order (5;)?, j = 2,3,4,5, the next-
leading terms are of order (/3;)%. In our choice of parameters, the next-leading terms are smaller
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than the mass scales originating from the F-term contributions which are summarized as

(Vi) o e K| Kog W1,

Vo e KT W |2,

)17 ﬁeKKTQTQ‘KTlleﬁ

1y, e KT Ky W,

V1T :eKKT4T4\KT4T4W|2,

Vg, ~eX KT | K W2, (B.6)

As a result, the total mass-squared matrices are summation of both the D-term and F-term
contributions,

V)17~ (Vp))s+ (Ve) s (B.7)
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Appendix C

The canonical normalization in the
inflationary model of type IIB string
theory

Following Ref. [143], we summarize the canonical normalization of moduli fields in the case of
type IIB string theory.
The Kahler metric of dilaton and complex structure moduli are described as

KU4U4 KU4UQ 0 0 0
Kyags Kyege Ky 0O 0
K= 0 EKfp Kz 0 0 |, (C.1)
0 0 0  Kygs 0
0 0 0 0 Kss
where
K— o 1 + 1 + 3 62)2 - 1_0 1
T U2+ 022 T (U + U+ U2 + 02)2 (~+f—02(U2+UZ))2_ 3 (U2 + 022
1 4 1
Koo = Ky = Ko = g Kon = Ko = =50, g o
1 1 3 1 1
K g - 712, 772\9) K S — . Ao K 7 — = = — = _ ,
GO T T (S92 T (P T U2 U2 3(0)? (U2 + T2)
(C.2)

with ¢o = b?/12. For the case of ¢ = 1, the numerical values of the eigenvalues (K.i4); and
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diagonalizing matrix U;; are obtained as

4.3 1.1 0.27
(Keig)us = 07+ 092 (Keig)u =Ty o (Keig) 7 = 02+ 07
(Keig)U?’ = Kyaps, (K g)S Kss,
—-0.67 =219 1 0 O
1 014 1 0 0O
Us;=|-11 08 100
0 0 010
0 0 0 01
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