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“Murphy’s law doesn’t mean that something bad will happen.
It means that whatever can happen, will happen.”

— Cooper, Interstellar



Abstract

This Master Thesis project is focused on the study of the phenomenology of Ramond-
Ramond Photons in type I1B string compactifications.

These modes are Standard Model gauge-singlets which are typically massless, and so do
not develop any physical mixing with the hypercharge U(1). They are instead gravita-
tionally coupled to closed string moduli. Moreover, a generic Calabi-Yau compactifica-
tion can feature hundreds of these Dark Photons.

It is well known that, after neutrinos decoupled from the thermal bath, they have re-
mained as relativistic degrees of freedom constituting the cosmic neutrino background.
While in the Standard Model this number of relativistic species is fixed as the effective
number of neutrino species at Cosmic Microwave Background temperature and at Big
Bang Nucleosynthesis temperature, any measured excess from the Standard Model value
would constitute an evidence of extra Dark Radiation and a hint for new physics. In
the context of string models of the early universe, these relativistic degrees of freedom,
decoupled from the Standard Model ones, could be generated by the decay of the lightest
modulus.

The main purpose of this thesis is therefore to study the cosmological production of
Ramond-Ramond Dark Photons from the decay of the longest-living moduli, setting
bounds from the requirement to avoid Dark Radiation overproduction.
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Introduction

Although the Standard Model represents a successful milestone for the physics of the
twentieth century, describing with high precision elementary particle physics and elec-
tromagnetic, weak and strong interaction, it can only be fully trusted as an Effective
Field Theory (EFT) up to the electroweak energy scale (i.e. up to few TeV). In fact,
there are several issues that cannot be addressed within the “classical” Standard Model
of physics. The most fundamental limitation is the fact that quantum gravity is not
embedded in it. One way out is to consider gravity as an Effective Field Theory itself,
valid only up to a cutoff smaller than the Planck scale where quantum effects are no
more negligible and every description fails to foresee what could happen. Some other
known problems that the Standard Model cannot address are listed below.

e Hierarchy problem: The mass of the Higgs boson receives loop corrections that one
would naturally expect to be of the order of the cutoff of the theory and therefore
of the order of the Planck scale. However, it is well known that the Higgs boson
mass is about 125GeV | well below the cutoff scale of the theory. This value has no
explanation in the context of Standard Model without an extreme fine tuning.

e Strong CP problem: The QCD coupling term GFWF #is a CP violating term
containing a parameter, 6, which turns out to be unnaturally small experimentally.
However, there is no apparent explanation in the Standard Model for this parameter
to be very small. Moreover, a well known solution to this problem requires the

existence of a Peccei-Quinn axion, a new particle that would only be present in
Beyond the Standard Model Physics.

e Cosmological constant problem: Observations of the universe tell us that the value
of the cosmological constant interpreted as vacuum energy is close to zero A ~
10~129M}. However, once again, in the Standard Model there is no way to naturally
achieve this value.

Other unanswered questions arise if one considers the cosmological aspect. In fact, tak-
ing into account the ACDM model with the inflationary solution to explain the flatness



problem, the horizon problem and the CMB perturbations, the Standard Model of par-
ticle physics does not contain any suitable candidate neither to explain the cold Dark
Matter, nor to drive inflation.

Nowadays, String Theory is considered to be a very promising framework that could
provide a quantum theory combining gravity and the other fundamental interactions.
In addition to this, it could offer solutions to the unanswered Standard Model problems
thanks to the presence of an additional symmetry, Supersymmetry, and of a large number
of degrees of freedom due to the existence of extra dimensions. Moreover, the presence of
these extra dimensions, which in Type IIB string theory need to be 10, does not constitute
a problem since it is possible to reduce the theory to a 4-dimensional one through the
dimensional reduction in which the extra 6-dimensions are compactified on a complex
manifold called Calabi-Yau. An important characteristic of the dimensional reduction
is that the resulting spectrum contains massless scalar fields called moduli, which, at
tree level, represent flat directions of the scalar potential and which parametrize the
shape and the size of the extra dimensions. Due to the fact that these scalar fields
could generate unobserved fifth forces, it is necessary to lift these flat directions by
making the moduli acquire a Vacuum Expectation Value (VEV), and so a mass. The
stabilization model we are going to focus on is the Large Volume Scenario (LVS) in which
the complex structure moduli are stabilized by 3-form fluxes, while the Kéahler moduli
are stabilized by an interplay between perturbative corrections to the Kahler potential
and non-perturbative corrections to the superpotential.

From a cosmological point of view, in addition to the stabilization mechanism it is
interesting to study how these fields interact gravitationally with the other ordinary
particles. Planck suppressed interactions imply that these scalars could live long enough
to dominate the energy density of the universe, and therefore to generate a period of
early moduli domination which makes them the main drivers of the reheating process.
While late-time decaying string moduli could have important effects also on Dark Matter,
here we are going to consider another effect of the decay of the longest-living modulus,
that is the production of hidden relativistic degrees of freedom that remain relativistic
at CMB temperature and at Big Bang Nucleosynthesis (BBN) temperature. These
relativistic degrees of freedom constitute the so called Dark Radiation, whose abundance
is parametrized as an excess with respect to the effective number of neutrino species that,
for the Standard Model, is Nefrppn = 3 and Negromp = 3.046 [1, 2]. Any departure
from these values would constitute new physics Beyond the Standard Model. It has been
experimentally observed that the excess of hidden relativistic degrees of freedom over the
Standard Model predictions is bounded by AN¢f ~ 0.2 — 0.5 [1].

In the framework we are going to consider in this thesis, the Large Volume Scenario
with sequestered Standard Model, we obtain that reheating is driven by the decay of the
modulus parametrizing the large volume. The aim of this thesis is to estimate the amount



of Dark Radiation produced by the decay of the large volume modulus into Ramond-
Ramond U(1)s and their consequent influence on the number of effective neutrino species.
These Ramond-Ramond U(1)s (Dark Photons) are massless modes coming from the
reduction of the Ramond-Ramond Cj form in Type IIB String Compactifications, and
they could behave as relativistic degrees of freedom contributing to a potentially harmful
excess of Dark Radiation.

If the amount of these Dark Photons, and therefore of Dark Radiation, is large, it could
happen that observational bounds on AN, s are not respected, ruling out those models
where the reheating is driven by the decay of the volume modulus.

In Chapter 1 we are going to study the effective theory of Type IIB String Com-
pactifications. After looking briefly at the massless spectrum of Type IIB theory and its
10-dimensional bosonic action, we are going to focus on the compactification of the extra
dimensions: starting from the simple example of Kaluza-Klein dimensional reduction, we
are going to introduce the more advanced concepts of Calabi-Yau manifolds and of ori-
entifolds. In particular we are going to study the moduli space of Calabi-Yau 3-folds in
Type IIB compactifications and we are going to assign to each of the relevant moduli of
the theory the corresponding Kahler potential.

In Chapter 2 we are going to address the problem of the moduli flat directions by
introducing the concept of flux-compactification: after obtaining the Superpotential and
showing the No-Scale Structure of the scalar potential, we are going to add the corrections
allowed by the Non-Renormalization Theorems (perturbative and non-perturbative).
Thanks to these corrections, we will stabilize the Kahler moduli introducing the Large
Volume Scenario and briefly studying the cosmological moduli problem and the problems
related to the decay of the longest-living moduli. After this, we are going to focus on the
sequestered Large Volume Scenario that will constitute the framework for our analysis
of Dark Radiation from the decay of the large volume modulus. Then, in the final part
of this Chapter, we are going to focus on the decay of the large volume modulus into
axions which could constitute another possible source of Dark Radiation.

The main results of this thesis are presented in Chapter 3 where we will first introduce
Ramond-Ramond Photons. In particular, we are going to study how their kinetic terms
arise from the dimensional reduction of the 10-dimensional bosonic action introduced in
Chapter 1, more precisely from the kinetic term of the Ramond-Ramond C in Type IIB
theory. Then, we are going to focus on their gauge kinetic function and we are going to
show its holomorphic dependence on the complex structure moduli. Moreover, we are
going to highlight the topological requirements to have such a moduli dependence in the
gauge kinetic function, finally discussing the generality of this configuration while giving
an explicit example of a Calabi-Yau that could embed it.

We will then continue our discussion on Dark Radiation production from the decay
of the longest-living moduli considering a simple, but quite general model. Due to the



dependence of the Ramond-Ramond Photons gauge kinetic function on the complex
structure moduli, we will analyze the perturbative production mechanism from moduli
decay. We are going to consider the case of a Kahler modulus associated to the Calabi-
Yau volume and of a complex structure modulus mixed to the former one by a loop
correction, in order to find a viable decay channel for the longest-living modulus (the
volume one) into these Ramond-Ramond Photons. We are going to canonically normalize
the fields to find the mixing of interest by explicitly computing the scalar potential, the
mass matrix, and by explicitly solving the corresponding eigen-system.

Finally we are going to close the circle on Dark Radiation from Ramond-Ramond
Dark Photons by explicitly computing the decay rate of the longest living modulus into
these Photons. The final step will be the estimation of the effective number of neutrino
species due to the presence of this additional source of Dark Radiation in the sequestered
Large Volume Scenario with the Standard Model realized on D3-branes at singularities.

In the final Chapter of this thesis (Chapter 4), we are going to summarize the main
goals and the main findings of this work and we are going to present briefly some open
paths for possible developments.



Chapter 1

Effective Theory of Type IIB String
Compactifications

“See that the imagination of nature is far, far greater than the imagination
of man.”
— Ruichard P. Feynman

In this chapter, we are going to review the basics of Type IIB Superstring Theories

starting from the massless spectrum, through the 10-dimensional action, towards the
concept of Calabi Yau (CY) compactifications.
It is well known that the inclusion of supersymmetry in the bosonic string theory and the
subsequent projection (GSO projection) of the quantized sectors allow us to introduce
fermions and to get rid of the tachyonic modes in the spectrum. Still, we have that at low
energies there are 5 different theories related by duality transformations that constitute
the 10-dimensional description of the spacetime.

For the purposes of this work, we are going to focus our attention on Type II1B
Superstring Theories since the low effective action for these models are well understood
and, moreover, they present many attractive features from the phenomenological point
of view. First of all, the backreaction of the fluxes in type IIB is mild and so leads to
internal manifolds that are conformally Calabi-Yau. Then, in these models, there exists
a well defined separation between the string scale, the Kaluza-Klein scale and the masses
of the moduli such that the moduli effective action could provide a good description of
the dynamics at low energy. Another attractive feature of Type IIB models is that it
is possible to obtain a hierarchically suppressed Supersymmetry breaking scale with the
gravitino mass much smaller than the Kaluza-Klein scale (we will see that with the right
construction it is possible also to obtain a supersymmetry breaking scale of the order of
a few T'eV which could help to address also the Standard Model hierarchy problem) [3].

1.1 Type IIB Superstring Spectrum

After GSO projection, the massless spectrum of Type IIB Superstring Theory is shown
in Tab. 1.1.



1. EFFECTIVE THEORY OF TYPE IIB STRING COMPACTIFICATIONS

Sector SO(8)-rep SO(8)-irrep 10-dim. fields
(NS;,Ry) 8y ®8s 8¢ @ 565 Ao Vira
(Ry,NS,)  85®8y 8¢ ® 565 A2 Vira
(R4, Ry) 8s®8s  [0]®[2] @ [4] Co, Cs, Cy

Table 1.1: Massless spectrum of Type IIB Superstring theory. For each sector the SO(8)
representation and the SO(8) irreducible representation are shown. The last column
shows the matter content. Let us recall the notation: 8y is the vector representation of
SO(8); the lower indices S and C' denotes the positive chirality spinor and the negative
chirality spinor of SO(8).

We can see that the NS-NS sector contains a scalar field ¢ which is the dilaton, a
two index antisymmetric tensor Bjyn) corresponding to the Kalb-Ramond field, and
a traceless symmetric tensor gpsn corresponding to the graviton. From now on, when
referring to the Kalb-Ramond field, we are going to drop the notation with the square
brackets. The R-R sector contains p-forms: Cj is a scalar field, C} is a 2-form and C} is
a 4-form. Finally, the NS-R sector and the R-NS sector contain a spin 1/2 dilatino A,
and a spin 3/2 gravitino ¥, (with a chirality) each. Differently from Type IIA, Type
IIB is a chiral theory since we have two copies A @ ¢ with the same chirality.

1.2 Ten-dimensional Type IIB Supergravity

Having established the content of Type IIB Superstring theory, we are now ready to look
at the bosonic part of the 10-dimensional action in the string-frame [4]

1 1 1 1 1

S = dVz/=gle | R+ 4(0¢)> — —=H2) — —F? — F2 — F?
HBS = 5k2 ’ g[e THOOP — gty ) — o F gt - o b
(1.1)
where we have used 2k%; = (27)"a/* and
- ~ 1 1
F3:F3—C[)/\H3, F5:F5_§CQ/\H3+§B2/\F37 (12)

where F5 has the property of self-duality F5 = *F5. We recall that H; = dBs is the
NS-NS 3-form field strength, while F5 = dC5 and F5 = dCj are the R-R field strengths.
Let us notice that the first part of the action in the round brackets is the action for the
NS sector, while the remaining pieces with Fj, F3 and F5 constitute the kinetic terms
for the p-forms. From the action above two parts are missing. The first one, usually



1. EFFECTIVE THEORY OF TYPE IIB STRING COMPACTIFICATIONS

denoted with S¢g, does not contain the metric and encodes topological interaction terms
between the gauge fields (the p-form fields enjoy the gauge symmetry C, — C, + dn,_1).
It is referred to as Chern-Simons action and reads as

1
SCS: TN €¢C4/\H3/\F3. (13)
The second missing piece, usually denoted with Sj,., includes the actions of the various
localized objects such as Dp-branes. For a D3-brane we have

1 2 4
— Cy — d*&y/—gT: 4
“ /D3 ! /D3 6 95 (1 )

Sloc D) SDS = 973

where T3 is the tension and in general is given by

e(P—3)9/4
I, = (27)Pa/(p+1)/2 (1.5)
and the coordinates ¢ parametrize the world-volume of the brane. However, to get the
full action for Dp-branes, we must include the gauge fields living on the branes and their
superpartners getting the so called Dirac-Born-Infeld action

SDBI = —Tp / dp+1f€_¢\/— det(gab + 2ma/ ab T Bab) (16)

with g4 the pullback of the 10-dimensional metric, F); is the field strength for the gauge
fields on the Dp-brane and B, the pullback of the Kalb-Ramond field.

The same action (1.1) can also be written in the so called Einstein-frame by performing
the Weyl rescaling gz v = e~ %2gyn where it looks like [5, 6, 7]

1 8M’7'8MT |G3|2 1 ~
-~ le /[ . o . F 2
Sr.e 2k3, TV TIE (R 2(Im7)?2  12Im7 45! |75l
+ SCS + Sloc (17)

where we have defined
T:C()—i—l'eigb and G3:F3—TH3 (18)

such that the SL(2,R) symmetry, that leaves the metric and the 4-form invariant and
acts on the other fields as

at +b Cy\  fa b Cy ) a b
(i —— and (B2>_<c d) (32) with (c d)ESL(2,R), (1.9)

becomes manifest. Notice that ad — be = 1.

10



1. EFFECTIVE THEORY OF TYPE IIB STRING COMPACTIFICATIONS

1.3 Type IIB String Compactification

Until now we have seen a theory describing the 10-dimensional N = 2 supergravity.
However, to get a realistic and effective description of nature, we need to reduce the
10-dimensions characterizing Type IIB string theory, to the 3 spatial dimensions plus
the time dimension we observe.

In particular, what we would like to achieve, is a 4-dimensional Effective Field Theory
via the compactification of the remaining 6 dimensions.

1.3.1 Dimensional Reduction

The idea of a fifth extra dimension was first proposed by Theodor Kaluza in 1921 and
then elaborated by Oskar Klein later in 1926 who were trying to unify gravitational and
electromagnetic interactions.

In what follows, we are going to look at the simplest example of the compactification
of a 5-dimensional scalar field on a circle and then we are going to consider 5-dimensional
gravity [4, 8].

Let us start by considering a 5-dimensional massless scalar ¢(2™) with M =0,...,4
whose action is given by

S = %/d5x8M¢8M¢. (1.10)

We further consider our manifold to be decomposed into a 4-dimensional Minkowski and
a circle M = R* x S! such that we can identify 2* = y with y ~ y + 277 where r now
is the radius of our circle. We can thus express the y dependence expanding in Fourier
modes

o(a!,y) = Z¢k (zH)etkv/m = Z(b (zH) COS( ) +Zgbk (zH) Sln(kry). (1.11)

At this point, substituting the expansion into the original action and integrating over y
we get

2
Syq = 27r / d*z [%aﬂqﬁo(‘?“qﬁo + Z ((‘quka“qbz + %¢k¢z>] . (1.12)
k

What we have obtained is a 4-dimensional theory with a massless scalar ¢y and an infinite
tower of massive scalars with m? = k%/r?. When dialing with energies F < 1/r we have
that only the massless mode is observable so that the EFT is a 4-dimensional theory
with a massless scalar. This massless mode parametrizes a flat direction and could be
referred to as modulus.

11



1. EFFECTIVE THEORY OF TYPE IIB STRING COMPACTIFICATIONS

Now we are going to study the KK reduction of 5-dimensional gravity. In this case
we consider the action for general relativity

M3
Seg = QP"” / &2/ —G Rsg (1.13)

with G = det(gyn), M, N =0,...,4 and Rs, the 5-dimensional curvature scalar. Then,
we parametrize the metric as

o ()ean ()0,
gMN = v (1.14)
(M_P) ¢2AV ¢2

where M, N take the same values as before, y,v = 0,...,3 and Mp, A,, ¢ are just
parameters for now. As for the massless scalar case, we compactify 2* = y with y €
(0,277) on S' and, expanding in Fourier modes the field ¢ using g,, = M, A, = 0,
¢? = Gy =1 we get

2 3
Sy = /d4x¢—_g¢<%}z — 1¢2FWFW + %M) (1.15)
2 4 3 @?

In this case the 5-dimensional degrees of freedom give rise to the usual 4-dimensional
metric ¢,,, a vector boson A, and a scalar. For what concerns the vector boson its
presence should not be surprising since the U(1) related gauge theory is inherited from
the diffeomorphisms invariance of S'. The scalar field ¢ corresponds to the degree of
freedom of the radius r = % It is called radion and it is a modulus field (a scalar degree
of freedom with tree-level vanishing potential). Finally, comparing the 4-dimensional

action in Eq. (1.15) with the usual Einstein-Hilbert action for gravity

S
8

/ d'v/—gR (1.16)

we can notice that the identification M3 = 2mrM 135,5 suggests the possibility of having a
low fundamental 5-dimensional gravity scale Mps and generating a large 4-dimensional
Planck scale by taking r large enough.

1.3.2 Calabi-Yau Compactification

As already stated, 10-dimensional Type IIB theory is not suitable to describe the real
world that contains only 4 observed dimensions. The trick is to get rid of the extra 6-
dimensions to get a low energy 4-dimensional EFT. The most appealing way to do so is

12



1. EFFECTIVE THEORY OF TYPE IIB STRING COMPACTIFICATIONS

through compactification on a Calabi-Yau (CY) manifold Ys. This manifold, after orien-
tifold projection, breaks supersymmetry in a way that allows to finally obtain an N =1
supersymmetric theory that is chiral. Hence, after breaking the last supersymmetry, it
is possible to reproduce the Standard Model.

Calabi-Yau 3-fold A CY 3-fold is a compact, complex, Kihler manifold with SU(3)
holonomy and vanishing first Chern Class.

In what follows, we are going to analyze our statement [4].

Complex Manifold A complex manifold by definition contains a map J : T — T
which is called complex structure. The complex structure J is a tensor

J—’LdZ ®$—’Ld2 ®ﬁ (117)
with
9 9 i i
@, ﬁ and dz y dz (118)

local bases of the tangent and of the cotangent spaces respectively. In this case the 2
are given by z' = 2° + iy’. This map, can also be written as

J= (Zg _(Z]I), J:(_OH g) (1.19)

in a complex basis and in a real basis respectively such that J? = —I. Written in this
way we can see that, roughly speaking, this map corresponds to a multiplication by 7 in
the cotangent space. It is important to underline that a manifold with such a structure
is an almost complex manifold. To get a complex manifold we must require also the
vanishing of the Nijenhuis tensor NP = 8[an;] — J[ang]arjg = 0.

Kahler Manifold The next step is to introduce a metric in our complex manifold
which must be compatible with J. In other words: a complex manifold is Kahler if the
form dJ = 0 is closed. Let us understand the statement:

e We introduce a metric which is Kahler and has only mixed components:
PK
9 = Aas (1.20)

where K is a real function called Kéhler potential;

13



1. EFFECTIVE THEORY OF TYPE IIB STRING COMPACTIFICATIONS

e The Kéhler metric allows us to turn J into J = ig;dz" A dz that is a 2-form called
Kahler form;

e d =0+ 0 is the exterior derivative.

Let us underline that in our complex Kahler manifold the metric is real g;; = g;; and
Hermitian g;; = g;; = 0.

Holonomy Let us introduce the concept of holonomy group. We know from differential
geometry that a metric manifold comes with a connection and thus with the possibility of
parallel-transporting tangent vectors. So, given a closed loop v and considering a point
x, we have that the set of all the linear maps R(v) : T, — T, forms the holonomy group.
Strictly speaking, the holonomy group is given by the set of rotations R(7) experienced
under parallel-transport around all possible closed loops in the manifold.
At this point the question arises naturally: how is the concept of holonomy connected
to the definition of a CY 3-fold?

It is possible to show that the 10-dimensional supersymmetry transformations of
the two gravitini of Type IIB theory, are proportional to the covariant derivative of a
Majorana-Weyl tensor € [9]

(613 s,,) o< Varel, (61p3,,,) o< Vare?, (1.21)

where (...) denotes the vacuum configuration. At this point we can embed the 10-
dimensional spinor in the tensor product of a 4-dimensional spinor and a 6-dimensional
spinor egp(z,y) = eg(x) @ np(y) + h.c (8 = 1,2 complex components of the Weyl spinor

in 4-dimensions and B = 1,...,4 complex components of a Weyl spinor in 6-dimensions)
such that

( La> X Vuﬁ%v <w;no¢> X anjs (1.22)
where p = 0,...,3 is the index for the usual 4-dimensional Minkowski spacetime,
m =4,...,9is the index for the 6 extra dimensions. For supersymmetry to be unbroken,

we ask the variation of all fields in the vacuum configuration to vanish. Consequently the
tensors on the right-hand sides of Eq. (1.22) must be covariantly conserved (note that
we are considering the case without fluxes for simplicity). The covariant conservation in
4-dimensions leads to a vanishing Ricci scalar R = 0, while the covariant conservation in
6-dimensions leads to R,,,, = 0, that means that Yj is Ricci flat. All together (R = 0 and
Ry = 0) they tell us that Ry y = 0 and so the Einstein equations are solved without
sources.

As we can see the request of having supersymmetry conservation when compactifying
the 6 extra dimensions is directly connected to the covariant conservation of a spinorial
quantity, and so to the existence of a holonomy group.

14



1. EFFECTIVE THEORY OF TYPE IIB STRING COMPACTIFICATIONS

Why should the holonomy group for a CY 3-fold be SU(3)? Since SO(6) = Spin(6)/Z,
and Spin(6) = SU(4) the Weyl spinor representation Spin(6) (in 6-dimensions) trans-
forms as SU(4). Without loss of generality we can assume that in SU(4) the spinor takes
the form

o O O

(y) = (1.23)

€3
such that, for this spinor to be covariantly constant, we must have that the holonomy
group only acts on the first three components. Thus we need SU(3) holonomy.

Let us highlight that the concept of holonomy is also strictly connected to another
property of the CY 3-fold in exam, that is the fact that our CY manifold is Ricci flat.

First Chern Class Before introducing the concept of Chern Class and what it means
for it to vanish, we state the Yau Theorem:

Yau Theorem Let X be a Kdhler manifold and J its Kdhler form. If the first Chern
Class vanishes, then a Ricci flat metric with Kdhler form J' in the same cohomology
class can be given. This is called Calabi- Yau metric and it is unique.

Due to the presence of U(N) holonomy, we can write the curvature 2-form as

R(Tx) = dz' NdZ' R} (1.24)
Having this we can write the multi-form
co(X) =det(I+ R(Tx)) (1.25)

which can be expanded as

o(X) = 14ci1(X)+ea(X)+- - - = 14+Tr(R(Tx))+Tr(R(Tx )AR(Tx)—2(Tr(R(Tx)))*)+. . .
(1.26)
with ¢ a 2k-form defining the k-th Chern Class. The first Chern Class is defined as

[£]

T or

C1 (127)
and the fact that it must be vanishing means that it is exact, i.e. zero in cohomology
(¢1 = dw for some w).

At this point, we need one last ingredient before fully characterizing a CY manifold
and before studying its moduli space.

15



1. EFFECTIVE THEORY OF TYPE IIB STRING COMPACTIFICATIONS

Cohomology What we want to see is how the requirement of a vanishing first Chern
(Class is connected to the concept of cohomology. Before doing so for a Kahler manifold,
let us recall some results for real manifolds [10, 4].

Let us consider a compact Riemannian manifold M of dimension m.

e An n-form A, is closed if dA, = 0.

e Ann-form A, is exact if it can be written as A,, = dB,,_; such that dA,, = d*B,,_; =
0.

e We can define the Hodge star operator *x : A, — A,,_,.

e Using the Hodge star operator, we are able to define also the inner product
(An, Bn) = [, An A *By,.

e We can define the adjoint exterior derivative acting on an n-form A,, d'A, =
(—1)mntmtl « d(xA,) such that (d7)? = 0. In this way, d'A, = 0 is said to be
co-closed and A,, = d'B,,_; is co-exact.

e We can define the Laplacian Ay = dd' + d'd.
e A form is harmonic if it satisfies AyzA,, = 0.

At this point we can introduce the concept of cohomology and the Hodge Decomposition
Theorem.

e We can define the De Rham cohomology groups HJ, (M, R) as

H (M, R) = (1.28)

where C(M) is the set of closed n-forms and E7 (M) is the set of exact n-forms.
In this way two forms are considered equivalent if they differ by an exact form.
The dimension of H}},(M,R) is given by the Betti numbers b" = dimg H}(M, R).

e The Hodge Decomposition Theorem tells us that every n-form can be decomposed
as the sum of an exact form, a co-exact form and a harmonic form in the following
way

a=dB+dvy+h, heHM). (1.29)

With all this information, we can notice that, as a consequence, a closed form can be
expressed uniquely as the sum of a harmonic and an exact form. In this way there is
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1. EFFECTIVE THEORY OF TYPE IIB STRING COMPACTIFICATIONS

an isomorphism between harmonic forms H(M) and H},(M,R) meaning that every de
Rham cohomology class on M contains a unique harmonic representative.

Everything we have seen can be transported to the case of Kahler manifolds which
is the case we are interested in [10, 4]. First of all we can see that a real form can be
decomposed into holomorphic and anti-holomorphic components (2m real coordinates
L1y Ty Y1, - - - Ym can be divided into m holomorphic coordinates z; = x; + iy; and m
anti-holomorphic ones z' = x; — iy; with 4,3 = 1,...,m)

1
An = mAkl.‘.kndxkl A A d(L’k”

! (1.30)
1y
plq!

The exterior derivative becomes d = 9+ 0 such that 92 = 92 = 0 with d and 0 Dolbeault
operators:

AN AdZP NAEEA - A dF

i1eipyiteig

A

P,q

d: Ap,q(/\/o - ApH,q(M)a 6 : Ap,q(M) - Ap,q+1(M) (1'31)

where M is now a complex manifold of real dimension 2m with Kéahler metric.
The Hodge star operator is such that * : A, (M) = Appm—q(M).
We can define two Laplacian operators

Ny =00" +0'0, with 9" = — % 0% (1.32)
Ny =00" +0'0, with 9" = —x3J'* (1.33)

satisfying Ay = Ay = Ay/2. In this way we can introduce the concept of harmonic forms
in analogy with the case of a real manifold: a (p, ¢)-form is harmonic if AjA,, = 0. We
are ready again to give the concept of Dolbeault cohomology groups and to state the
Hodge Decomposition Theorem.

e The Dolbeault cohomology groups H3*(M, C) are defined as

CBI(M)
H29(M,C) = =2

W (1.34)

where C2?(M) is the set of (p,¢)-forms closed under d and E5?(M) is the set of
(p, q)-forms exact under 9. The dimension of HY(M,C) is given by the Hodge
numbers h??¢ = dim H*(M, C).

e Again, the Hodge Decomposition Theorem allows us to split any (p, ¢)-form as the
sum of a harmonic form, an exact form and a coexact form.

17



1. EFFECTIVE THEORY OF TYPE IIB STRING COMPACTIFICATIONS

The main take-away message from the analysis of Kahler manifolds is that the space of
harmonic (p, ¢)-forms is isomorphic to the Dolbeault cohomology groups, meaning again
that there is a unique harmonic representative in each Dolbeault cohomology class.

1.3.3 Calabi-Yau Moduli Spaces

As we have seen, there are various requirements for a CY manifold to be satisfied.
Before going any further in our description, let us summarize what kind of conditions
characterize a CY 3-fold (Ys):

1. It is a complex Kdahler manifold;

2. It is Ricci flat;

3. It admits a vanishing first Chern Class;
4. It has SU(3) holonomy;

5. It features a unique (3,0)-form €.

We want now to connect the discussion on cohomology groups to the CY 3-fold case
and to understand its meaning. Recalling the examples from KK-dimensional reduction,
we have seen that the low-energy theory in 4-dimensions contains only massless modes
called moduli and that the tower of massive KK-modes is not observable.

Considering the massless wave equations in Ry g [11]

Op=0,  iy"Dyy =0, (1.35)

their counterparts in R; 3 x Yy are given by

(Ous+ Aoz y), iV Dy+ 7" Du)ib(x,y) =0 (1.36)
where x# (u = 0,...,3) are the coordinates for the 4-dimensional spacetime and y™
(m =4,...,9) are the coordinates of Y5. What emerges from this decomposition is that

the massless modes in 4-dimensions correspond to the zero modes of the Laplace operator
on Y which is exactly the one defined in Eq. (1.33) (or equivalently Eq. (1.32)). This
means that the zero modes are in one-to-one correspondence with the harmonic forms on
Ys which are in one-to-one correspondence with the elements of the Dolbeault cohomology
group (1.34). Roughly speaking, the Hodge numbers tell us how many harmonic forms
are present in a CY, and so how many massless modes.
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1. EFFECTIVE THEORY OF TYPE IIB STRING COMPACTIFICATIONS

Typically, the Hodge numbers are arranged in the so-called Hodge diamond which, in
the case of a CY 3-fold, becomes

1
0 0
0 hiL 0
1 R Rl (1.37)
0 hil 0
0 0
1

To get this particular form, we have used some properties of the CY 3-fold: horizontal and
vertical symmetry (h'' = h??), Hodge duality (h?? = K™ P™~ 4 with dimc(M) = m),
SU(3) holonomy (h'? = h?? = (), connectedness (h*° = h3? = 1), Yau’s Theorem and
vanishing first Chern Class 1.3.2 (h*? = h%3 = 1). This means that there is a unique
holomorphic, harmonic 3-form €2 which is a characteristic feature of a CY 3-fold.

We have seen in Subsec. 1.3.2 that the metric is Hermitian such that we can write

ds* = g, datdx” + ggdzidzj, (1.38)

and, from Yau’s Theorem, we have seen the existence of a unique Ricci flat metric g;;.
What we want to know now is if it is possible to deform such a metric without spoiling
Ricci-flatness. We consider deformations of the metric of the form

gigdzidzj — gl-;dzidzj + 5gi3dzid23 + 8g;;dz'dz" + h.c.. (1.39)
The first deformation, d;;, corresponds directly to a change of the Kahler form dg;; =
—16.J;3.  These deformations give rise to h'! scalar fields, the Kdhler moduli, that
parametrize modifications of the volume of the manifold leaving the overall shape in-
variant. Using a basis of the cohomology group H'!(Ys) we can expand the Kéhler form

J = t;‘(x)wg (1.40)

with A = 1,...,h"" and w4 harmonic (1,1) forms. The second kind of deformations
violates the assumption of hermiticity of the metric and therefore must come with a
change in the complex structure itself to preserve the CY conditions. These deformations
are in one-to-one correspondence with harmonic (1,2)-forms yx such that

0gij = WEK@)(XKW%J (1.41)
with K =1,...,h%? and 2% (z) 4-dimensional complex scalar fields called complex struc-

ture moduls.
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1. EFFECTIVE THEORY OF TYPE IIB STRING COMPACTIFICATIONS

At this point we can expand the fields appearing in Eq. (1.1) in terms of harmonic

forms on Yg [12, 13]:

e For the NS-NS sector we have that the Kalb-Ramond field gets expanded in the

following way

By = By(z) + b (2)w; (1.42)
where again A=1,... ,hbt Bz(x) is the 4-dimensional version of B, which is
10-dimensional and, as already mentioned, w; are harmonic (1, 1)-forms.

e In the R-R sector we get that the forms can be expanded as
Cy = Cy(x) + Mz)wy, (1.43)
Cy= D) Awy+ VE(@) Aax — Uk(z) A BE + pi(x)w? (1.44)

where K = 0,...,h"?, Cy(z) and Cy(z) are the 4-dimensional counterparts of Cy
and Cy, @ are the harmonic (2, 2)-forms dual to the (1, 1)-forms and (ag, %) are
harmonic 3-forms forming a real, symplectic basis on H?3(Y;) satisfying

/ozK/\BL:(SIL{ and /ozK/\aL:/ﬁKABL:(J

(1.45)

In the expansions above, b?(z), ¢*(z) and pi(r) are 4-dimensional scalar fields, V5 (x)
and Uk (x) are 1-forms corresponding to 4-dimensional gauge fields.
We can summarize the cohomology groups, their basis and the fields coming from the
expansions in the following tables where we have included the Type IIB scalar fields ¢
and Cj in the 10-dimensional spectrum and their 4-dimensional version qﬁ and C’o in the

4D one (see Tab. 1.2 and Tab. 1.3).

Cohomology Group | Basis Elements | Dimension
HY () Wi Rt
H2,2<Y'6) (I)A h2,2 — hl,l
H3(Yg) (ag, BF) 2h12 +2
HI’Q(YE;) >_(K h1’2

Table 1.2: Cohomology groups on Yg with their basis elements and dimensions.
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Multiplet Field Content | Number of Multiplets
Gravity (Gpus V) 1
Vector (VE 2K) h*?
Hypermultiplets | (4,04, ¢4, p ;) htl
Double-Tensor (Bg, Cs, 0, ég) 1

Table 1.3: Type IIB String Theory massless spectrum multiplets in N = 2 supersymmetry.

Let us notice that:

1. Thanks to the self-duality condition of Fy we are able to get rid of half of the
degrees of freedom in Cy. In particular we choose to eliminate Ux and D3 in order
to keep VX and py;

2. Everything we have seen until now, due to the SU(3) holonomy of the CY, is in
N = 2 supersymmetry, since the SU(3) holonomy reduces supersymmetry by 1/4.

1.3.4 From N = 2 to N = 1 supersymmetry: Orientifold Pro-
jection

Up to now, we have worked with N = 2 supersymmetry in 4-dimensions. However,
N = 2 supersymmetry is not a realistic model of nature since the theory does not al-
low fermions in chiral representations of gauge groups. As it is well known, Type 1B
Supergravity in 10-dimensions contains also Dp-branes (with p odd) which are objects
that are electromagnetically charged under (p 4+ 1)-form gauge fields C,+1. Moreover,
wrapping stacks of Dp-branes on the various cycles of the CY, after compactification,
gives rise to different gauge sectors. One of them could in principle be the Standard
Model. However, due to the R-R charge and tension these objects carry, it is impossible
to obtain a zero charge compact space, which is inconsistent with the requirement of
tadpole cancellation. A possible way out would be the introduction of anti- Dp-branes
(Dp) with opposite charge; however, this solution would fail since the two objects will
attract each other and annihilate.
A better solution is offered by orientifold planes which are non-dynamical objects ap-
pearing at the fixed point loci of an involution O that reverses the orientation of the
string worldsheet. These objects have opposite R-R charge with respect to Dp-branes
and break supersymmetry consistently with the Dp-branes: together they break super-
symmetry to half of the one in the 10-dimensional theory. In our case, considering Type
IIB String Theory, we break supersymmetry from N =2 to N = 1.

To perform an orientifold projection O ([7, 12, 13, 14]), we need to couple two opera-
tions that are the holomorphic involution ¢ and the worldsheet parity 2p. The first one
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is an operation on Yy and acts on the harmonic 3-form Q € H*%(Y;) and on the Kéhler

form J as
o J =J, o' Q= -0 (1.46)

where ¢* is the pull-back of ¢ acting on forms. The second operation instead, can be
combined with (—1)f%, where F}, is the left-moving fermion number, and together they

can act as
Qp(=1)" gun = gun, Qp(=1)F By = — By,
QP(_l)FL(b = ¢7 QP(_l)FLCQP — (_1)p02p. (147)

The overall orientifold projection can be written as
O = (-1)tQpo*. (1.48)

Applying Eq. (1.48) we are left with a truncation of the N = 2 massless spectrum to N =
1 such that, in 4-dimensions, only the states invariant under the projection are left. Con-
sidering the action of (—1)f% in Eq. (1.47), we can see that the invariant states must obey

O'*(b = gb, (149) O'*O() = Co, (152)
0 gMN = gMN, (1.50) 0*Cy = —Cy, (1.53)
0*By = — DBy, (1.51) o*Cy = C. (1.54)

Before looking at the effects of the projection on the Type IIB spectrum, let us
underline two important consequences:

1. The fixed loci of such an orientifold action are points or 4-cycles on Yy and, since
the involution leaves the 4-dimensional part invariant (acting only on Yj), the ori-
entifold planes are spacetime filling; the result is that the fixed loci of o correspond
to O3/O7-planes;

2. o splits the cohomology groups of Yy into even and odd eigen-spaces under the
action of the pullback ¢* such that

HPO(Y;) = HY9(Y;) & HP(YG) (1.55)
HY%(Ys) has dimension h%? and H”?(Ys) has dimension h”.

The invariance of the Kédhler form under o* (first expression in Eq. (1.46)) implies
that
J = t%(x)ws (1.56)
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with @ = 1,..., kL' and ws basis of H}'(Ys) meaning that only the even Kihler defor-
mations are allowed in the N =1 Type IIB 4-dimensional spectrum.
The invariance of the metric (1.50) and the action of ¢* on the 3-form Q (second
expression in Eq. (1.46)) tell us that
i

5gij = ‘|Q‘|2zk($)(>(k)ujﬂzj (157)

where k = 1,...,h"” and Yy is a basis of Hi’Z(Yﬁ). Thus, only odd complex structure
deformations remain in the N = 1 Type IIB 4-dimensional spectrum.

From the expressions (1.51) and (1.53) we see that, when expanding B, and Cs, the
even elements are projected out by the orientifold, leaving only the odd ones. In this
way we get

By = b*(x)ws, (1.58)
Cy = *(x)w;, (1.59)

with @ = 1,...,h"" and w; basis of H"'(Yg).
Finally, from Eq. (1.54), we have that under the orientifold projection, only the even
elements are kept in the N =1 Type IIB 4-dimensional spectrum such that

Cy = DS(z) Awa + V() Aoy + Uy (x) A B + palr)w®, (1.60)

wherey =1,..., hfr’Q, 0% is a basis of Hi’Z(Yﬁ) dual to ws and (a.,, 87) is a real symplectic
basis of H2 (Ys) = Hy?(Ye) @ HY'(Ye).

In the following table (Tab. 1.4) we show the final massless spectrum of Type IIB String
Theory with N = 1 supersymmetry. As for the spectrum with N = 2 we use the duality
condition of Fj to get rid of half the degrees of freedom of Cj, eliminating Dg(z) and
U,(z) in favor of ps(z) and V7(x).

Multiplet Field Content | Number of Multiplets
Gravity I 1
Vector v hi’z
2" hl?
Chiral (¢, Ch) 1
(b%, %) [
Chiral/Linear (t%, pa) ALt

Table 1.4: Type IIB N = 1 massless spectrum of O3 /OT-orientifold compactification.
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Let us now give the description of a generic model using the 4-dimensional Super-
gravity language in which the Lagrangian of the theory can be written as

L =KX (0X7) +... (1.61)

where, recalling the expression for the CY metric in Eq. (1.20), we have K;; = g;;. X°
describe the Kahler moduli and the complex structure moduli, while the dots include
other possible fields of the general model. As we can see, one of the main elements for
the description of a 4-dimensional Supergravity theory is the Kahler potential. In what
follows we are going to obtain it for each modulus belonging to the theory.

From the decomposition of the Kéhler form in harmonic forms in Eq. (1.40) [4, 7, 13, 15]
we can write the compactification volume )V as

1 1 1L B.C
V= —/ JNJINT =K ;zat Pt (1.62)
6 Jy, 6

where K ;545 are the triple intersection numbers of the 4-cycles Poincaré dual® to the wy,
that are given by

,CAB(? = /Y wiANwg A\ wea. (1.64)
6

The Kihler variables ¢4 are therefore the volumes of the 2-cycles in the CY. These
2-cycles volumes can be related to the 4-cycles volumes as

Notice that 7; are real variables. All these definitions survive the orientifold projection
and appear in the N = 1 theory where now instead of A = 1,..., h'"!, we are going to
use a =1,..., hfgl. We can switch to a complex description using

TA

Pa = i C4 (166)
=7
as imaginary parts such that T; = 75 + ipz where ps is an axion-like particle. In this
way we can express the volume V as a real function of the variables T5; and write the
Kahler potential as

KKfmod =—-2InV. (167)

~

!The canonical isomorphism HP(Ys) & H,,_,(Ys) (with n dimension of the complex manifold that
in our case is Y5) between cohomology and homology is known as Poincaré duality. More explicitly, a
p-form w,, is Poincaré dual to a (n — p)-cycle ¢,—p if [4]

/ Wnep = /wp A W —p, Y wn—p. (1.63)

n—p

24



1. EFFECTIVE THEORY OF TYPE IIB STRING COMPACTIFICATIONS

For the Kéahler potential of the complex structure moduli we start from the expression
involving the 3-form Q € H?(Ys) ([13, 16])

Ko — —ln(—i/Q A Q) (1.68)

where c¢s stands for complex structure. We can rewrite this Kéahler potential in terms
of the so called period vector. Taking (A!, B;) with I = 0,...,h"? as the canonical
homology basis of H3(Ys) and its dual (ay, 37) as a real, symplectic basis on H?3(Yg)
(as seen before), we can write the periods of 2 and the corresponding period vector
respectively as

ZI:/AIQ:/YGQ/\BI, fI:/BIQ:/YGQAaI, H:(ﬁg):@ﬁ), (1.69)

where Q = Zla; — F;B3'. At this point we can define the prepotential as F(Z1) =
(Z°)2F(z) where we have factored out Z° such that F; = 0F/0Z!. In this way we can
also use the so called special coordinates z = Z1/Z°. Notice that in the following we are
going to set Z° =1 [17].

In this way we can write the Kéhler potential for the complex structure moduli as

K, =—1In <—i / QA Q> = —In[i(Z'F; — Z' F)] = — In(—ill'10) (1.70)

5 = (_OH g) (L.71)

is the symplectic matrix. Let us remark that the expressions we have introduced in
(1.70) are obtained for N = 2 supersymmetry. Again, we can project out the degrees of
freedom in H*(Ys) to get the corresponding Kihler potential in N = 1. In this case we
can write Q = ZFay, — Fi, 8% with k = 0,..., h"* such that

where

K. =—1In <—Z/Q A Q) = —In[i(ZFF. — ZFF)]. (1.72)

Finally, we can introduce another piece to the game, that is a non-geometric modulus
related to the dilaton gg In fact, as we have done for the Kahler modulus, we can
complexify the dilaton using the imaginary part of the RR-form Cj to obtain the so
called axio-dilaton A

iS=71=Cy+ie™® (1.73)
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where we have used the expression (1.8). We remark that the string coupling is g, = €?,
so that we have equivalently

1
s = _ 1.74
97 Re(s) (174)
The Kéhler potential for the axio-dilaton S can be written as
Kg=—1In(S+9) (1.75)

such that, the overall Kahler potential for the N =1 Type IIB compactification is given
by

K:—21nV—ln<—i/Q/\Q> —In(S + 9). (1.76)
Note that at the level of N = 2 supersymmetry (and so before orientifold projection)
the scalar manifold M arises as the product of a quaternionic manifold M%, spanned by

the scalars in the h"! 4 1 hypermultiplets, and a special Kahler manifold MS* spanned
by the scalars 2% in the vector multiplets [13].
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Chapter 2

Large Volume Scenarios: Moduli
Stabilisation, Sequestering and
Axionic Dark Radiation

We have seen that CY compactifications of Type IIB String Theory with O3 /OT7-orientifold
come with many different moduli which are the way extra dimensions manifest them-
selves into the 4-dimensional Effective Field Theory. They are scalar degrees of freedom
describing low energy excitations in the extra dimensions and usually have gravitational
strength interactions. As already mentioned, however, they are massless at tree level and,
coming only with the Kéahler potential, they represent flat directions. This represents a
problem for different reasons:

1. We get Yukawa-like long range fifth forces which have not been observed;

2. We have a lack of predictability in the 4-dimensional low energy effective theory
because all the parameters of string theory (such as couplings, ratios of scales and
compactification parameters) are entirely determined by the vacuum expectation
values (VEV) of these moduli. Not having these VEVs would leave us with flat
directions which prevent us to completely characterize the low energy phenomenol-

ogy.

2.1 Moduli Stabilization

In the first part of this chapter we are going to focus on moduli stabilization trying to
lift the flat directions through quantum corrections in order to get phenomenologically
viable models.

2.1.1 Background Fluxes

The goal of moduli stabilization is to generate a scalar potential to fix the VEVs of
the moduli and to give them large enough masses to overcome the phenomenological
problems seen before. To do so we are going to introduce fluxes for the field-strength
tensors, thus studying the so called flux compactifications for Type II1B String Theory.
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Let us recall that the field strength p-form is defined as F, = dC,,_;. It is possible

to show that under certain conditions and in the presence of localized sources such as
Dp-branes and O-planes, the field strength can assume non-trivial background values
called background fluxes. These fluxes are determined by their integrals over p-cycles in
the CY Y.
In the case of Type IIB flux compactification [8, 7, 11, 18, 19|, taking G3 = F3 — 7H3
as already shown in Eq. (1.8), imposing the imaginary self-duality (ISD) condition
%6G3 = 1G5 and requiring F to satisfy the Bianchi identity, we have that supersymmetry
is preserved. Therefore, one finds that the fluxes for Type IIB are F3 and Hz which must
obey the Dirac quantization condition

1 1
W/Z ngnaEZ, W/EngmbEZ (21)
a b

where ¥, and 3, are 3-cycles on Yg. Moreover, the integrability request for the Bianchi
identity leads to a tadpole-cancellation condition

1
loc
G /Y Hy A Fy =0 (2.2)
6

where Q¥ is the total D3-charge associated with the local sources.
The effect of these fluxes is encoded in the so called Gukov-Vafa-Witten (GVW) super-
potential [20]

Wavw = / G3 A Q. (23)
Ys

Clearly it depends only on the complex structure moduli (encoded by the holomorphic
(3,0)-form ) and on the dilaton through G3. Moreover, it is the tree-level superpotential
since it does not include any possible correction. Together with the tree-level Kahler
potential (1.76), the superpotential (2.3) generates the F-term scalar potential for the
N =1 Supergravity low energy theory

Vi = " (K9D;WD;W — 3|W)?) (2.4)

where 7, 7 runs through all the moduli present in the theory, D; is the Kahler covariant
derivative defined as D;W = ;W + (0;K)W and where we are considering Mp = 1.
Let us notice that, from now on (in this Chapter), we are going to write the complex
structure moduli as Uy, (k = 1,...,h"?) to be coherent with the notation used in some
references.

Due to the fact that the superpotential does not depend on the Kahler moduli, the
Kahler potential is of No-Scale type [21, 22] which means that (focusing for simplicity
on the case with a single Kahler modulus 7T')

K™ DyW DW= KTT Kp Ko|W |2 = 3|W [ (2.5)
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such that the scalar F-term potential is only a function of the complex structure moduli
and of the dilaton i
Vi = " (K" D;WD;W) (2.6)

where now ¢, j = U, S. The minimum of this potential can be obtained for DyW = 0 and
DgW = 0 which happen to be also the condition to have supersymmetry preservation.
In this way the dilaton and the complex structure moduli are stabilized. However, the
outcome is completely different for the Kahler moduli. In fact, being absent in the
scalar potential, they still represent flat directions that have to be lifted. Moreover, their
F-term is non-vanishing.

Proof. Starting from the Kahler potential for the Kéhler moduli in Eq. (1.67), recalling
the relations (1.62) and (1.65), and considering for simplicity the case of a single Kéhler

modulus such that | ]
Y = alct3, T = §’Ct2, (27)

we can find V ~ 73/2. Moreover, from the fact that 7 = (7' +T)/2 we can find that
Kiomoa = —2InV ~ =2In(7%%) ~ —2In((T + T)**) ~ =3In(T +T). (2.8)
At this point we are ready to compute the F-term in the following way

T+T)* (-3)
3 T+T

FT = XKTTD-W = X KTT KW = 77! —ef (T +TYW #0.
(2.9)

]

The fact that the F-term for the Kahler moduli is non-vanishing tells us that super-
symmetry is broken along the Kéahler moduli flat directions. The name No-Scale refers
to the fact that it is impossible to know the energy scales of the F-term computed above
and of the gravitino mass

ms, = e [W[P M3 (2.10)

and therefore to know the energy scale of supersymmetry breaking.

This particular structure arises from the fact that the imaginary part of the Kahler
moduli T; = 75 + ips, being an axion-like particle, enjoys a shift symmetry which
is preserved at all orders in perturbation theory; however, being the superpotential a
holomorphic function, the Kéhler moduli are excluded from its expression, leading to
the No-Scale Structure.

Notice that we are going to expand the argument about axion-like particles later on in
this chapter.
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What we have seen is that turning on non-trivial fluxes in Type IIB String compact-
ification on a CY Yj, we are able to stabilize, and therefore to lift, the flat directions of
the complex structure moduli and the dilaton. As a consequence, these fields acquire a
non-zero mass [23] which is given by

Mp

~ L 2.11
o (2.11)

where V is the unfixed (up to now) volume of the internal manifold. The Kahler moduli
are still massless and therefore still constitute a phenomenological problem.
From the Non-Renormalization Theorems we know that the Kahler potential receives

muy,s

perturbative corrections at all orders and also non-perturbative ones, while the superpo-
tential only admits non-perturbative corrections such that

K = Kipee + errt + Knonfpert and W = Wiee + Wnonfpert (212)

where K. and Wy, are, respectively, (1.76) and (2.3). Exploiting this argument and
these corrections we can overcome the problem of the flat direction for the Kahler moduli.

2.1.2 Non-Perturbative Corrections

Non-perturbative corrections to the superpotential can be generated both from gaugino
condensation and from D3-brane instantons. In the first case we have a stack of D7-
branes wrapping a 4-cycle ¥4 with a Yang-Mills action for the 4-dimensional gauge fields
A,; in the second case the 4-cycle Y, is wrapped by a Euclidean D3-brane leading to
instanton contributions to the path integral (D3-brane instantons). We are not going
to give more details about gaugino condensation and Euclidean D3-branes; however, we
can show the contribution these mechanisms give to the superpotential which reads as
(19, 3])

Wion—pert = Y _ A" (2.13)

where A; is in general a function of the complex structure moduli and of the dilaton
which can be considered of O(1) since these moduli are stabilized at tree level and
so they can be integrated out; a; is a constant which takes the value 27 when the
non-perturbative correction is generated by the Euclidean D3-branes, while it takes the
value 27 /N (with N rank of the condensing gauge group) when the non-perturbative
corrections are generated by gaugino condensation.

Non-perturbative corrections to the superpotential can be used to stabilize the Kahler
moduli (unfixed by fluxes) in the so called KKLT (Kachru, Kallosh, Linde, Trivedi) sce-
nario [23] which relies on the fact that the vacuum expectation value of the flux superpo-
tential can be tuned to small values. We are going to expand this model in the Appendix
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A since this is not the one we are interested in. In fact it leads to supersymmetric vacua
with negative cosmological constant which is not a realistic description.

Concerning the Kahler potential, we are not interested in its non-perturbative cor-
rections since they are negligible with respect to the perturbative ones.

2.1.3 Perturbative Corrections

Perturbative corrections to the Kahler potential can be generated from the o expansion
(o corrections) and the g5 expansion (string-loop corrections).

o/ corrections This kind of corrections is parametrized by o/ which is connected to
the string length as [, = 2mv/o/, telling us that we are dealing with fundamental objects
which are different from the ordinary point-like particle (o/ — 0).

The leading correction to the Kéhler potential in 4-dimensions comes from the 10-
dimensional action (1.1) and in particular is an O(a’®) correction to the Einstein-Hilbert
part (i.e. oc o/*R*). The whole expansion of the 10-dimensional action has been com-
puted in [24], but we are not going to go into deep details here. The resulting contribution
to the Kéhler potential reads as

§

KKfmod = —QIH(V + —), § = —X(YG—)C(S) (214)

2 2(27)3g5/

where x(Yg) is the CY Euler number and ((3) the Riemann zeta function. For future
uses of this expression we are going to recast it in terms of the Kahler modulus T

KKfmod =—2In (V -+ g) ~ —92 1n(7’3/2 + g)

(2.15)
~ —21n((T +T)32 4 g) ~-=3In(T+T)—

2x
(T + T)3/2
with x = £/2.

gs corrections String-loop corrections to the Kahler potential can be parametrized as
[15]

0Ky, = 0K;N +6K," (2.16)
where ) K ng comes from the exchange of closed strings carrying Kaluza-Klein momen-

tum between D7 and D3-branes and 0K ;’f comes from the exchange of winding strings
between intersecting stacks of D7-branes. The first kind of corrections read as

KK CZKK(U7 ﬁ)(az‘ltl)
SN~y Ro(S)V (2.17)

i
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where cX5 (U, U) is a function of the complex structure moduli that in general is unknown
and a;t' is a linear combination of the basis 2-cycles volumes t'; the second kind of
corrections is instead given by
-
¢ (U, U)
KW ~ Y 2 2.18

gs Z (ailtl)V ( )
where again, ¢}V (U, U) is an unknown function of the complex structure moduli.
An important feature of the string-loop corrections coming from 0K gffK is that they
generate the so called Frtended No-Scale Structure for the scalar potential, which means
that the cancellation of the No-Scale Structure is extended to one further order in this
string loop expansion. This happens when 0 K ;gK is a homogeneous function of degree

n = —2 in the 2-cycles volumes. We are going to give a quite explicit heuristic proof of
this Extended No-Scale Structure which will be useful in the next chapters [15].

Extended No-Scale Structure Let Yy be a Calabi-Yau three-fold and consider Type
IIB N =1 supergravity where the Kahler potential and the superpotential in the Einstein
frame take the form

K = Kipee + 0K, (2.19)
W =W,. (2.20)

If the loop correction 0K to K is a homogeneous function in the 2-cycles volumes of
degree n = —2, at leading order

0Vy, = 0. (2.21)
Starting from
ij W
0V, = (KYK;K; — 3) 2 (2.22)
with K = —2InV + 0K,,, we get that the expansion of the scalar potential due to
string-loop corrections to the Kahler potential is given by
6V, = Vo + Vi + 25V + O(€%) (2.23)
with
W
Vo =(Kg KK} = 3)5- (2.24)
SVh (KKK, — Kok kY 0KV 2.25
1—(0@'1'_0 mlOij>V27 ()
6Vo =(KJ 6K 0K, — 2KM0 K K KOS K
: : W12
+ KgmaKmnganqlKéfK$K§)| | (2.26)

1%

and € an expansion parameter.
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Proof. For the sake of brevity, we are going to sketch only the main steps to obtain the
previous expansions for the scalar potential. We introduce an expansion parameter e
such that we can define

2 2
Ko = ig;j, s = L108s) a(ig%) (2.27)

with 4,7 =1,...,hy 1. Using these, we can write K in the following way:

K = (Ko + e0K)7 = (Ko(1 + €K 1K) = (1 + Ky oK) Ky . (2.28)
Using now the Neumann series

(14 ey 6K) = 6 — e K"Ky + €K™ 0K,p KV Ky + O(€2) (2.29)
we find, up to second order,

KV = K — e K"K KY + EKMO K, KPOK K 4 O(e?), (2.30)
which, substituted back into Eq. (2.22) gives Eq. (2.23). O

We still need to look at the statement of the Extended No-Scale Structure that tells
us that §V; vanishes if K is a homogeneous function of the 2-cycles volumes of degree
n=—2.

It has been proven in [15] that, rewriting 6V} in terms of the 2-cycle volumes and ex-
ploiting the Euler theorem, the first correction to the scalar potential (2.25) becomes

2 2
—“;I;' ;1(371 +n(n—1))0K = —‘?;2’ i
if 0K is of degree n. Recalling the forms of the string-loop corrections for the KK modes
(2.17) and for the winding modes (2.18), we can infer that

SV; = n(n + 2)6K (2.31)

SVEE =0
, (2.32)
SV = —20 KV N
since n = —2 for the KK modes and n = —4 for the winding modes. Concerning instead
the further order correction (2.26), it can be proven that it becomes
KK\2 W2
6‘/2 — (Ca )2KO | ’ (233)

Re(S)2 % V2

where we are in the simple case of one Kéhler modulus labeled by a.

Before moving on, it is worth stressing that the contributions given by dKX* are
subleading with respect to the o’ corrections when considering the so called Large Volume
limit for the CY volume scalar potential. This is a feature that we are going to see again
in Chapter 3.
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2.2 Large Volume Scenario

2.2.1 Minimization

The model for Kahler moduli stabilization we are interested in is the Large Volume
Scenario (LVS) [25, 18] whose advantage with respect to the KKLT construction is to
give a non-supersymmetric minimum (which, however, is still AdS).

The most common construction of the LVS arises in “Swiss-Cheese” CY manifolds where
the overall volume can be written as

N
V= a(i’” - A,,(r;")?’/?) (2.34)
r=1

with 7, volume of the single large 4-cycle, 77 volumes of the small Ny = hi’l — 1 4-cycles
(r=1,...,Ns), @« > 0 and A, > 0. The necessary conditions to have such a structure
are discussed in [26]; in general, one needs hi’l = N,+ N, > 1 and N, > 1 Kahler moduli
corresponding to the blow-ups of points (further restrictions are required if Ny > 1 or if
Ny, > 1). Let us highlight that the small cycles correspond to exceptional divisors that
arise from the necessity of “blowing-up” the singularities of the CY, that is replacing
them with a new smooth space which, in our constructions, usually corresponds to a
diagonal Del Pezzo surface.

In the LVS we take advantage of the interplay between the o’ corrections to the
Kahler potential and the non-perturbative corrections to the superpotential to stabilize
the Kahler moduli. For the purposes of this thesis it is useful to give an explicit example of
stabilization in LVS; we are going to follow mainly [27] and [18] in which compactifications
on the orientifold of P, | | ¢ With h'' = 2 are considered. In this case we have two
Kéhler moduli T}, = 7, + ip, and Ty = 75 + ips where 7, is the volume of the big 4-cycle
and 7 is the volume of the small blow-up cycle. What we are interested in is the limit
VY — oo (i.e. 7, — 00). The overall volume of the CY can be written as

1
V= o5 <T§’/2 - Tj/z). (2.35)

After integrating out the complex structure moduli and the dilaton, we can write the
Kéhler potential and the superpotential in the following way

1 3/2 3 5 ) 3/2
K==2In(—=(n" -+ =-) = =2In((r,”? = 3?) + &, 2.36
(9\/§< b s ) 29:'93/2 (( b s ) 5) ( )
W =W, + A, e %" (2.37)
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where we have considered the non-perturbative correction supported on the small cycle
(so the small cycle should be rigid) and where W} is the constant contribution from the
flux superpotential (after integrating out the complex structure moduli and the dilaton
as already mentioned). Let us notice that for the sake of simplicity we have absorbed
the factor 1/(9+/2) since it does not affect computations. At this point we need to
compute the scalar potential in Eq. (2.4) and to do so, we need to compute the inverse
Kahler matrix K% and the derivatives of the Kahler potential. We start from the first
derivatives:

10K 3 Vo
Ky = 207 2,32 _ 32 (2.38)
To (Tb —Ts  + 5 )
K, = LOK 3 VT (2.39)

= 5 87'3 9 (7_5,/2 - 7_;%/2 N 6’)

The second derivatives follow immediately from the two expressions above and constitute
the Kéahler matrix

3 _9rl?
477 5/2
o b 87,
Kij = or1/2 X (2.40)

87':/2 87'31/27'{?/2

where we have considered the limit 7, > 7,. The inverse Kahler matrix follows straight-
forwardly from Eq. (2.40) and reads as
? 47T
KY = ) (2.41)

3/2_1/2
87, 15
47‘b Ts b

The scalar potential therefore reads as

v 8(asAs)?\/Tse 2™ da A WoTe % N v|Wol?

37’5’/2 759’ 75/2
(2.42)
B 2A/Tse 25T par | Wolem%™  v|W?
75/2 7'5’ 75/2
where we have used
8 27V/2¢
A= §As7 /L:4AS, V= W (243)

The first thing we want to do is to minimize the scalar potential. To do so we compute
the first derivative of Eq. (2.42) with respect to 7, and the first derivative with respect
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to 7y; imposing the first one equal to zero and inverting the expression we find that

3W, s 1-— sls
e—(lsTs — 0 \/37T ( a T) (244)
asAg Tb/2 (1 —4ayTy)

while, imposing the second one equal to zero and using the volume one can obtain from
Eq. (2.44), we get that

2
52V (1 — dagTs) 1
TR 0wy —((11_4‘1”5)) —1 (245)

The expression (2.44) is telling us that the overall volume of the CY in the LVS goes as
(V) = (1) oc e (2.46)

meaning that the overall volume could be exponentially large depending on the value of
asTs; the expression (2.45) instead, recalling the form of v shows that

52/3

(2.47)

(Ts) o o
Thus, in a regime where the Effective Field Theory is under control (g5 < 1), we get
that the volume could become exponentially large. It is possible to show that these
behaviours correspond to an AdS minimum which is not phenomenologically interesting.
The mechanism for building metastable dS vacua solutions is known as uplifting. How-
ever, it should not be thought of as an additional step to the one of moduli stabilization
after having obtained an AdS solution, but rather as a process which proceeds along
moduli stabilization such that a dS vacuum is obtained thanks to the interplay of several
contributions to the scalar potential [28]. Here we are going to mention some of the
possible ways to achieve a dS solution [3, 28].

e Anti-branes: This method was first proposed as a part of the KKLT construction
in [23]. Tt consists on breaking the AdS supersymmetric solution by adding anti
D3-branes (D3-branes) in the compactification. This solution generically requires
the presence of 3-form fluxes such that the metric is warped [7]

gundzMdz = eQA(y)ngx“dx” + e AW g de™dz", (2.48)

with eA®) warp factor (it is a function on Ys), and such that the CY develops a
strongly warped region (i.e. a warped throat). In this scenario the anti D3-branes
are driven at the end of the throat where the warp factor is minimized. The need
for the anti-brane to stay on the tip of the throat is due to the fact that, in such a
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way, its energy is redshifted enough to have a contribution that does not spoil the
volume potential into a runaway and that allows for a positive contribution to the

scalar potential [3]
eAo
Vg ~ ———, 2.49
b~ T (2.49)
making it suitable to uplift the AdS vacuum (e is the value of the warp factor at
the end of the throat).

e Magnetized branes: In this case there are U(1) fluxes localized on a stack of
D7-branes that wrap the volume modulus. The contribution to the scalar potential
that uplifts the AdS solution comes from D-terms.

e Kihler uplift: In this case, if the volume is small enough, the o' correction can
compete with the fluxes and with non-perturbative effects to generate solutions
with positive vacuum energy. However, the dS minima, are in regions corresponding
to the edge of the validity of the EFT.

e Complex structure F-terms: In general the complex structure moduli are sta-
bilized such that DyW = 0. However, there could exist minima in which this
F-term is non vanishing leading to dS vacua once the Kahler moduli are stabilized.

e Non-perturbative dS vacua: In this case all the moduli are stabilized in one
step thanks to background fluxes and non-perturbative contributions to the super-
potential, leading to dS minima.

e Dilaton dependent non-perturbative effects: These effects could arise from
strong dynamics on hidden sector D3-branes at singularities and give a positive
contribution to the potential which can uplift AdS solutions.

2.2.2 Moduli mass spectrum

For the purposes of this thesis (we are going to follow the same approach when studying
RR Dark Photons), it is instructive to compute also the masses of the moduli after the
canonical normalization of the fields. First of all we compute the mass matrix which is
given by the second derivatives of the scalar potential ij = V;;/2. To do so, it is useful
to expand Eq. (2.44) and Eq. (2.45) in powers of the quantity

1 1
€ = 4(157‘8 ~ O(m) (250)
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up to second order: from Eq. (2.44) we get that

—QsTs __ 3W0 \/775 2\ __ MWO\/?S 2
e _46151457-5’/2(1_36_36)_5% 7_5)/2(1—36—36), (2.51)
while from Eq. (2.45) we obtain
32 _ 2 2 M_2 3/2 _ 2
o4 = 3V(1+26+9€ ) — o =v(1 + 2¢+ 9¢%). (2.52)
At this point, the second derivatives of the scalar potential expanded in € read as [27]
82V 9|W0|2V
= (14 2e), (2.53)
or? 27-[)13/2
82V —36L5|W0|2l/ 2
- = 7 (1 —5e +4e), (2.54)
b
O*V  2a2 Wy |v 9
92 = 7 (1 — 3¢ + 6¢7) (2.55)
s b
such that the mass matrix is simply given by
"A‘ff%'/;(l + 2¢) —73;”1‘?;(;' “(1 — 5e + 4€?)
Mz‘zj = 7—b2 2Tb 2 ’ (256>
S (1 Be - ae) 0 - 3e 662

b b

The moduli masses are given by the eigenvalues of the matrix K% ij, which is (dropping
the indices for brevity)

o 20T Wo Py —9(1 = Te) 6asmy(1 — He + 16€
K M” = 9/2 671/2 9 4as7.3/2 9 (257)
37, ——t (1 — Be + 4€?) 2—(1 — 3e + 6¢7)

Due to the presence of a hierarchy between the moduli masses, we can compute them
using the following simplifications:

2 2., 1/2 2,,.1/2
Baz|Wo|*vrs'™  8Bajurs’™

m? ~ Tr(K~'M?) ~ 37 = 5 M
Mp\\°  [In(V)\?
=12 1 ~ 2.58
()~ (Y
det(K—'M2) _ 27|Wo|> 1

(2.59)

2 -~ .
"0 (KTM) T 4qn 0 VP In(Y)
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These expressions show us that mi > mi, and so the volume modulus is much lighter
than the small blow-up modulus.
Some comments are now in order.

1. We have cano_nically normalized 7, and 7, using the eigenvectors vy and vy of
the matrix K% M%, and solving the eigensystem such that K% M%vl = mivl and

K9 MZvy = m2uv,
v\ ¢ X
()= ()73 ()35 (200

X
where we have expanded the moduli in the minimum 7; = (7;) + 7; with (7;) the
vacuum expectation value in the minimum and 7; a small fluctuation. ¢ is the
canonical normalized field corresponding to the big volume modulus and x is the
canonical normalized field corresponding to the volume of the small blow-up cycle.
The final expression of (2.60) turns out to be

i= (y3im) 55+ (Votm i -20) X ~ 007, (261

7, = (\fa - 26)) % + <%6<Tb>3/4<7's>1/4) % ~ OV (2.62)

We can see that, although there is a small mixing between the two moduli, 7, is
mostly in the direction of ¢ and 7 is mostly in the direction of y.

2. Using Eq. (2.10) we find that the mass of the gravitino is given by

W2
M ~ V—SMI%. (2.63)

Compared to Eq. (2.58) and Eq. (2.59), we can see that the mass of the small blow-
up cycle volume modulus is higher than the gravitino mass and therefore it is out
of the supersymmetry breaking scale, while the mass of the large volume modulus,
being smaller than the gravitino mass, could cause the so called cosmological moduli
problem (that we are going to address briefly in the following).

3. Thanks to LVS it is possible to get a hierarchically suppressed supersymmetry
breaking scale which can be achieved by an exponentially large volume ¥V > 1 by
naturally keeping Wy ~ O(1 — 10), instead of having to fine tune it to small values
(as in the KKLT construction).
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2.2.3 Cosmological Moduli Problem

The fact that the volume modulus 7, acquires a mass (2.59) which is smaller than the
mass of the gravitino (2.63) and of the other moduli constitutes a problem which is well
known in the literature and goes under the name of cosmological moduli problem [29].
The problem is related to the fact that these light moduli outlive all the other moduli
which are much more massive, and also other particles. This is due to the fact that these
moduli interact through gravitationally suppressed couplings and their decay rate can be
estimated as [3] (more on the decay rate of the large volume modulus will be discussed

in the next chapters)
3

A omy
— 2.64
16w M3 (2.64)

with A ~ O(1). Particles with renormalizable perturbative decays, on the other hand,
have decay rates which go as [3]

Fmod =

oY
P 167

with m, mass of the particle and y Yukawa coupling, which are larger and much less
suppressed than the previous ones. As long as there is some initial displacement in the

My, (2.65)

moduli fields, the most common expectation is the one of a moduli-dominated era in
which the longest-living modulus reheats the universe.

Assuming a scalar field ¢ (canonically normalized) with gravitational strength inter-
action in a FLRW background, we have that its time evolution is given by [29]

. .oV
¢+(3H+F¢)¢+a—¢=

0 (2.66)
with H = a/a the Hubble parameter, a the scale factor, V' the scalar potential and I'y the
decay rate given by Eq. (2.64). We expect the moduli fields to be initially shifted from
their zero-temperature minimum after inflation due to the effects of thermal fluctuations
or quantum fluctuations during inflation and due to their initial supersymmetric flat
potential. It is possible to show that, if the initial shift of the scalar fields is ¢;, ~ Mp,
coherent oscillations of the fields will bring to an energy density domination of ¢ since

radiation decreases as a~* while, for these scalar fields, their energy density decreases as
-3
a= [27]:

pol) = pali) (7 ) (2.67)

with a o< 1/T. Using the values of the temperature and the Hubble parameter today,
it is possible to obtain two constraints for I', ~ 0 from the requirement of avoiding an
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overclosed universe [27, 29]:

—1/4
Gin < 107 OMp( 0 _ / (2.68)
100 GeV ’

mg > 10" eV; (2.69)

the first one is a upper bound for the initial displacement of the scalar field, while the
second one is a lower bound on its mass. If the scalar field is not stable, i.e. I'y # 0,
and long-lived, its decay may spoil the products of Big Bang Nucleosynthesis (BBN).
The hard cosmological moduli problem requirement is that the temperature at which the
longest-living modulus reheats the universe should be bigger than the BBM temperature:
T.n > Tppn. It can be shown that a temperature T,, < O(1) MeV will spoil BBN giving
a lower bound for m, > O(30) TeV [27].

2.2.4 Moduli Decays

Another issue associated with the longest-living moduli is their branching ratio to other
particles. The first concern is about the decay of the longest-living moduli into the
Minimal Supersymmetric Standard Model particles (MSSM). It is well known that, once
gravity mediation is assumed, the chiral multiplets split into a part corresponding to
the MSSM particles, the visible sector, and into a part constituting the so called hidden
sector (corresponding to the moduli) in which supersymmetry is broken. This breaking
reflects into the visible sector through the soft terms (scalar masses, gaugino masses,
trilinear couplings) such that, in general LVS constructions [30]

Msoft ~ M3/2 ~ % (270)
However, the form and the scale of the soft terms depend on how the MSSM is realized
in the LVS such that we can have two possibilities [3, 30, 31]:

MP eom MP

Myj2 ~ 5 Migft > M ~ Vi (2.71)
Mp Mp e Mp

mg/o ~ 7 > me ~ W > mso(}t ~ W (272)

In the first case (2.71) we have that the mass of the longest-living modulus is smaller or,
at most, of the order of the soft masses and so the branching ratio between these two
is kinematically forbidden. In the second case (2.72), however, the mass of the longest-
living modulus is bigger than the soft terms which, in turn, are far below the gravitino
mass; the longest-living modulus can thus decay into the MSSM particles. This second
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possibility arises in the context of the sequestered Large Volume Scenario which will be
the background of the study of dark radiation from RR Photons.

Before studying sequestering in LVS, it is worth noticing that the possibility of the
decay of the longest-living modulus into other non-Standard Model particles, could be a
problem if these decay products affect the effective number of neutrino species bounding
the amount of relativistic degrees of freedom and thus Dark Radiation. After having
introduced the sequestered LVS, we are going to also address the topic of Dark Radiation
production.

2.3 Sequestered Large Volume Scenario

2.3.1 Moduli stabilisation and supersymmetry breaking

To obtain phenomenologically viable models with a T'eV scale soft terms, we need them
to be hierarchically smaller than the gravitino mass as in Eq. (2.72); this configuration
can be achieved in the context of the sequestered LVS.

It is important to highlight that the scale of the soft terms is determined by the position
and the type of the SM Dp-brane in the CY orientifold compactification.

In sequestered scenarios the SM degrees of freedom are localized in the extra dimen-
sions. This setup can be realized when the visible sector sits on D3-branes at singularities.
The attractive feature of this construction is that the F-term of the SM cycle vanishes
and the dominant one is associated with the moduli. Moreover, the moduli are feebly
coupled to the visible sector due to their bulk separation, leading to the hierarchy in Eq.
(2.72) [32]. Differently, if the F-term of the modulus associated to the cycle wrapped by
the SM breaks supersymmetry, we recover the case in which the masses of the soft terms
are of the order of the gravitino mass, or they present a little suppression with respect
to it.

The general setup considered in [32] consists of a big 4-cycle controlling the CY
volume with Ty, = 7, + 1pp associated Kahler modulus, a small blow-up cycle associated
to Ty = 1s+1ps which supports the non-perturbative effects to the superpotential, a cycle
supporting the visible sector with Tisy; = Tsa +1psar and its orientifold image G = b+ic;
Ty, Ts and Tgy, — 0 are the 4-cycles volumes, py, ps and pgys are the axions resulting
from the reduction of Cy over the corresponding 4-cycles and b, ¢ are the reduction of By
and C5 on the 2-cycle dual to the 4-cycle. The first two moduli constitute therefore the
classical Large Volume Scenario studied in Sec. 2.2, while the other two are associated
to two diagonal del Pezzo divisors collapsing to zero due to D-term fixing.'

1See [33] for a more detailed analysis of Dp-branes at del Pezzo singularities.
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The Kéhler potential can be written as [32]

B 2 b2
K=—-2In <V + —2 32) —In(S+95)+ ASMTSTM + )‘b? + Kes(U) 4+ Kgs + Knatter (2.73)
Js

with Agar, Ay coefficients of order O(1), K.s(U) Kéhler potential for the complex structure
moduli at tree level, K5 Kéhler potential containing terms to uplift the AdS vacuum
and

Koatter = Ko(M, M)CC® + [Z(M, M)H,Hy + h.c.] (2.74)

where M denotes a moduli dependence, C“ are MSSM superfields, H, and H, are the
two Higgs doublets of the MSSM and Z a function of the axio-dilaton S or of the
complex structure moduli U parametrizing the Higgs bilinear presence (this is called
Giudice-Masiero coupling term). K, is the matter metric of the visible sector that is
parametrized as [32]

~ faU,S
Ka:%(

1_03% + Kas + csmthy +Cbbp>, (2.75)
where p > 0 to have a well-behaved metric in the singular limit 7457, b — 0, the parame-
ters cs, csyr and ¢, are taken to be constant and they take particular values in the local
and ultra-local limits (which we are going to briefly explain in a few). Notice that the
functions f, (U, S) could be non-universal generating different soft terms masses. We can
also write the superpotential for this setting that is [32]

W = Wi (U, S) + Ag(U, S)e ™ + Was + Winaster (2.76)

where Wy (U, S) is the tree level superpotential (2.3), the second term is the well
known non-perturbative correction we have already discussed in Subsec. 2.1.2, Wygs is
the contribution to uplift the AdS vacuum and

Wnatter = (M) H, Hy + % Wy (M)CCPCT + .. (2.77)

where Y, 3, are the Yukawa couplings for the MSSM superfields and the dots denote
higher dimensional operators.
At this point we need to stabilize the the moduli of the theory. It can be shown that
the Kahler moduli where the visible sector brane is located are stabilized using D-terms;
since the moduli Tsy, and G are charged under U(1) symmetries, their D-term scalar
potential reads as [32, 33]

1 oK _, ? 1 oK _, 2
VDZM<¥QI<1WC —fl) +m(2&:%a@€ —52) (2-78)
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with ¢; and g charges, f; and fo gauge kinetic functions of the two U(1)s and & and
&5 Fayet-Iliopoulos terms. The remaining flat directions, instead, are stabilized by sub-
leading F-terms. If all the matter fields acquire vanishing VEVs from these F-term
contributions, the D-term potential admits a supersymmetric minimum for 753, = b = 0.
Roughly speaking, it means that the SM modulus Ts,; does not break supersymmetry
since its F-term is proportional to 75, that goes to zero due to the D-term stabilization.
In this way the visible sector does not feel any supersymmetry breaking effect and it is
said to be sequestered. Moreover, the axions pgy and ¢ are eaten up by the two U(1)s.
Supersymmetry is broken in the bulk due to the moduli stabilization we have already
seen in the LVS discussion in Sec. 2.2 [34]. The associated F-terms can be computed
using the general supergravity formula

F' = 52K DW (2.79)

and using the expressions (2.38) and (2.39) for the first derivatives of the Kéhler potential
and Eq. (2.41) for the inverse Kéhler matrix; performing the simple computations they
reads as

FT FTs
~ —2m3/27
Ty Ts

where € is the one in Eq. (2.50), and so they enter in the computations of the soft terms

~ —6m3/2€ (280)

values. Let us highlight once more that, performing the computations, one gets
FY=FTsn = (2.81)

that reflects the sequestered behavior of the model in exam.
If we now take into account also non-perturbative effects at singularities (as gaugino
condensation on D3-branes or E(-1) instantons) we can uplift the AdS vacuum? to a
dS one. These contributions enter in both the Kahler potential and the superpotential
reading as [32]

2

-
Kas = )\dsg, (2.82)
Was = Aas(U, ) e~ s thasTas) (2.83)

where we have introduced a new blow-up mode 745 = Re(Tys). Assuming these expres-
sions and taking into account the fact that the physical Yukawa couplings do not depend
on the volume V nor at leading order, neither at subleading order (ultra-local limit where
cs = cgs = 1/3)3, we obtain universal gaugino masses [32, 34]

My ~ m]i” (InV)*/2 (2.84)

2To see more about the AdS vacuum uplift see [32].
3More about the subject of locality of the SM construction can be found in [31]. For the soft terms
in the ultra-local limit see [32]
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and non-universal scalar masses scaling roughly as [32, 34]
M
i
where ¢, = ¢, (U, S) is a function involving derivatives of f,(U,S). With the construction
we have just introduced we are able to get the requested hierarchy between the masses

2 2

(2.85)

Mp Mp Mp

w _V3/2 < mgjp ~ T (2-86)
Before moving on, let us mention that such a hierarchy is desirable to avoid the gravitino
problem which arises when considering KKLT construction for moduli stabilization as

in Appendix A.

Msoft ™~ <L Mgy ~

2.3.2 Dark Radiation

It is well known that after neutrinos decouple from the thermal bath at a temperature
of roughly 1 MeV, they were left as a cosmic background which is called Dark Radiation
due to impossibility of a direct detection. This cosmic neutrino background contributes
to the total energy density of the universe pyo; as [2]

7(4\"?
Ptot = P~ (1 + g (ﬁ) Neff> (287)

where Ns¢ is the effective number of neutrino species; in the Standard Model we have
that Neff,BBN = 3 at BBN time, while Neff,CMB = 3.046 at CMB time. If ANeff =
Nepr — Negpsm 7# 0, there would be extra Dark Radiation, which cannot be explained
with SM physics, giving hints about the presence of new physics beyond the SM. Present
observational bounds from Planck measurements [1] show that AN.sr < 0.2 — 0.5.

In string models for the early universe we have seen that the lightest modulus, whose
coupling is gravitationally suppressed, can outlive other moduli and other particles giving
rise to a moduli-driven reheating of the universe. As already mentioned, this modulus
must decay before BBN and its mass should be big enough to overcome the gravitino
problem.

In generic compactification models, the most common outcome is that the gravitino
mass, the modulus mass and the soft terms are of the same magnitude; however, this is
a problem from the point of view of viable string phenomenology, since the lower bound
on the modulus mass due to BBN constraint, would give soft terms which are above
the T'eV scale spoiling the solution of the hierarchy problem. A solution is to consider
sequestered LVS for string compactification where the mass hierarchy in Eq. (2.86) is
such that we can obtain soft masses around the TeV scale considering the mass of the
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modulus around 107 GeV (which is safe from the point of view of the cosmological moduli
problem) [34].

The question we need to answer before directly studying Dark Radiation production
is: which is the lightest modulus and therefore the longest-living one? Recalling our
discussion about LVS and about its sequestering, we know that the bulk moduli 7,
and 7, are stabilized through the mechanism already described in Sec. 2.2. After the
canonical normalization of these fields we obtain their masses which are given by Eq.
(2.59) for the large volume modulus and by Eq. (2.58) for the blow-up volume modulus.
Rewriting them in terms of the gravitino mass we obtain that

m
Mg = M3/2 —]\/Z/j < Mmzy2, (2.88)
My =~ Mgy ln(m J; ) > My (2.89)
3/2

showing that the last modulus to decay is the one associated to the large volume.

At this point we are ready to study the decay of the large volume modulus and the
consequent production of Dark Radiation. In fact, the lightest modulus could in principle
decay into light hidden sector degrees of freedom which could behave as Dark Radiation.

2.3.3 Axionic Dark Radiation

One of the most interesting, and perhaps most studied, sources of Dark Radiation is the
decay of the lightest modulus into light axions.

Axions enter the expression of the moduli as their imaginary part and one of their most
compelling feature is that they enjoy a shift symmetry that is preserved at all orders
in perturbation theory, while it could be broken at non-perturbative level. Thus, if the
moduli are stabilized by non-perturbative effects, they get a mass which is as big as
the one of the corresponding axion; in this case the decay is kinematically forbidden.
However, if moduli are stabilized by perturbative effects, the axions remain massless due
to the shift symmetry and therefore the moduli decay channel into axions is allowed
with the consequent potential formation of Dark Radiation?. Our goal in what follows
is to show how Dark Radiation arises from the decay of the longest-lived modulus. In
particular we are going to work in the sequestered LVS where the large volume modulus
Ty is the one that reheats the universe. To estimate the contribution of this extra source
of Dark Radiation to the effective number of neutrino species we need the branching

4More about the QCD axion, about how axions arise in String Theory and about their relation to
moduli stabilization can be found in Appendix B
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ratio between the decay of the volume modulus into Dark Radiation degrees of freedom
and the decay of the volume modulus into the visible sector since

43/ 10.75 \'2T. . pr
ANgpp = — L
1 7(g*<m>>

where ¢.(T,,) = 106.75 is the number of relativistic degrees of freedom at reheating
temperature. It has been shown in [2] that the decay rates of the large volume modu-
lus into MSSM gauge bosons, MSSM matter scalars, MSSM matter fermions are highly
suppressed with respect to the decay rate of the volume modulus into its corresponding
axion. The dominant channel for the decay into the visible sector is given by Higgs
bosons.

We start our analysis from the decay into volume axions. Considering the Kahler poten-
tial (2.36) we can see that, since the small blow-up cycle modulus is more massive than
the big one and since any mixing between small and big moduli is suppressed, we can
inspect only the part of the Kéhler potential containing

K = —-3In(T, +T}) (2.91)

2.90
I —sm (2.90)

which gives us a Kéhler matrix similar to the one in Eq. (2.40) without the off diagonal
terms. The Lagrangian can be written as in Eq. (1.61) and reads as

3 3
4 47
To find the coupling term we are interested in, we need to canonically normalize the fields.
We start from the volume modulus and we solve the following differential equation for

L 8,;1,6“71, + au,ob@“pb. (2.92)

)

3 1 2
—0,m0'n = 50,000 — T = eV, (2.93)
47} 2

Then we expand 7, = (1) + 7 and ¢ = (¢) + ¢ such that the quantities between the
brackets are the VEVs of the fields, while the hatted quantities are small fluctuations.
Imposing

(ry) + 7 = eV3(@0+9) (2.94)
we obtain that
Ty N

which will be useful in a few passages. At this point we substitute the expansion for 7,
into the Lagrangian term for the axion and we canonically normalize also the axion py
to find the interaction term between the two fields, which turns out to be

9 .
Lint = —\/;(Muab@“ab (2.96)
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where ay, is the canonically normalized axion.

Proof. To derive the interaction term between the volume modulus and the corresponding
axions, as already said, we start by substituting the expansion for 7, in the second term
of Eq. (2.92) such that

3 30, 00"y 3 ( 7 >‘2
9. 0Oty = K’ = 1 0,.pp0"'
4<<Tb> +7A-b)2 ,U«pb Pb ) 2 4<Tb>2 + <Tb> ,LLpb Pb

Hm)*( 1+

3 27 )
~_—" _(1-22200 00"
4<Tb>2 ( <7_b> uPLO" Po
3 3 2 .
S I _ - m
4<Tb>2aﬂpba Po 2(m)2 \/;(ba,upba Pb (2.97)

where the last term is exactly the coupling term. To get the full coupling we must
canonically normalize also the axion p, with a similar procedure used for 7,. We impose

3 1
12 0u0v0" o = S 0uar0"ap (2.98)
b
that solved for p; gives us
2 Pl 2
oy — \/; aeV3 = \/;abm) (2.99)
from which Eq. (2.96) follows straightforwardly. O

Having the coupling term, it is easy to compute the Feynman rule associated with
it, that reads as ~ i\/§5(4) (p3 + p2 — p1)(p3 - P2 + p2 - p3) where p; is taken to be the
in-going momentum of ¢ and ps, p3 are the out-going momenta of the axions. The decay
rate follows from the well known expression

_ M1

I = 2.1
2F 87 (2.100)

with M the amplitude and F the energy of the center of mass. Proceeding in the standard
way, the decay rate of the volume modulus into its volume axion is

3
1m¢

F(b‘m«bab = EVIQD (2.101)
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where of course, the canonical normalizations of the fields are in units of Mp.
To study the decay into visible sector particles we focus on the Higgs bosons. The Kahler
potential in this case admits a Giudice-Masiero coupling for the Higgses and reads as

K = —3 hl(Tb —|— Tb) —f-

H,H, + HyH, ZH,H,
+ Mt (( d h.c.) (2.102)

(Ty + T) Ty +Ty)

with Z an undetermined constant[2]. Our goal is the same as before: finding the coupling
term to compute the decay rate. To do so we first need to find the Lagrangian of our
theory (at least the pieces that will help us to find the canonical normalizations for the
fields). We start by computing the Kéhler matrix starting from the Kéhler potential we
already have: we compute first and second derivatives with respect to 7, H, and H; that

read as
Kyp = %a%(_z% - H“H”;?Hde - Z[Z:;{d + h.c.) ~ 4%2, (2.103)
Ko — GiHu (%) _ 2in — K, (2.104)
K 7= 8§[u (—2% - H“H“L;?Hde - ZZ[:ng + h.c.) = —57} - %, (2.105)
Kz = ain (—2% - H“H“Ll%Hdﬁd - Z]Z:;{d + h.c.> = —f—TZQ - % (2.106)

where for K7 we have neglected terms suppressed by higher orders of the volume. Our
kinetic Lagrangian now reads as

3 1 _ .
L= 500"+ 50 HD ot 5 0uHi0" Hy

47
H, ZH, H, ZH,
- 4_7_1728uHu8M7-b - 4—Tb28uHu8uTb - 4—%28qu8“7% - 4Tb2 8MHd8”Tb. (2.107)

For the volume modulus the canonical normalization is equivalent to the one computed
before in Eq. (2.93) and the relation (2.95) is valid. The fields H, and H,, having similar
kinetic terms, will have the same canonical normalization:

1 _ _
5 OnHu0" Hy = 0uh0"hoy = Hy = V21h, (2.108)
Th

and the same holds for H; and its canonical counterpart hy. To find the interaction
term between the two Higgses and the volume modulus we focus on the terms of the
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Lagrangian that contain the mixed derivatives and the Giudice-Masiero constant Z such

that

Z
47'b2
We expand 7, = (7,) + 7, and we substitute it in the denominator of L;,;, while we

Lipt ~ — (HdauHuaﬂn - HuaﬂHdaﬂrb) (2.109)

substitute all the fields in the parentheses with the corresponding canonical normalization
to get

Z T 2 - ~
Ling ~ —=(1—2— = 2 ha0,,h, 0" h.,0,hg0" 2.110
i (12 )t i aannor + o] 2an)
where we have used again the Taylor expansion for the denominator we have already used
in (2.97). At this point, expanding the computations and performing an integration by
parts, we are able to find the final coupling term that is

1 ~
the corresponding Feynman rule comes straightforwardly from this term and is roughly
given by ~ %5(4)(—2']9%)(193 + pa — p1) where we have used the same conventions on the

momenta as before. The decay rate of the volume modulus into the Higgses is

3
272 m¢

—_— 2.112
48w M3, ( )

Lgshuhg =
which is comparable to the decay rate into volume axions and therefore is not suppressed.
The excess of effective number of neutrino species in Eq. (2.90) is therefore proportional
to

43 (1075 \'* 1
AN, = — . 2113
= <106.75> 272 (2.113)
Imposing now the observational bound for AN, ;s we get that [35]
AN, <05 — Z>17 (2.114)

if we allow for one pair of Higgs doublets.
To complete our discussion we are going to show the suppressed decay rates into the
other visible sector fields and into other possible axions [2].

Decay into Gauge Bosons The coupling between the volume modulus and the gauge
bosons is present at loop level and is of the form

)\aaSM
47

QF . F™ (2.115)
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such that the decay rate is suppressed by a loop factor with respect to the one in Eq.
(2.101)

2,.,3
Tyan an N(_) —2. (2.116)
d— AL A

s Asu Am ) M2

Decay into Matter Scalars The starting point is the Kahler potential

cC

K = —31n(Ty + T)) + ————
(Tb -+ Tb)

(2.117)
where the C' are matter scalars. Following the same steps we have done for the decay
into volume axions and the decay into Higgs bosons (derivatives of the Kahler potential
to find the Kéhler matrix, canonical normalization of the fields) we find the coupling
term

1 /2, _
L= 5\/;@5(77577 +n0n), (2.118)
where ¢,n are the canonically normalized fields, such that
r e (2.119)
¢ =~ . .
—nn MI%

Decay into Local Closed String Axions The Kéahler potential for these axions
reads as _
Zow (X + X)Y

2 (T + Ty
where Im(X) is the axion, Re(X) is the saxion, A = 3/2 and v = 2 in the case of a saxion
at the singularity. Notice that the existence of closed string axions is model dependent.
Writing X = (A +iB)/v/2 and proceeding with the usual canonical normalization we
obtain a coupling term of the form

K=-3 ln(Tb —f—Tb) +

(2.120)

A,
Emt_\/;LMP(A B2)06 (2.121)

such that the decay rate is

2 3
Typp = A 9m—¢. (2.122)
3/2) 768w M2

In this case the decay rate is not suppressed with respect to the one in Eq. (2.101) and
so it could be an additional source of Dark Radiation.

o1



2. LARGE VOLUME SCENARIOS: MODULI STABILISATION, SEQUESTERING AND AXIONIC
DARK RADIATION

Decay into Open String Axions Decays into open string axions come from coupling

terms of the form
2 40 o)\’ .
‘Cznt = _\/;<Mp) ngDG + g Mp gb@,ﬂb(? 0 (2.123)

where (p) is the VEV of the scalar matter fields C' and 6 is the canonically normalized
open string axion. Due to the presence of the suppressed term ({p)/Mp)? the decay rate
is also suppressed.

An important decay mentioned in [2] is the decay of the volume modulus into the bulk
closed string U(1)s coming from the reduction of Cj along 3-cycles. In the remaining
part of our work we are going to focus on these particular RR Photons as a possible
source of Dark Radiation.
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Chapter 3
Ramond-Ramond Photons in LVS

“Not only does God play dice, but He sometimes throws them where they
cannot be seen.”
— Stephen Hawking

One of the peculiarities of Type IIB string compactifications is that they come with
some additional U(1) gauge symmetries with respect to the Standard Model hypercharge
one. The U(1) gauge symmetries we are interested in for the purposes of this thesis, are
the ones coming from the dimensional reduction of Ramond-Ramond (RR) forms on the
CY. Their gauge bosons are closed string Dark Photons. Some of these U(1) symmetries
could acquire a mass through the Stiickelberg mechanism which happens in the presence
of torsional p-cycles in the compactification manifold'. Some of these RR Photons,
the ones which are not related to torsional cycles, remain massless and therefore could
behave as Dark Radiation, potentially constituting a harmful contribution to the effective
number of neutrino species.

In what follows we are going to focus our attention on the massless RR Photons. In
particular, before looking at their contribution to Dark Radiation, we are going to show
their action and their kinetic mixing.

3.1 RR Photons: Origin and Gauge Kinetic Func-
tion

The starting point to study closed string Dark Photons is to recall the dimensional
reduction of the Ramond-Ramond Cy form in Eq. (1.60) after the orientifold projection
where we have the one-forms V7(z) and U, (x) (y = 1,...,h>?). As already mentioned
in Subsec. 1.3.4, using the self duality condition for Fy we can get rid of U,(x) keeping
only V7(x). This choice corresponds to express the action in terms of an electric gauge
potential instead of a magnetic one. These gauge bosons V7 (x) appearing in the N = 1
vector multiplet (see Tab. 1.4) will be the RR Dark Photons.

To find the kinetic term for such gauge bosons we need to start from the 10-dimensional

For a complete discussion on torsional p-cycles and Stiickelberg mechanism for hidden U(1) sym-
metries see [36].
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Type IIB supergravity action (1.1) that we are going to recast in the following way

S8 = grr [ 40Vgle PR+ AQOF — WalT]) — KFE — 1 - 1) (3)
where we have absorbed the numerical factors in hgs, fi1, f3, fs and where the square is
intended again with respect to the wedge star product. What we are interested in, is the
piece containing the 5-form field strength F defined as (1.2); containing Fy = dCy, it
depends on the RR 4-form we want to study. At this point, we could in principle obtain
the N = 2 4-dimensional effective action by substituting the expansions (1.40), (1.41),
(1.42), (1.43) and (1.44) into the action (3.1). However, we have seen that the N = 2
theory is not phenomenologically useful and therefore we must perform an orientifold
projection to get N = 1. Using the orientifolded forms (1.58), (1.59) and (1.60) and
substituting them into the definition of Fj (recalling that H3 = dBs and F3 = dC3), we
obtain the following expression for the 5-form field strength [13]

~ - -1 . 5 R
Fs = dDS‘(.7:)/\wd—i—dV”(x)/\av—de(:c)/\ﬁ'y—i—dpd(x)(Do‘—i(cadbb—b“dcb)/\wa/\wg, (3.2)

where d,l; =1,...,h", a=1,. h}r’l and vy =1,..., hff. We need now to substitute
the obtained ﬁeld Strength into the action (3.1) to get [13]

1 1

where we have performed a Weyl rescaling to obtain the action in Einstein frame and we
have considered only the terms involving the RR Photon (F} = dV7). In this action we
have introduced the N = 1 gauge kinetic matrix that is defined in terms of the symplectic
basis (ag, B%) as [13]

(/ ak A *aL> = —(Im(M) + Re(M)(Im(M)) " "Re(M)) kr|sv=v=0,  (3.4)

2Y=z7=0

( [ *5L) (M) i, (35)

2Y=z7=0

( / g A *5L> = —(Re(M)(Im(M)) ™Mk |—s—0, (3.6)

2YV=z7=0

where evaluating everything at 27 = 27 = 0 means removing from the spectrum the fields
projected out by the orientifold involution. The same matrix can also be expressed in
terms of the periods defined in (1.69) as

(Im(F))wZ“(Im(f))AuZ”)
Zv(Im(F)),, 2"

M,y = (JEWA + 2i (3.7)

2Y=z7=0
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with v, A =1,...,h%% and [12, 13]

ZA(z):/ QABr=0, (3.8)

Fa(z) N = a;}? - :/y QAay=0, (3.9)
PF(z

Fa(z) = aZV(z)((gZ)A(z) (3.10)

where F., is the period matrix and Z*(z), F,(z) depend holomorphically on the complex
structure moduli of the chiral multiplet. The CY 3-form 2 is still defined as

Q(2F) = Z% (M) ay, — Fr(27)p" (3.11)

with k£ =0,...,h"? since everything else must vanish under orientifold.

Now, to get the final expression of the action for the RR Photons, which will give us the
kinetic terms, we have to switch to the Kéhler coordinates [13] such that we can recast
everything in terms of the Kéhler potential, the superpotential and the gauge kinetic
function. In this way the standard N = 1 action can be written as

1 1
SibE D /§Re(f7A)F£’ A *F3 4 §Im(f%)F; A EY + V(25 (3.12)

where V' is the scalar potential and where we can define the gauge kinetic function as

7 -
fir = =5 Mo : (3.13)
2Y=2z7=0
From here, using the relations (3.4), (3.5) and (3.6), it is possible to show that the
gauge kinetic matrix M is block diagonal, meaning that M., =0 for v =1,. .. ,h}g? and
k=0,...,h"?% This property implies that [12]

M7A|z“f:27:0 - ]:—’y)\|27:27:0 (314)
such that the final gauge kinetic function for the RR Photons is
1
fa(Zh) = -3 NED) : (3.15)
27=z7=0

The important property of this gauge kinetic function is that is is holomorphic in the

complex structure moduli 2*, k = 0,...,h"* due to the holomorphy of the prepotential
Fk.
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3.1.1 Evaluation of the gauge kinetic function

The main result of the previous section is the form of the gauge kinetic function for
the RR Photons. Its dependence on the complex structure moduli tells us that, for the
volume modulus to decay into such Dark Photons, there must be a mixing between the
complex structure moduli and and the Kahler moduli. The Kahler potential we are going
to use from now on is of the form

K=-3Wn(T+T)—-3mU+U)+ Ky + Kioop (3.16)

where we are focusing for simplicity on a single Kahler modulus 7" and a single complex
structure modulus U (following the notation of [37], from now on we denote the complex
structure moduli as U). The interesting part for now is the Kéhler potential for the
complex structure modulus:

K.s=—3In(U +U) = —31n(2u) (3.17)

with u = Re(U). In the next sections we are going to show where the additional mixing
between the Kahler modulus and the complex structure modulus comes from, and we
are going to perform a more detailed analysis. For now, let us stick to the form of the
gauge kinetic function and of the prepotential, which are going to give us important
information about the topology needed for the coupling of the RR Photons with the
closed string moduli.

To evaluate the gauge kinetic function of the theory, the first step is to compute the
second derivative of the N = 2 prepotential. Following [37] we write the perturbative
part of the prepotential as

fpert(U) = —%IC]JKUIUJUK -+ %CL[JUIUJ + b[UI + & (318)
with K i triple intersection numbers of the mirror Calabi-Yau, a;; and b; rational and
I,J, K € {0,h"?} [38]. Because of the choice to use U instead of z, we need to adjust the
notation used in the previous chapters to be able to use the expressions (3.15) and (3.18).
First of all we take the Kahler potential for the complex structure moduli to be of the
form (1.68). We have seen in Subsec. 1.3.4 that, taking (Af, By) with [ =0,...,h'? as
the canonical homology basis of H3(Y;s) and its dual (ay, 37) as a real, symplectic basis on
H3(Ys), we can write the periods of € and the corresponding period vector respectively
as (1.69). At this point we can define the prepotential also as F(Z7) = (Z°)?F(z) where
we have factored out Z° such that F; = 0F/0Z and z = Z1/Z° (these are the special
coordinates we have already shown in Sec. 1.3.4 without showing how to use them).
Notice that in the following we are going to set Z° =1 [17].
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3. RAMOND-RAMOND PHOTONS IN LVS

Since we are considering the case with only one complex structure modulus, the period
can finally be written as

Fo 2F — F,
. .Fl . 0 FZ
= |=2 X (3.19)
A z

where we have used the chain rule to compute the derivatives of the prepotential in the
following way

OF 0z OF 0z
60 0298 0z _ (70298 0%
Fo=27"F+(Z") 55 570" Fi1=(2") 52 571"

Having this we compute the Kahler potential of the complex structure moduli using the

(3.20)

period vector as
K, = —In(—ilI"10) (3.21)

5 = (_OH g) (3.22)

Inserting now Eq. (3.20) into Eq. (3.19) and using the expression (3.21) we obtain
Ko =—In(2i(F = F) —i(z — 2)(F. + F.)). (3.23)

where the symplectic matrix is

Identifying z = Z1/Z° with the U in the formula for the prepotential (3.18) and Fe.+(U)
with F(2), the next step is to compute the derivatives of the prepotential to find the final
form for the Kéahler potential of the complex structure moduli to match the notations.
We focus on the case with 2 complex structure moduli 2, 2% o = hi’l =a=hn""=1,
one modded out by the orientifold projection, z* = (, and the one invariant under
orientifolding, z* = z, in such a way that the prepotential can be written as

1 1

We can compute then the derivatives appearing in the Kahler potential for the complex
structure moduli, denoting K¢¢, as K:

1

Fo=— §/cc,z?, Feoe = —Kz (3.25)
1 1

Fz == EIszzzz + az + b B 6’CC27 Fzz - _IszzZ _'_ a (326>

and the same for the complex conjugate. Inserting these derivatives into K.s and pro-
jecting out the complex structure deformation (* = (, we find

}CZZZ ICZZZ — ’CZZZ — ICZZZ —
Kcsz—ln<Z 5 P 5 24l 5 222—ZTZZQ>. (3.27)
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3. RAMOND-RAMOND PHOTONS IN LVS

Writing z = p + iq and zZ = p — iq, after a brief computation, we finally obtain

4 ICZZZ
K. = —m(g/czzzq?’) ~ —In(8¢*) — ln< S > ~ —3In(2q). (3.28)
Having this, we can compare our expressions for the Kahler potential of the complex
structure moduli (3.17) with the one obtained above. What we can see is that, in order
to finally match all the notations, we need the following map

g =1Im(z) = u =Re(U), p =Re(z) = o =Im(U) (3.29)

such that z — iU (we have parametrized the complex structure modulus as U = u+io).
At this point we are ready to fully compute the gauge kinetic function for our theory
using Eq. (3.15). Rewriting it in special coordinates we get that

) —5Fn 7 (3.30)
27=27=0
such that the final expression reads
7 7 K— K K
f=—=F =——(=K =—=U=—— —1i0. 3.31
2 «“ 2=iU 2( Z) 2=iU 2 2 ot 2 v ( )

This formula has a clear meaning: the Dark Photons are hf and they appear in the
decomposition of C, as wedging elements of the H_lf group (see Eq. (1.60))

CyDOVI Aoy,  y=1,---,h}”. (3.32)

Hence they are geometrically related to the even 3-cycles Ej which are mirror dual to
the odd 2-cycles D; in the mirror Calabi-Yau manifold, and whose Poincaré dual are
the projected out complex structure moduli 2*. The fact that the gauge kinetic function
f for the Dark Photons is proportional to K = K¢, implies that, in order for f to be
non-zero, in the mirror CY the odd 2-cycle D~ should intersect with the even 2-cycle Dt
(mirror and Poincaré dual to the odd complex structure modulus). This construction is
shown in Fig. 3.1.
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3. RAMOND-RAMOND PHOTONS IN LVS

Orientifold
|

Orientifold

C.Y. Mirror C.Y.

a, =>C>oVra,

> <
-

o>
N

Figure 3.1: Geometric construction that leads to a complex structure - RR Dark Photons
coupling. The 2-cycles D are mirror dual to the 3-cycles Zf Poincaré dual to the 3-
forms «;. The even cycles under the orientifold involution are red while the odd ones are
blue. The Dark Photon V7 arises from the reduction of Cy over the 3-form oy which is
Poincaré dual to the even 3-cycle X3 . The intersection between the 2-cycles DY and Dy
leads to a non-zero coupling between the Dark Photon and the complex structure modulus.

It is possible to show an explicit construction with non-trivial intersection between
such cycles for a typical example in the sequestered LVS.

3.1.2 An explicit Calabi-Yau Example

We have seen how, in order to obtain a non vanishing gauge kinetic function for the
Dark Photons, we need a mixing between even and odd complex structure moduli in
the prepotential. Such a mixing is geometrically interpreted as the intersection between
orientifold odd and even 2-cycles which are mirror symmetric with respect to the 3-cycles

IC[JK:fC.Y. E[/\DJ/\.bK, (333)
D[ P(—D> D[ ]\(/L)S‘ E[ }z—l; ar ., (334)

where M.S. stands for ”Mirror Symmetry” and P.D. for ”Poincaré Duality”.
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3. RAMOND-RAMOND PHOTONS IN LVS

Before showing an explicit example, let us recall that, under the action of the mirror
symmetry we get

pi2 Mg it (3.35)
pbt M L2 (3.36)
pit M L2 (3.37)

where we can see that the orientifold even complex structure moduli are mapped into
the orientifold odd Kahler moduli.

We now proceed by giving an example of a CY which is mirror to the one we need,
taking it from [33]. Such a CY is characterized by h'"! = 4, h'? = 112 and a Swiss-Cheese
structure with one big divisor D;, one P? divisor D, invariant under the orientifold
involution, and 2 dF, quiver loci D3, D, with D3-branes on them which are exchanged
under the orientifold. This construction is shown in Fig. 3.2.

Orientifold

D, Big Cycle

D, dP, ' D, dP,

Figure 3.2: Calabi-Yau with four divisors Dy, Do, D3, Dy. The D3-branes supporting
the Standard Model sit at D3, Dy which are exchanged under the orientifold involution
D5 <+ Dy; the invariant divisors are Dy and D.
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3. RAMOND-RAMOND PHOTONS IN LVS

The Kéhler form J can be expanded in a basis of (1, 1)-forms as:
J - tlf)l + tQDQ + t3D3 + t4b4 . (338)

Consequently, the Calabi-Yau volume looks like:

1 1
Y = 6/ JANJINJT = 6 (’Clll ti’ + ICQQQ t? + IC333 t% + ’C333 ti) , (339)
cy
since the only non-zero intersection numbers are Kq11, Kogo and K333 = Kyyy.
What we are searching for is a non-vanishing intersection in the mirror Calabi-Yau,
following [38], between one orientifold-odd and one orientifold-even cycle dual to the
Kahler moduli. The orientifold involution acts on the cycles of our model as follows

D) =Dy, (3.40)
D), = Dy, (3.41)
D= Dy, (3.42)
D} = Dy, (3.43)

It is convenient to switch to another basis, {151,152,153,154} — {Dl, Dy, D, D,}, de-
fined as . . . )
. Ds+ D A Ds—D
p, =t p s D (3.44)
2 2
Using the expressions (3.42) and (3.43), we can show that the new (1, 1)-forms D, and
D_ are odd and even under the orientifold respectively:

f)’ _Dy+ Dy Di+ Dy

., Dy—D, Dy—D .
D=4 B (3.46)
2 2
In this way we end up with
Dy, Dy, Dy € HY' (Yp), (3.47)
D_e H"'(Yp). (3.48)

61



3. RAMOND-RAMOND PHOTONS IN LVS

The Kéhler form can be expanded in this new basis as

4
J=> ;D (3.49)
i=1
. . D.+D_ Dy —D_
=t1D1 + 12Dy + 13 <+T) + 14 (JrT)
. . A t3 4+t - ty — 1t
= ;D1 4+ tsDy+ D, ( 3 : 4) +D_ ( 3 5 4)
—t,Dy +toDy+ Doty + D_t_, (3.50)
where t, and t_ have been defined as
ts +t i3 —1
ty = 3—;4 and t_ = 32 3 (3.51)

However, we have seen that under the orientifold involution Ds ﬁ4, and so we have
that t3 = t4 as a consequence of cohomological equivalence. Thus, the Kéhler modulus
associated to the odd cycle is projected out (¢ = 0), leaving us with

J/ - t1D1 + tQDQ + [)+.J/ == tlDl + t2D2 + DJr. (352)

At this point we are finally ready to compute the intersection numbers remembering
that we are taking the divisors Dy, Dy, D3, D4 to be diagonal and so the only non-
vanishing intersection numbers between them are K;; with i € {1,2,3,4}:

Kivy = f)+/\[7+/\D+:/ (D} + DY)
oy oy
= K333 + Kuag = 2K333 # 0, (3.53)
K- D_/\[)_AD_:/ (D} — D)
oy oy
= K333 — Kyas = 0, (3.54)
Kio = [ DiaD AD = / [(Ds+ Di(Dy — D)
oy oy
- }C333 —_ IC444 - 0, (355)
ko= [ DonDAD.= [ [(Ds- DDy~ D)
oy oy
= K333 + Kagg = 2333 # 0. (3.56)

62
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The expression we are more interested in is Eq. (3.56) since it shows us that, within this
particular setting of the CY, K__ o« K = K¢, is non-vanishing. This means that the
gauge kinetic function of the Dark Photon is indeed non-zero.

We finally compute the volume form that, under mirror symmetry (¢ NS 2t Mg

(), is mapped into the prepotential which gives us the gauge kinetic function

M.S.

V3 F(z,0). (3.57)
The volume form becomes
1 1 . .
V=< /CY JANT AT D St Dy +t DY (3.58)
1 3 2 1 3 2
= 6(K+++t+ + 3K t7t,) = 3 Kss(t + 3t2t), (3.59)

which is mapped, through mirror symmetry, to a prepotential of the form
1 3, a2 1 5, 1 2

with 7 a sign factor of O(1) coming from the mirror map and where we can identify the
intersection numbers as

]CZZZ ~ ]C_|__|_+ = 2’C3337 (361)
}CCCz =K~ SK__+ = 6/C333. (362)

This last result shows us the mapping between the intersection numbers on the two
mirror Calabi-Yau manifolds.

With the knowledge of the gauge kinetic function of the Dark Photons, we are now
ready to proceed to the final part of our analysis which consists into the study of these
Dark Photons as Dark Radiation.

3.2 Moduli Mixing

In this section and in the next one we are going to expand our analysis on Dark Radiation
produced by the decay of the volume modulus. In particular, after having seen the known
possible sources of Dark Radiation in Subsec. 2.3.3, we are going to inspect RR Dark
Photons as one of them.

Before starting our description, let us make a brief summary of the ingredients we have
already seen:
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e We have seen that RR Photons come from the dimensional reduction of the RR
C, form.

e We have seen that the gauge kinetic function of these Dark Photons (3.15) depends
holomorphically on the complex structure moduli that are not projected out by the
orientifold involution. Recall that we are going to use the notation U = u + io for
the complex structure moduli such that z — iU and the gauge kinetic function we
are going to use is (3.31).

e To have a non-zero gauge kinetic function for the RR Photons, the structure of
the CY must be such that the intersection number between orientifold-even and
orientifold-odd complex structure moduli is non-vanishing.

e Complex structure moduli and Kéahler moduli can in principle couple in the Kéhler
potential. This can induce a kinetic mixing between the two fields that, upon
canonical normalization, can enter the gauge kinetic function leading to a Kéhler
modulus - Dark Photon coupling. Such a coupling gives all the ingredients needed
to have a post-inflationary production mechanism of such RR bulk U(1)s.

In what follows we are going to show the chosen form of Kahler potential and to show
how the mixing between the volume modulus and the complex structure moduli arises
in the construction.

For the purposes of this work we are going to use a Kéhler potential of the form

2z f(U+TU)
(T+T)33? (T+T)
where T' = 7 4 ip is the large volume modulus and U = u + i0 is the complex structure
modulus. The moduli are stabilized in the LVS as highlighted by the presence of the o
correction term (the third one) with z = &/ (2g§’/ 2). The last piece, corresponding to Kjoep
in Eq. (3.16), is a loop correction. In particular, this Kaluza-Klein loop correction is of
the form (2.17) where f(U + U) is a generic function of the complex structure moduli.
Let us mention that, without loss of generality, we are going to consider only one Kahler

K=-3Wm(T+T)-3nU+U) - (3.63)

modulus related to the exponentially large volume and one complex structure modulus
to have simpler computations in the canonical normalization of the fields.
The Kahler potential can be recast in terms of the real parts of the moduli as

2z f(2u)
CHEERCTN
Before moving to the explicit canonical normalization of the fields we want to focus

on two features of this potential: the presence of an Extended No-Scale Structure and

the fact that indeed it allows for a mixing between the Kéhler modulus and the complex
structure modulus.

K = —-3In(27) — 3In(2u) —

(3.64)
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3. RAMOND-RAMOND PHOTONS IN LVS

3.2.1 Extended No-Scale structure

The Kéhler potential in exam, at tree level,
K=-3I(T+T)-3nU+70) (3.65)

features a No-Scale Structure. In fact, when computing the F-term supergravity scalar

potential .
Vi = " (KYD;WD;W — 3|W %), (3.66)

since the Gukov-Vafa-Witten superpotential

Wenw — / Gy A O (3.67)
X

depends only on the axio-dilaton S (through G3 = F3 4+ tSH3 where Fy and Hj are
respectively the RR and the NSNS 3-form fluxes) and on the complex structure moduli
U (through Q which is the holomorphic (3,0)-form), then the term proportional to
(K"TK; Kz — 3)|W|? is equal to zero. This is something we have already described
in Sec. 2.1. For the Non-Renormalization theorems however, we know that K could
get corrections order by order in perturbation theory plus non-perturbative corrections,
while the superpotential could only receive non-perturbative corrections. Focusing on
the perturbative ones such that

K = Kyee + K, (3.68)
W =W, (3.69)

one can show that the No-Scale model extends to one further order in what is called
Extended No-Scale Structure. The precise statement has been given in Subsec. 2.1.3.
Let us now go back to our case: our aim is to prove that our Kéahler potential written as

f(U+U)

K=K +0K,y=-3(T+T)—3nU~+0U)+ _
¢ (g2) n( ) n( ) T

(3.70)
enjoys an Extended No-Scale Structure which makes the loop contribution to the scalar
potential vanish at leading order. To compute the corrections 1, and 6V, to the scalar
potential we need to find the first derivatives of the Kéahler potential, the Kahler matrix
and its inverse. The first derivatives of the Kéhler potential are given by
10K 3 f(2u)

“20r 27 472 7’

10K 3 ful2u)
= =——+—= 72
2 Ou 2u + 2r (3.72)

Kr (3.71)
Ky
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from which the second derivatives follow straightforwardly; the lower index u denotes
derivatives with respect to it. It is therefore easy to compute the Kéhler matrix

1 7_% + fg-23U) _f:_(22u>
K-—==

)

(3.73)
_f:—g?“) % + 2fu1;—(2u)
Now we want to use the approximation of Eq. (2.30) to compute the inverse Kéhler
matrix where K is identified with Kj.... We can split the expression (3.73) into K, and
0K in the following way

30 f (27;) —fu_(22“)
0 _ 4T - 4T 4T
R = ( 0 L) G = (—fu@u) fuu(zu)> ‘ (3.74)
4u? 4712 2T

Then we must invert K% obtaining

472 0

. 3

Ki = . (3.75)
o

At this point, using Eq. (2.30) to first order in the parameter € we obtain the full inverse
Kahler matrix, that is:

472 47 f(2u) 4u? f, (2u)
- 3 9 9
Ki — , (3.76)
4u? f,, (2u) 4u? 8u? fuu (2u)
9 3 9r

Now we are ready to evaluate the corrections to the scalar potential. Let us first look at
oV1. From Eq. (2.25) we have that

W
V2

-FEE)ER) - SIS E) 5

Vi = 2KITKY0Kr — KIT6 K, KITKOKY)
(3.77)
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as expected. Looking instead at Eq. (2.26) we have
Vo = (KITOKp6Kr — 2K T K p KT KOS K 1

W
V?

S ER)ES)-E ) RED). o
)R G
_ PRu) WP 22w W

1272 V2 12110/3

+ KOTT5KTTK0TT§KTTK0TTK%K%)

This result implies that the loop correction that induces a mixing between the Kahler
modulus and the complex structure modulus is suppressed with respect to the LVS
contribution (2.42). However, even if it looks subleading as we were expecting, it is
important to study the presence of Dark Radiation in our model.

3.2.2 Kinetic Mixing

Before proceeding with the complete canonical normalization following in the footsteps
of what we have done in Sec. 2.2, we are going to briefly show where this mixing between
the moduli is and what we would like to find.

We know that in general the Lagrangian is given by Eq. (1.61) and in our case it can be
expanded as

L = K;70,70"T + Ky70,u0u + K50, 70"u + Ky7:0,u0!T. (3.79)

As already mentioned we are going to consider a Large Volume approximation, for which
we have that K7 ~ 3/(47%) and K,z ~ 3/(4u?): in fact, looking at the expression
(3.73), 1/73 is more suppressed with respect to 1/7% and u ~ O(1). We can therefore
split our Lagrangian into a first piece containing classical kinetic terms at leading order
L9 “and a second piece which contains the kinetic mixing between 7 and u, namely

ki?jﬂ
i
LO 3 2 3 2
Liin = 35(0u7)" + 3 (0uu)’, (3.80)
and

kin —
in 72

0,70"u. (3.81)
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At this point we need to canonical normalize the kinetic terms: first of all we assume

that

3
472

(@)’ = 50,07 (3.82)

~

such that 7 = e\/%d’. We suppose we can expand around the minimum as 7 = (1) + 7

and ¢ = (¢) + ¢. In this way we find
T N
= \[gqs. (3.83)

(Ouu)* = %(@X)Q (3.84)

Analogously, we set
3
4u?
such that u = eV3x Expanding around the minimum (u = (u) + a4, x = (x) + X) we
find

=/l (3.85)

Note from the Lagrangian (3.81) that the loop correction leads to a non-vanishing kinetic
mixing between 7 and @ for which we want to derive the volume scaling. Following the
guess of [39], we suppose that we can write

T =4/ 2(M¢+ kru{T)X (3.86)

and

i = b+ 2 (337)
where we used some coeflicients k;; with ¢ # j and other coeflicients ¢;; which tells us
how the mixing terms scale with the volume.
What we are going to do in the following is to consider all the terms in the Kéhler matrix
(and not only the leading ones) to get a precise evaluation on how 7 and @ are mixed
and how this mixing scales with the volume.

3.2.3 Scalar Potential and Mass Mixing

Before looking at the canonical normalized fields we need to search for the expressions
of the scalar potential and of the mass matrix. In fact, from Sec. 2.2 we know that the
canonically normalized fields ¢ and x can be found through the eigenvectors of the mass
matrix (more precisely of the matrix K ~'M?) which depends on the second derivatives
of the scalar potential.
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The Kahler potential we are going to consider is the one of the full LVS theory with
the o/ corrections included (3.63). In terms of the real parts of the moduli we have
already seen that it could be written as (3.64).

By definition, we know that the F-term scalar potential is given by

V = (K D;WD;W — 3|W?) (3.88)

where the Kahler covariant derivative acts on the superpotential W such that DWW =
oW + Wo; K. Tt can be expanded by making explicit the indices ¢ and j:
V =e"(K™TDyW DzW + K™V DyW DgW + KUT DyW DWW

- [ (3.89)
+ KYUDyWDyW — 3|[W ).

Since we are going to consider a superpotential of the form W = Wy (U) which is only a
function of the complex structure moduli, the scalar potential can be recast in its final
form:

V =e"(K"T Ky Kp|W|? + K™V DyW DW + KYT DyW DZW

- o (3.90)
+ KUUDyWDgW — 3|[W|?).

From this expression we can see that before going any further, we need to specify the
Kéhler matrix. By definition, its form is the following

_ KUU KUT
K = (KT Ko (3.91)

where the labels T and U denote derivatives of the Kahler potential. Starting from Eq.
(3.63) we can compute the following first derivatives

Kp—Kp———3_ % __JU+U) (3.92)
(T+T) (T+T)? (T+T)?
Ky = Ky = —3 Ju( +__)’ (3.93)

69



3. RAMOND-RAMOND PHOTONS IN LVS

from which the second derivatives come straightforward:

3 15z 2f(U+U) 3 15z f(2u)

forr = (T+T)2 2T+T)2 (T+T) 42 16v2r T B9
K= i e e 95
Ky = _feUrU) (Lﬁ;{i}g) = —%TQQ“), (3.96)
s = - @97

where in the second set of equalities we have used the definitions of 7" and U. It imme-
diately follows that the Kéahler matrix is

i ( fu(2u) 3 150 f(2U)> (3.98)

472 I T TovariA T4

We now want to compute the inverse of the Kéhler matrix whose form is given, as usual,
by
KUU KUT
KY = _ _1; (3.99)
KTU KTT
the entries have been obtained numerically and they can be written as

N (7, u)

KUU =Dl (3.100)
_ ” 2 —
vT :% _ KT, (3.101)
7 1 fuu(2u) 3
K™ = D) < 5+ @) (3.102)
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where we have defined the following quantities to get more readable expressions

N(r,u) = 411 (f(fSU) B 4\/15579_57/2> n %, (3.103)
9 3f(2u)  3fuu(2u) 45x
D(r,u) = 167202 | 167312 73 64:/277/24,2
fuu)? | fQu)fuu(2u) 153 fuu(2u)
ST = BN (3.104)
P(U,U) = (A(DuW|s=0)lmin) (O(DgW 1 o) |min)
S(U,U) =W (U) (v*0(DgW |=0) + 3W(U)) + v*W(U)d(DyW | s—0). (3.106)

However, in order to obtain an even better approximation, we can decompose the inverse
using the expansion (2.30); truncating at the first order we get

2 8ut fuu(2u) 402 fou (20)
ij _ 3 97 9
K"V = 402 fo, (2u) 472 5xprl/2 47 f(2u) (3 107)
T 3 T T o

At this point we can start by computing the pieces which are going to constitute our
scalar potential. Let us take Eq. (3.90) and write it as

V=eX(Vi+ Va+ Vs + Vi — 3|W]) (3.108)

where Vi, Vi, V3, V, correspond to each of the terms in the original expression. Let us
start with V; — 3|W|? which turns out to be

3eW(U)W(U)  f*(2u) W)W (D) N 7z f(2u) W(UYW (U)

‘/1_3‘W|2: 4\/57_3/2 472 4\/57_5/2
32 W(OW(U)  fRu)WWWU) | 13z f2(2u) W(U)W(U)
273 3673 48 /2 77/2
T2 fRU)W(UW(U) 1558 W(U)W (D)
1674 322792

(3.109)

Before going on, let us look at the Kahler covariant derivative of the superpotential with
respect to U. By definition we have that the covariant derivative acts as

DuW = dyW(U) + W(U) Ky = dyW(U) — 3”;5]) + W(Ugi u(20) (3.110)
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Moreover, we can state that the first two terms of the Kéhler covariant derivative of the
superpotential, are the only pieces one would have obtained if the loop correction was
not present (f(2u) = 0), and so we can abbreviate the previous expression as:

W(U) fu(2
DyW = DyW|yo + w (3.111)
T
and the same for the complex conjugate. Having clarified this, we can proceed with the

computation of V5, V5 and Vj:
2uW(U) fu(20) DgW =0 w*W(U) f(2u) fu(2u) DgW =g

Vy = —
3T 972
W OYW(U)f2(2u)  w?aW (U) f.u(2u) DgW | =g
_ = + N U (3.112)
_ weWUWO)fQu)fi2e) | w?aW(O)W(U) fi(2u)
1873 6+/277/2 ’
v = 20W(O) fu(20) DuW =g W (U) [ (2u) fu(2u) DW=
T 37 972
CWOOW(U) f3(2u) | w?aW (U) fu(2u) DyW s
_ = + o (3.113)
_weWOW(O)fQu)fi2e) | w*aW(O)W(U) fi(2u)
1873 6+/277/2 ’
Vi= §U2DUW|f:oDUW\f=o L W(U)fuéimDUW'fO
N 2uW (U) fu(20) DuW | =0 8u* fuu(2u) DgW | =0 DuW | =0
5 . o (3.114)
_ AW (U) fu(2u) fuu(2u) DgW | o _ AW (U) fu(2u) fuu(2u) DuW | o
972 972
L W OW(O)fi(20) _ 20 W)W (U) fi(2) fuu(20)
372 973
It is easy to prove that
K L1 ! (3.115)

T e TV
Putting all the pieces together and taking only the leading terms, we get the following
form for the scalar potential

hu,7) WO | [WO)P
V2 V3 Y10/3

Vo~ Vflux + VLVS + WOOp ~ (3116)
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where Voo is given by the Extended No-Scale structure of the scalar potential (as we
have shown in (3.78)) and, due to this property, it is much more suppressed than Vg,
while Vi, has been expressed in terms of a function hA(u,7) which is given roughly by
(Va + Vs + Vi) /(8u?).
Before computing the mass matrix, we need to evaluate the minimum of the scalar
potential. It is easy to show that, if we do not consider the loop correction to the Kahler
potential (f(U + U) = 0), since V; cancels with —3|W|? due to the No-Scale structure,
we must look at h(u, 7). Taking it one can easily conclude that the scalar potential has
its minimum for Dy W = 0 which, in this case, corresponds to have DyW|s—y = 0 and
the same for the complex conjugate. We can notice that, if f(U +U) # 0, the minimum
is shifted to DgW = (Wy(U) fu(2u)) /.

At this point, we can proceed with the computation of the mass matrix which, by
definition, is given by M;; = V;;/2 where

%:(QZ&Q. (3.117)

In what follows we are going to take V = AB, where A = e and B = (V; + Vo + V3 +
Vi — 3|W|?) to treat all the derivatives properly.
Let us start with the element V7. Applying the chain rule we get

VUU = AUﬁB + AUBﬁ + AﬁBU + ABUU' (3118)
Having written all in terms of 7 and w, this is equivalent to
Viw = Ay B + 2A, B, + AB,, (3.119)

being aware of the factor 1/2 when switching from one derivative to another. The
derivatives of the exponential factor (3.115) are easy to compute:

-3 3
K K
v 12873ud’ “vo 6473ud’ (3.120)
-3 3
K K
°r 64743’ “rT 1675u3’ (3.121)
9 9
K K
CuT 128744’ 1o 1287434 (3'122)

Computing instead the derivatives of the scalar potential requires some effort. Doing so
for all the addends in B and evaluating everything at the minimum, we obtain

1 1

Vuu | min X
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Note that, when evaluating the derivatives with respect to u, one should also evaluate
the derivatives of the superpotential: we can use the fact that 0,W(U) = =W (U)Ky|s=o
at the minimum and the same for the complex conjugate.

For the other diagonal element V7 we use the same chain rule as before

Vigp = AppB + Ar By + AsBr + ABrp (3.124)

equivalent to (up to the proper 1/2 factor when taking the derivatives)
Ve = A..B+2A.B, + AB,,. (3.125)
In this case, the derivation of all the pieces in B evaluated in the minimum, leads us to

297z W (UYW (U) 1
1024v2u37132 Vivsar ~ g (3-126)

V:I—T|mz'n -

The off diagonal terms V7 and Vi obey the following chain rules
Vs = AysB + A7By + Ay Bt + ABy7, (3.127)
Vig = ArgB + AgBr + ArBy + AB ., (3.128)
which can be written as
Vir =Vou = A B+ A B, + A,B; + AB,. (3.129)

Evaluating again all the derivatives at the minimum of the scalar potential, we obtain

1 1

and similarly for the other term.
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Computing explicitly all the derivatives we finally find:

Vi = 5757555 (PP 126Dl 0D ) )

- W <Ww(<U>) - %ﬁ») (WW(@) - %) , (3.131)

Vir = 15978 (SF D LU () (20D ) i+ 3T(@)))
- m (5f (2(u)) fu(2(u))w*W ((U))(O( Dy W | f:o))|mm> (3.132)

~~ rsamas (7N AW (u (Wt @) - L) o))

~ g (SFCNAEWAT@) (W) - L)) < v,
(3.133)
” :29%1%/2(1?5)35)@) (<71>)13/2- (3.134)

The minimum condition we have used is (DyW |7=o)|min = 0, from which it follows that
oW = —%W and so

W)

42

a(l)UVV|f:O)|min - WuU(<U>) (3'135)

The same holds for the complex conjugate.
We can now compute the mass matrix from the usual formula M;; = %K a lVlj which
give us for the complete inverse Kahler metric (3.99):

~ My Mayr
M;; = ( ) (3.136)

Mery Moy

2From now on we will call the dynamical perturbations of the fields 7 — 7 and u — @, while the
vacuum expectation values as (1) — 7 and (u) — u to make the notation lighter
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with
1 (PUU)N(r, u) 5f(2u)fu(2u)28(U, U)

e 5( 96T3uD (ruw) 460875 D(r, u) ) ’ (3.137)
1 (297xW (O) fu2u)  5f(2u) fu2u)N (r,w)S(U, U)) (3.138)

" =9\ 4006v2r1 203D (1, u) 115276u3D (7, u) ’ -
PWU,T) fu(2u)  OF (2u)fu(2u) (f“”;@“) + 4UQ) S(U,T) -
384T5U'D (ru) 1152753D(7, u) ) (3.139)

wu (2u) _

. :1 2072W (U)W (U) <f 2u) 4 4u2> - 5F(2u) fu(2u)2S(U,T) 5.140)

5 1024\/_7'13/21,637)(7', u) 46087’8U3D(T, U)

Using now this mass matrix we can compute its eigenvectors Z, iy which give us the
canonical normalization of our fields as we have done in Sec. 2.2 following [27]

U B V1 ¢ wq X
OO

where vy, v9 and wq, wy are the entries of the normalized eigenvectors

(1 X w1y 1 n
(ml) C)mC) o

6] = VBT Kb, (3.143)

‘ -

e

with

for b = {Z, 7}.
Due to the existing hierarchy of the masses of the normalized fields, mi > mi, we
can compute the eigenvalues of the mass matrix as:

uP U,U)
,  Det(M;)  99zW (U)W (T) (1\”?
my o — ~ - : (3.145)
Tr(M,;) 512+/2u? T

This approximation is consistent with the eigenvalues of the total matrix computed at
leading order in 7 expansion. In addition to this, the x dependence of the mass tells us
that the volume modulus is stabilized by o’ corrections.
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The eigenvectors which satisfy M;;i = m3T and M = mZy finally read as

5f(2u) fu(2u)S(U,U) 3 £(2u) (158(U,0)u?+4utd(D5W | o))
7~ ( 12r3u2P(U,0) > g~ | Fu0) dut fu (2u)P(UU)T . (3.146)
1 1

The norms of the eigenvectors can be easily computed using the expression (3.143) and
turn out to be

1 27 f(2u)

Lo 7 (3.147)
2] V3 3v3
1 2 1 6 4 7
— ~ — — Au® fu (2u) + 4u” f(2u))P(U, U)

1156 (20) (W (D W o) + W(T)A(DuW |j—0)) + 45f<2u>W<U>W<U>) .
(3.148)

The canonically normalized eigenvectors are finally given by

5f(2u) fu(20)S(U,U)
6v/372u2P(U,U)
27 f(2u)

V3 3V3

<y
|2

(3.149)

2u 2(u? fuu (2u))
. V3 3v/37
W~ _ _ _ ., (3.150)
2ufu(2u)  fu(2u)(f(2u)(15S(UU)u? +4u*d(DgW|p=0))+4uSP(UU) fuu (2u))

3v3 187(v3ud3P(U,U))

such that the canonically normalized fields finally read as

e (B0

Y )

Looking at these canonical normalizations for the fields, we can see that @ is mostly in
the direction of x, while 7 is mostly in the direction of ¢. We can conclude then that the
canonically normalized field ¢ is almost totally 7 and y is almost totally @. However,

SHIS

S
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3. RAMOND-RAMOND PHOTONS IN LVS

as we were expecting, there is a volume suppressed kinetic mixing between the volume
modulus and the complex structure modulus. In fact,

u  fh
— X

u ut?

é, (3.153)

meaning that, even if suppressed by a factor 1/V%3, the kinetic mixing is present and it
is generated by the string loop corrections due to the dependence on f(2u). If f(2u) =0
(i.e. no loop correction), we would not have had the desired mixing term.
The presence of the mixing term between the volume modulus and the complex structure
modulus ensures the existence of the decay channel of the volume modulus into RR Dark
Photons opening the possibility of an additional source of Dark Radiation.

A double check of the correct scaling of the couplings can be obtained by plugging
(3.151) and (3.152) inside the Lagrangian

L D Ky70,70" + Kyp0,a0'a + 2K 70,a00"7 — Vo i — Vo 72 = Vi a7 (3.154)

where we can use the Kéhler matrix (3.98) and the expressions (3.131), (3.133) and
(3.134) for the second derivatives of the scalar potential. What we obtain are the leading
terms for the two canonically normalized fields ¢ and y

Liin D%@H¢G“¢ + %auxaﬂx e) G) : (3.155)

Lpot O —

99z WW)W(U) , uPUT) , 1) ( 1 ) : (3.156)

5124/279/243 14473 T
This tells us that:

1) both the kinetic and the mass leading order terms are diagonal now, and so mixing
is only subdominant;

2) the leading order mass terms are exactly the eigenvalues (3.144), (3.145);

showing that the result is indeed consistent.

3.3 Moduli couplings and Decay Rates into RR Pho-
tons

The final step to see if the RR Photons Dark Radiation production is harmful for the
current observational bounds on the effective number of neutrino species, is to evaluate
the decay rate of the large volume modulus into RR Photons and then to evaluate the
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branching ratio with respect to the dominant decay channel into the visible sector.
Thus, in this section we are going to compute first the decay rate of interest and then
we are going to see how it affects the effective number of neutrino species in an explicit
model of sequestered LVS.

Before starting our analysis let us recap one last time what we have found and what
we need.

e We have seen that the action for the RR Dark Photons is given by Eq. (3.12),
from which we can extract the kinetic Lagrangian

1 1
Liin D —§Re(f)MF27 A *ES — §Im(f)7AF2”’ A F. (3.157)

e In Eq. (3.31) we have found that the gauge kinetic function of the RR Dark
Photons is directly dependent on the complex structure moduli.

e In Eq. (3.151) we have seen that the complex structure modulus has a suppressed
component in the direction of ¢ due to the loop correction, which is the one that
allows the decay of the volume modulus into the Dark Photons.

e In Sec. 2.3.2 we have seen how the number of the effective neutrino species is
affected by the decay of the longest-living modulus and which are the actual ob-
servational bounds on it.

3.3.1 Volume mode coupling to RR Photons

Since we are interested in the coupling between the volume modulus and the Ramond-
Ramond Photons, we look at the first term of the Lagrangian (3.157) and we use the
expression of the gauge kinetic function (3.31) to obtain

1 K
L > —Re(f) Fu P = SuF P (3.158)
To obtain the coupling of the canonically normalized modulus, we expand v = (u) + @

so that
K K K

ZUF;WFW = Z(u)FWF’“’ + Z'&FWF’“’. (3.159)
To canonical normalize the field strength, we suppose the first term of the previous
expression with the vacuum expectation value of the complex structure modulus to be

roughly
1- =
%(u)FWF’“’ ~ ZFWFW, (3.160)
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where [, is the canonically normalized field strength tensor, such that F,, = \/K{u)F,,.
Performing the substitution we obtain

n 4 U - g
FoF* 4+ ——F, F™ (3.161)

LD )

o |

Finally, to get the fully canonically normalized coupling, we substitute & with the expres-
sion (3.151) where we have made explicit the scaling of the complex structure modulus
with the volume. Since we are interested in the coupling of the Ramond-Ramond pho-
tons with the volume modulus, we use only the first term with ¢ which is the canonically
normalized Kahler modulus:

5/ fuS(U,U)
24/6(u)3P (U, U)72

OF,, F* (3.162)

where we have defined the functions P(U,U) and S(U,U) respectively as (3.105) and
(3.106).

3.3.2 Volume Mode Decay Rate into RR Photons

To evaluate the decay rate we are going to use the well known expression

_ M1
~ 2|E| 87

(3.163)

where M is the amplitude and F is the energy of the center of mass as we have already
done in Subsec. 2.3.3. In our case this expression becomes (in Planck units)

L BPRSUU) m
Pl T 432P2(U, U) (u)r* 167

(3.164)

where, to simplify the notation, we have dropped the dependence of the function f on
the real part of the complex structure moduli and where we have used the following
Feynman rule to compute the amplitude i(—4pspag,. + 4ps,p2,) With po and ps outgoing
momenta. Recalling that 7 = V?/3 and setting

118U, 0)
PU,U){u)3’

CcC =

(3.165)

the expression (3.164) can be rewritten as (restoring the appropriate power of Mp)

o %5 m; 25¢ Mp
o7 Audy 6912083 M2 6912 (In V)3/2 V43/6

(3.166)
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where we have used the fact that my ~ Mp/V*? as we have found in Eq. (3.145) during
the procedure of the canonical normalization and as we have shown when discussing the
sequestered LVS. Note that ¢ is expected to be an O(1) factor for f ~ f, ~ u ~ O(1)
such as S(U,U) ~ P(U,U) ~ O(1).

Before going any further, let us notice that the decay rate we have found does not depend
either on the number of moduli of the theory, or on the string inflationary scenario
considered. The only fact we are assuming as in Sec. 2.3.2, is that the volume modulus
is the one that reheats the universe.

3.4 RR Photons Dark Radiation

At this point we need to compare the decay rate we have found with the dominant decay
channel for the volume modulus into the visible sector, in order to find the branching
ratio needed to compute the contribution of Dark Radiation to the effective number
of neutrino species. To do so we can distinguish two different models: Loop Blow-Up
Inflation [35] and Non-Perturbative Blow-Up Inflation [40].

Loop Blow-Up Inflation In this case the volume has the form
V=n = AT = Aerd? (3.167)

where, on top of the standard LVS big cycle and small cycle, there is an additional blow-
up cycle 7. Non-perturbative corrections to the superpotential are present not only for
the small cycle 75, but also for the additional blow-up cycle 7¢. The model includes
also loop corrections that make the potential of 74 (that behaves as the inflaton) flat
enough to drive slow-roll inflation under certain conditions®. The information we are
interested in concerns the value of the overall volume of the model. To match the CMB
cosmological data on the amplitude of scalar perturbations, it is necessary to consider a
volume of order V ~ O(10%).

In this case we obtain a value for the decay rate (3.166) that is

Ty,4, ~ 1071 (3.168)

Non-Perturbative Blow-Up Inflation This case, as stated by the authors in [35],
turns out to be a variant of Loop Blow-Up Inflation where Loop effects can be neglected.
In fact, the model proposed in [40], features a large volume modulus as in the LVS
construction and 7; blow-ups that appear non-perturbatively in the superpotential of the

3More details on how slow-roll inflation can be achieved in this construction are given in [35]. A
complete discussion of this topic is beyond the scope of this thesis.
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theory?. In this case, to match the CMB cosmological data, a volume V ~ O(107) is
needed.
The decay rate (3.166) has now a value of order

Tya,a, ~ 1075, (3.169)

We are now going to work in the context of sequestered LVS models where the
Standard Model is built on D3-branes at singularities. The hierarchy of energy scales in
this case is shown in Fig. 3.3 and it corresponds to the one found in Sec. 2.3.

A . Mp
T Ms=0%

~ M
T maje s NE

~ M
T Mesoft = Vg

L -~ 7]}2/3 ~
My, = € Mp =0

Figure 3.3: Typical energy scales of LVS models with sequestered Standard Model on D3-
branes at singularities. M, is the string scale mass, ms2, mg and mgop are the gravitino
mass, the canonically normalized volume modulus mass and the mass of the soft terms.
Finally m,, 1is the mass of the axion associated to the volume modulus.

If we consider the Standard Model to be on D3-branes at singularities, in both infla-
tionary models described above the latest modulus to decay is always the large volume
modulus (corresponding to the canonically normalized field ¢) [35]. In this case the dom-
inant decay channel into the visible sector is the one into Higgs bosons we have already
computed in Eq. (2.112), which is given by [35]

7 mj 72w M,
I = —— ~ 0 L. 3.170

o= tuta = o) M? (QW(IH V)3/2 ) V9/2 ( )
Having this, we can now compute the contribution of RR Dark Radiation to the effective
number of neutrino species using the expression (2.90) as follows

430, 1 4 [ 10.75 \ /3
ANER ~ 222 0mAudy ( ) 3.171
eff 7 F(]S—)Hqu g« (Trh) ( )

4A detailed discussion on how slow-roll inflation is realized in this framework can be found in [40].
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where g.(7,,) = 106.75 is the number of relativistic species at the reheating temperature
and where we have ignored the production of bulk ultralight axions. Considering an
arbitrary number of hidden RR Photons Ny, the contribution to the effective number
of neutrino species becomes

(3.172)

re _ (€ 20.25
= (2

7)) ps/3 b
For Loop Blow-Up Inflation with V > 103, and for ¢ ~ Z ~ O(1), we finally obtain
ANZIE < 25Ny, x 1077, (3.173)

that is an upper bound on the effective number of neutrino species found with the lowest
value on the overall volume of the CY. This upper bound becomes much smaller for
Non-Perturbative Blow-Up Inflation which requires a larger volume. Even considering a
number of RR Dark Photons Ny, < 400, we obtain

ANSF S 107° < ANgsp ~ 0.2 - 0.5 (3.174)

which is well below the observational bounds set by [1].
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Chapter 4

Conclusions

In this thesis we have studied how moduli driven reheating could be potentially harmful
from a phenomenological point of view. In particular, we have seen that, if the longest-
living modulus is the one associated to the large volume, it could decay into light hidden
sector degrees of freedom that could behave as Dark Radiation. We were interested
in studying this Dark Radiation production in the sequestered Large Volume Scenario
which, due to the fact that the Standard Model is sitting on D3-branes at singularities,
produces a hierarchy between the masses that is phenomenologically interesting. In fact,
in this case one obtains that the mass of the large volume modulus (the longest-living
one) is safe from both the gravitino and the cosmological moduli problem. Moreover
the scale of the soft terms is of the order of a few T'eV which is desirable to solve the
Standard Model hierarchy problem.

The main goal of this thesis was therefore to study the decay of the large volume modulus
into degrees of freedom that behave as Dark Radiation and to compare our results with
observational bounds. The degrees of freedom of our interest were Ramond-Ramond
Dark Photons.

In Chapter 1 and in Chapter 2 we have reviewed the basics of Type IIB String Com-
pactifications and of moduli stabilization. In particular, we have focused our attention
on the Large Volume Scenario for moduli stabilization and its sequestered version. Then,
we have analyzed the decay of the large volume modulus into axionic Dark Radiation to
study another potential source of Dark Radiation and to furnish a guide for the work of
the next Chapter.

In Chapter 3 we have obtained the main results of this thesis. We have first introduced
Ramond-Ramond Dark Photons and we have found their action from the dimensional re-
duction of the Type IIB bosonic action (1.1). Most importantly, we have seen that their
gauge kinetic function is a holomorphic function of the complex structure moduli (the
ones that are not projected out by the orientifold). This implies that, in the presence of
a mixing with the complex structure moduli, the volume mode can decay into Ramond-
Ramond Photons. To search for a mixing term between the large volume modulus and
the complex structure moduli, we have considered a Kahler potential containing only
one Kahler modulus and one complex structure modulus with a loop correction term
(3.63). Working in the LVS we have canonically normalized the fields finding the scaling
with the overall volume of the expected mixing between the volume modulus and the
complex structure modulus.
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We have then used this mixing term (appearing in the canonical normalization of the
complex structure modulus) in the gauge kinetic function of the Ramond-Ramond Dark
Photons to find the coupling between the Dark Photons and the volume modulus. In
turn, we managed to compute the resulting decay rate.
Finally, we have considered an inflationary string model, Loop Blow-Up Inflation, as a
phenomenological background in which we have evaluated the contribution to the effec-
tive number of neutrino species due to the decay of the volume modulus into Ramond-
Ramond Dark Photons.
What we have found in this scenario is a contribution to the effective number of neutrino
species

AN < 25Ny, x 107° (4.1)
which is well below the observational bounds AN.s¢ ~ 0.2 — 0.5 even if we consider a
large amount of hidden sector Dark Photons (V).

Some clarifications are now in order. We have seen that the mixing term between the
volume modulus and the complex structure modulus comes from a KK loop correction;
however, we have only used one cycle, the one associated to the large volume. In our
computations we have considered just one Kahler modulus and one complex structure
modulus to simplify the canonical normalization but, when considering the sequestered
Large Volume Scenario and inserting an inflationary background to compute the effective
number of neutrino species, it is well known that at least three different moduli are
needed. The question is: how can we claim that our construction is consistent? We are
safe with our construction and our analysis on Dark Radiation from Ramond-Ramond
U(1)s because all the computations we have done before the effective number of neutrino
species (and so the canonical normalization of the fields, the gauge kinetic function for
the Dark Photons and the decay rate), do not depend on the number of moduli we
consider and are independent from the inflationary model, and thus the analysis is quite
general.

Regarding further developments of this thesis work, it would be interesting to explore
a few different paths about RR Dark Photons:

e The most immediate extension of our work could be an analogous study to the one
we have already performed, where the Standard Model is no more on D3-branes at
singularities, but on D7-brane stacks in the so called geometric regime. In this case
one could expect to have an even lower amount of Dark Radiation contributing to
the effective number of neutrino species since the decay of the volume modulus into
Standard Model Higgses is enhanced with respect to the one seen in the sequestered
case.

e Regarding the phenomenology of bulk Dark Photons it could be interesting to study
the case in which these RR Photons become massive, inspecting the possibility of
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having regions of the moduli space where this mass can be below the string scale
entering the EFT, and thus inducing visible effects through the mixing with the
Standard Model U(1)s.

e [t could be interesting to inspect also the case of warped geometries where the
mixing between Kéahler and complex structure moduli is induced by the warp factor,
resulting potentially in a less suppressed production of Dark Radiation, and so to
a more harmful contribution to the effective number of neutrino species.
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Appendix A
KKLT Construction

The KKLT scenario is based on the presence of non-perturbative corrections to uplift the
flat directions of the Kahler moduli. Focusing for simplicity on the case of a single Kahler
modulus we have that the resulting Kéhler potential and superpotential are [3, 4, §]

K=-3In(T+T), (A1)
W =Wy + Ae T, (A.2)

where we recall that a = 27 in the case of non-perturbative corrections generated by
Euclidean D3-branes and a = 27 /N if non-perturbative corrections are generated by
gaugino condensation.

Using the expression (2.4) we have that, in this case, the scalar potential reads as

V =X (K™T Dy W DWW — 3|WJ?). (A.3)

To compute it we need the inverse Kahler metric, the first derivatives of the Kahler
potential and the covariant derivative of the superpotential; it is easy to show that they
are given by

Kr = _(TiT) = —% = Ko, (A.4)
K= s = a5
ot = AT 4—72, (A.6)

3 3
DrW = oW + W Ky = —aAe ™" — T i 7 (Wo + Ae™T). (A7)

At this point, setting Im(7") = 0 and taking W and A real [23], we can compute the full
scalar potential which turns out to be

V — (aA)Qe—ZaT 4 a_1426—2a7 =+ aAWO e—a'r,

67 272 2712 ’

this passage is justified by the fact that the axion will enter the scalar potential with a
cosine and so, minimizing V' with respect to it, will lead to an aligned or an anti-aligned

(A.8)
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phase for the axion which can be reabsorbed making the scalar potential dependent only
on 7. The minimum of the resulting scalar potential is a supersymmetric minimum since
the F-term for the Kahler modulus is equal to zero; it can be computed by imposing
DrW = 0 and therefore, by imposing (A.7) equal to zero. Doing so and inverting the
relation we can find

2
Wy = —Ae™ (1 + %) (A.9)

from which we can see that, to be able to compare the two sides of the expression, the
value of W, must be fine tuned to be exponentially small. Inverting this relation for 7

we get that
L) (_1 ) (A.10)
T~ —In .
a \[Wol

where we have neglected the subleading terms proportional to 1/7. This expression
strengthens the request of a small flux superpotential Wy to have parametric control of
the theory (i.e. to have Roy > 1) [4]. Using this minimum we have that

that tells us that the vacuum obtained with this construction is supersymmetric and
AdS and therefore it needs to be uplifted.

Using the expression (2.10) we can compute the mass of the gravitino which, in the case
of KKLT stabilization, reads as

aA

mg/2 ~ W(f . <A12)

Taking the case at > 1 we can recast the previous formula as

Wo  Wo

Of course everything is in Planck mass units. It has been shown in [41] that the mass of
the modulus is proportional to
my ~ 2aTMg)s (A.14)

which shows that the mass of the modulus is greater (even if not so much) than the
gravitino mass. If m, > 2mg/s, then the modulus could decay into the gravitini giving
rise to the so called gravitino problem. In this scenario, if the produced gravitini are
long-lived, they could decay after the start of BBN spoiling the observational predictions;
moreover, their decay could bring to an overproduction of Dark Matter.
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Appendix B

QCD Axion and String Theory
Axions

In what follows, we are going to briefly introduce the QCD axion as a solution to the
well known strong CP problem and then we are going to see how axions arise in Type
IIB string compactification.

B.1 QCD Axion

The QCD Lagrangian contains a CP violating term of the form

0 =

L= %F uw (B.1)
with Fm = e F,,/2 dual field strength tensor. In principle, this term would not
contribute to the field equations because it contains a total derivative. However, due
to the presence of the term § = 0 + arg(det m,) with § — 6 + 27 a periodic parameter
under shift symmetry and m, quark mass matrix, we have that (B.1) affects the physics
at the quantum level. Experimental bounds on the neutron electric dipole moment,
d, < 2.9-10"%¢ . cm, give a value of the parameter § which can be different from zero,
but very small § < 107!, The strong CP problem lies in the fact that this parameter
should be extremely fine-tuned to get such a small value since naively, one would expect
6 to be of order one between 0 and 2 [8, 42, 43].
A well known solution to this problem is the introduction of the so called Peccei-Quinn
axion by promoting 6 to a dynamical field (i.e. the axion a) such that the Lagrangian
reads as

1 a =
L= 5(%@8“@ + 327T—%F/“,F‘u . (BQ)

where f, is the axion decay constant. The axion a is invariant under shifts of the shape
a — a + const. and so at the classical level it is a Nambu-Goldstone boson of a broken
global symmetry that is the Peccei-Quinn shift symmetry (PQ). Although this symmetry
is preserved at perturbative level in the quantum theory, it is broken by QCD instanton
effects that generates a periodic potential for the axion [8, 42]

V ~ Abep <1 - cos<fﬁ)). (B.3)
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where Agep is the QCD energy scale. This potential gets a minimum for 6 + a/f, = 0
which allows to cancel the parameter 6 solving the CP problem. As a consequence the
axion gets a mass [43]

M, ~ 6 - 10—1°ev(1016G6V)

Ja
which depends on the axion decay constant. The lower bound on this constant comes
from astrophysical constraints and comes from supernovae axion emission f, > 10°GeV/,

(B.4)

while the upper bound has cosmological origin and it comes from the request that axions
do not overclose the universe f, < 1012GeV [8, 42].

B.2 String Theory Axions

In this section we want to focus on axions arising in Type IIB compactification. We have
seen in Subsec. 1.3.3 that after dimensional reduction we obtain a low energy spectrum
that contains KK massless modes related to the number of harmonic forms in the CY.
These massless modes could be axion-like particles which are the ones we are interested
in. Let us notice that these are closed string particles since open string axions live on
branes and their presence is model dependent. Of course, under orientifold projection,
some of these axion-like particles would be projected out from the EFT.

In Type IIB compactification on CY with O3/O7 orientifolds, we have seen that the
RR forms C5 and C, can be reduced as

Cy = c"(x)w; and Cy = pa(x)@® + ... (B.5)

wherea=1,..., k" a=1,..., hi’l and c?(x), pa(z) are pseudo-scalar axion-like fields.
They come from the integration of Cy and Cy over 2-cycles and 4-cycles respectively

c&:/ Cy and pd:/ Ch. (B.6)
22 Z4

Due to the gauge symmetry enjoyed by the C, forms, these axion-like particles inherit a
shift symmetry.

We are not going into details about the discussion on how to get a QCD axion in
Type 1IB string compactification here, but in [44] it has been argued that f, < Mp to
avoid Dark Matter overproduction and to avoid non-QCD corrections spoiling the axion
potential. Moreover, in the context of LVS moduli stabilization, it has been shown that
a consistent suppression of the axion decay constant can be obtained thanks to the large
volume limit. If the QCD axion arises from a brane stack directly wrapping a small

blow-up cycle, then we get [44]
1
fa 0.8 m (B?)
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More suppression can be obtained if the SM arises in different ways.

Another issue we would like to touch is what happens to the massless axions when
we stabilize the other moduli [45]. We know that the shift symmetry could be broken
only at non-perturbative level, while in perturbation theory it is preserved. This means
that, if the flat directions of the moduli are lifted by non-perturbative corrections as in
the KKLT scenario, then also the axions get stabilized by the same effects and develop
a mass which is of the same order of the mass of the moduli [46]. However, if moduli are
stabilized by perturbative effects they acquire a mass which is greater than the one of the
axions which could be uplifted only at subleading non-perturbative order. Considering
the LVS scenario with T, = 7, 4+ ipy, the big volume modulus and T, = 7, + ip, the
small blow-up cycle volume modulus, and performing the same computations as in Sec.
2.2, one finds the expressions (2.59) and (2.58) for the masses of the moduli. However,
including in the computations also ps, which appears as the argument of a cosine, and
minimizing the scalar potential with respect to it, it is possible to find [46]

Mp

S~ (B.8)

mp
which is exactly of the same order of the mass of the small volume modulus since they
are stabilized by the same effect. For what concerns the big-cycle axion, subleading non-
perturbative corrections for the big volume modulus of the form W, _pert = Ape T
induce a small mass for the axion p, which is given by [46]

Mpy, ~ V |WO|MP6_%bV2/3 (B.9)

that is exponentially suppressed at large volume. These very light axions could behave
as QCD axions under appropriate conditions. What it is important is that not all of
them are proper candidates for Dark Radiation since they could still be eaten up by
anomalous U(1) gauge bosons. The D-term potential' for each anomalous U(1) is given
by [45]

2
Vp ~ g° (Z G| Co|? — g) (B.10)

where C,, are the open string matter fields charged under U(1) (with charge ¢,) already
mentioned in Sec. 2.3 and £ the Fayet-Tliopoulos term given by [45]

0K

i—— M?2. B.11
q 8Tl~ P ( )

fz_

More about the D-term potential can be found in [32]
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Through D-term stabilization a combination of closed? and open?® string axions gets eaten
up by the anomalous U(1)s that acquire a mass of the form [45]

My = g [(fa7")* + (f5)?] (B.12)

with (foPem)? = |C|* and (fc°*¢d)? = M320?K/(OT?). This means that if foPen > fclosed
the axions that are eaten up are mostly the ones from open strings while forem < felosed
the eaten up axions are the ones from closed strings.

Taking into account the case of sequestered LVS described in Sec. 2.3 we have that p; is
ruled out acquiring a mass of the order of the mass of 7, while p, has a highly suppressed
mass with respect to the one of 7. It can be shown that this axion is not eaten up and
therefore it could be a product of the decay of the large volume modulus behaving as
Dark Radiation. However, being sequestered from the SM sector, it cannot be the QCD
axion. On the other hand, still in the case of sequestered LVS, also the open string axion
psum is not eaten up by anomalous U(1)s and moreover, due to the fact that its decay
constant depend on |C|?, it can be shown that if |C| acquires a non-vanishing VEV it
could behave as a QCD axion (this is not true in the ultra-local limit, but only in the
local one where the Yukawa couplings do not depend on V at leading order) [45].

2Those are "bulk” axions arising from the dimensional reduction of the p-forms, like the previous
pa,c®.

3Those are axions arising as phase of the complex scalar fields living on the brane like the matter
ones.
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