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Abstract

The Standard Model (SM) is the best theory which describes Nature at the funda-
mental level. Even if it provides very accurate predictions, the SM features some open
problems. A promising extension of the SM is the Minimal Supersymmetric Standard
Model (MSSM) provided by supersymmetry. The MSSM can provide solutions for some
of the open problems of the SM but it can su�er from the �avour supersymmetric problem
associated with the presence of large Flavour Changing Neutral Currents (FCNCs). The
�avour supersymmetric problem is related to the mechanism which mediates supersym-
metry breaking from the hidden to the visible MSSM sector. A popular supersymmetry
breaking mediation mechanism is gravity mediation but generic gravity mediated mod-
els lead to large FCNCs. The conditions to avoid FCNCs in gravity mediated models
are called mirror mediation. These conditions can naturally be satis�ed in 4D string
compacti�cations. 4D string models introduce new scalar particles, the moduli, which
interact gravitationally with matter and represent natural candidates to mediate super-
symmetry breaking to the MSSM. Promising 4D string scenarios are sequestered models

where the MSSM lives on branes at singularities and the visible sector is sequestered
from the sources of supersymmetry breaking in the bulk of the extra dimensions. So
one can realise low-energy supersymmetry and all moduli can be heavy enough to avoid
any cosmological moduli problem. In this thesis we shall focus on 4D sequestered string
scenarios and determine which models can reproduce mirror mediation without the pro-
duction of large FCNCs. We will �nd two di�erent classes of sequestered models where
only one can be compatible with present �avour constraints on FCNCs. This compari-
son with observations will provide information on important details of the microscopic
theory like the functional dependence on the extra-dimensional volume of the physical
Yukawa couplings and the Kähler potential for matter �elds.
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Introduction

The Standard Model (SM) of particle physics is the most advanced theoretical descrip-
tion of Nature providing the most sophisticated and precise predictions of all physics.
There are however still many questions about fundamental particle physics which are
not answered in the SM (gravity, dark matter, the cosmological constant problem, neu-
trino masses) and there are also many theoretical issues (hierarchy problem, the huge
number of free parameters and uni�cation of the fundamental interactions) that provide
a good reason to theoretical physicists to try to �nd a theory beyond the SM. Space-
time supersymmetry can provide answers for some of the SM problems (like neutralino
dark matter, a stable Higgs mass, gauge coupling uni�cation and radiative electro-weak
symmetry breaking) but it could provide also new problems in the phenomenology by
the introduction of the new particles. One of these possible problems is the �avour
supersymmetric problem which consists in the presence of Flavour Changing Neutral
Currents (FCNCs) in the Minimal Supersymmetric Standard Model (MSSM) by the
introduction of new particles which carry �avour. Other problems are the presence of
colour and charge breaking (CCB) vacua and the unbounded from below (UFB) scalar
potential, caused again by the introduction of new scalar particles which can provide
new competitive vacuum solutions. The mentioned problems have been heavily studied
by supersymmetry theorists encoding the boundaries that a supersymmetric extension
of the SM should respect (as studied in Ref. [25,27,29]) to solve these problems. The
most important issue of supersymmetry is that it is not realized in Nature, otherwise
we would have already seen the superpartners of the SM particles with the same mass.
Therefore supersymmetric models have to include a supersymmetry breaking mecha-
nism, and these mechanisms in�uence the phenomenology of the theory including also
the mentioned problems. Even if the supersymmetry has not been already observed (su-
persymmetric theories could be observed by detecting superpartners at the LHC if their
mass is of order the TeV scale) it is still a matter of studies because it can be seen as a
consequence of a more fundamental theory: string theory.
String theory is the most ambitious theory for fundamental physics and quantum gravity
that describes particles as states of an oscillating string. However, for consistency, the
theory should live in 10 dimensions forcing the extra dimensions to be very small (com-
pacti�ed). String theory compacti�cations lead to a landscape of 4D solutions. Some of
these vacua can allow for low energy supersymmetric models that can be very promising
for phenomenological applications. In particular, we will focus on a corner of the string
landscape where the 4D low-energy e�ective �eld theory features an MSSM visible sec-
tor with gravity mediated supersymmetry breaking. A potential problem of these string
compacti�cations is the so-called "no scale" structure which leads to the presence of new
massless �elds which act as a �fth force. The Large Volume Scenario (LVS) is a class of
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string compacti�cations that provide a successful stabilisation of the mentioned �at di-
rections with interesting phenomenological applications to supersymmetry breaking and
its mediation to the visible MSSM sector living on D-branes. This is the reason why
string LVS models are today object of studies not only for particle physics phenomenol-
ogy (Ref.[20]). In the LVS framework, sequestered models allow to keep the mass scale
of the visible sector superpartners far below the mass of the hidden sector �elds, solving
automatically the so-called cosmological moduli problem (CMP).
The aim of this thesis is to analyse the amount of �avour changing neutral currents
produced in sequestered supersymmetry breaking models within the framework of type
IIB LVS string compacti�cations where supersymmetry is broken by the F-terms of the
Kähler moduli whose interaction with MSSM �elds mediates this breaking to the vis-
ible sector generating non-zero masses for all supersymmetric particles. This thesis is
organized into three chapters:

• Chapter 1 is a brief introduction of the basic concepts of supersymmetric �eld
theories and the fundamental principles of superstring theory and type IIB com-
pacti�cations, paying particular attention to phenomenological models as the Large
Volume scenario in order to understand the analysed model.

• Chapter 2 is a brief explanation of supersymmetry breaking and a review of the
status of the art of �avour changing neutral currents in the Standard Model and in
the Minimal Supersymmetric Standard Model, with the di�erent solutions o�ered
by di�erent mediation mechanisms of supersymmetry breaking. We shall con-
centrate on the condition for gravity mediated supersymmetry breaking to avoid
dangerously large FCNCs. In this chapter we also describe the stricter constraints
imposed by the UFB potential and CCB vacua.

• Chapter 3 presents the main results of this thesis, providing a detailed analysis
which reproduces the computation for the soft parameters of the two scenarios
generated by the sequestered supersymmetry breaking model of [39]. We then
analyse if these scenarios respect or not the �avour constraints and the UFB and
CCB bounds. We also compare this result with the literature �nding a light dis-
crepancy. After determining the acceptability of the model we try to understand
its phenomenological applicability.

In the conclusion section, we try to understand if the �avour bounds on the di�erent
scenarios provided by the model could give us some clues about the fundamental theory,
in particular trying to understand the validity of the hypothesis made in Ref.[16] about
the moduli dependence of the physical Yukawa couplings and the Kähler metric for
MSSM matter �elds.



Chapter 1

Supersymmetry and Superstring

Theory

1.1 Supersymmetry

Supersymmetry was historically developed in the string theory framework in order to
extend the bosonic string to describe also the fermionic particles producing the so-called
Superstring theory. This was made starting from the work of Ramond in 1971 [1]. Only
in the second half of the 1970s supersymmetry was applied to �eld theory resulting in the
�rst supersymmetric �eld theory proposed by Freedman, Van Nieuwenhuizen, Ferrara in
1976 [2].

1.1.1 One reason for supersymmetry

Supersymmetry can be used to solve some of the open problems of the Standard Model
of particle physics like the stabilisation of the Higgs mass [3]. Considering the regularized
correction to the mass of the Higgs boson:

∆m2
H = −|λf |

2

8π2
Λ2
UV + ... (1.1)

if one looks at the coupling of the Higgs �eld with a heavier scalar particle the correction
is:

∆m2
H =

λs
16π2

[
Λ2
UV − 2mS ln(ΛUV /mS) + ...

]
. (1.2)

If now one considers a heavier fermionic particle which does not directly couple with the
Higgs �eld the correction due to the gauge interactions is:

∆m2
H = CHTF

(
g2

16π2

)2 [
aΛ2

UV + 24m2
F ln(ΛUV /mF ) + ...

]
. (1.3)

So even if one rejects the physical interpretation of the cut o� ΛUV the mass of the
Higgs is a�ected by corrections proportional to the masses of possible heavier particles.
One possible solution is to tune the counterterm to remove the possible contributions
induced by heavier masses, but it may seem unnatural. Supersymmetry provides a

3



4 CHAPTER 1. SUPERSYMMETRY AND SUPERSTRING THEORY

natural solution. Let us consider a soft supersymmetry breaking model. In this case, the
contribution is:

∆m2
H = m2

soft

[
λ

16π2
ln(ΛUV /msoft) + ...

]
, (1.4)

with msoft the mass of the lightest superparticle. In this way the quadratic dependence
on the regulator ΛUV is removed and, to keep the mass of the Higgs at the experimental
value, the mass of the superparticle should be around the TeV scale. This provides an
experimental constrain to the supersymmetric models and a solution to the instability
of the Higgs mass.

1.1.2 Super-Poincaré Group

Supersymmetry can be presented starting from the extension of the concept of Lie alge-
bra. The Lie superalgebra of the operators Oa is de�ned as:

OaOb − (−1)ηaηbObOa = iC l
abOl (1.5)

with:

ηa =

{
0 if Oa is bosonic operator
1 if Oa is fermionic operator.

(1.6)

Spacetime supersymmetry can be then introduced as an extension of the Poincaré group
with the introduction of new fermionic generators.
The generators of the Poincaré group are: Pµ, Lµν . The algebra of the Poincaré group
is given by:

[Pµ, Pν ] = 0

[Lµν , Pρ] = −i~gµρPν + i~gνρPµ
[Lµν , Lρσ] = −i~gµρLνσ + i~gµσLνρ − i~gνσLµρ + i~gνρLµσ.

(1.7)

The new generators Qα belong to the fundamental representation of the group SL(2,C)
(they are left-handed Weyl spinors ) and respect the following anti-commutation relation
with the elements of the conjugate representation (right-handed Weyl spinors) Qβ̇:{

Qα, Qβ̇

}
= 2(σµ)αβ̇Pµ. (1.8)

The commutation rules with the others generators of the Poincaré group are:

[Qα, L
µν ] = (σµν) β

α Qβ

[Qα, P
µ] =

[
Q
α̇
, P µ

]
= 0

{Qα, Qβ} = 0.

(1.9)

The action of Qα on a state is to transform it from bosonic to fermionic and vice versa:

Qα |B〉 = |F 〉 . (1.10)

The anti-commutation relation (1.8) shows that by double applying the generators to a
state it gives back the same initial state but translated and this is the reason why it is
a spacetime symmetry.
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1.1.3 Supermultiplet

In order to describe the representations of the super-Poincaré algebra with N = 1 su-
persymmetry one has to de�ne the Casimir operators such that they are invariant under
supersymmetry transformation. The usual Casimir operators of the Poincaré group are:

C1 = P µPµ

C2 = W µWµ, Wµ =
1

2
εµνρσP

νLρσ.
(1.11)

The �rst mass Casimir can be still used but the second one based on the Pauli-Lubanski
vector Wµ is no more invariant under the super-Poincaré group, as one can see from the
equation (1.9). To solve this problem it has been de�ned a new Casimir operator:

Bµ := Wµ −
1

4
Qα̇(σµ)α̇βQβ

Cµν := BµPν −BνPµ

C̃2 := CµνC
µν .

(1.12)

We will consider only the massless representation because it is the one which forms the
multiplets of the Standard Model. Let us �x the eigenvalue of Pµ pµ = (E, 0, 0, E), in
this choice of the reference system both C1 and C̃2 are equal to zero. Let us consider
now the anti-commutation relation (1.8):

{
Qα, Qβ̇

}
= 2(σµ)αβ̇Pµ = 2E(σ0 + σ3)αβ̇ = 4E

(
1 0
0 0

)
αβ̇

(1.13)

which means that Q2 = 0.
The algebra (1.13) of Q1 is the one of a fermionic harmonic oscillator, this can be seen
by normalizing the generators:

a :=
Q1

2
√
E
, a† :=

Q1̇

2
√
E

(1.14)

obtaining the usual anti-commutation relation:{
a, a†

}
= 1. (1.15)

The particles states in the supermultiplet are labelled by |pµ, λ〉. One can derive the
commutation relation between J3 (the third generator of the rotations) and the annihi-
lation operator a using the spinorial nature of a obtaining [a, J3] = 1

2
a [4]. From the

relation is possible to see the action of the annihilation operator:

J3(a |pµ, λ〉) =

(
λ− 1

2

)
|pµ, λ〉 (1.16)

and similarly for a†. So the action of the operator a destroys one half unity of helicity
while the action of the operator and a† creates one half unity of helicity. The supermul-
tiplet can be built starting from the Cli�ord vacuum |Ω〉, de�ned such that a |Ω〉 = 0
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and by the commutation relation a†a† |Ω〉 = 0. The only states in the supermultiplet
will be:

|Ω〉 = |pµ, λ〉 , a† |Ω〉 = |pµ, λ+ 1/2〉 . (1.17)

Adding also the CPT conjugate the full supermultiplet will be:

|pµ,±λ〉 , |pµ,±(λ+ 1/2)〉 . (1.18)

The resulting supermultiplet will contain for each half integer helicity particle also one
integer helicity particle.

1.1.4 Super�elds

The supersymmetric quantum �eld theories are based on the concept of super�eld which
is an extension of the usual �eld de�nition, with a well de�ned law of transformation
under the action of the super-Poincaré group. The super�elds are de�ned not on the
usual spacetime but on the superspace that can be de�ned starting from a general element
of the super-Poincaré group:

g = exp
[
i
(
ωµνLµν + aµPµ + θαQα + θα̇Q

α̇
)]
. (1.19)

Using the parameters of the supersymmetry transformation one can de�ne the superspace
as the coset:

Msuperspace =
{
ωµν , aµ, θα, θα̇

}
/ {ωµν} (1.20)

where θα and θα̇ are Grassmann variables. The super�elds can then be expressed as Tay-
lor expansion on the Grassmann variables, the most general one is the scalar super�eld:

S(xµ, θα, θα̇) =ϕ(x) + θψ(x) + θχ+ θθM(x) + θθN(x) + (θσµθ)Vµ(x)

+ (θθ)θλ(x) + (θθ)θρ(x) + (θθ)(θθ)D(x)
(1.21)

it is not a irreducible representation of the super-Poincaré group but it is the most
general possible super�eld, the variations of the components under the supersymmetry
transformation are:

δϕ(x) = εψ(x) + ε̄χ̄(x), δψ(x) = 2εM + σµε̄ (i∂µϕ− Vµ) ,

δχ̄(x) = 2ε̄N − εσµ (i∂µϕ− Vµ) , δM = ε̄λ̄− i

2
∂µψσ

µε̄,

δN = ερ+
i

2
εσµ∂µχ̄, δD =

i

2
∂µ(εσµλ̄− ρσµε̄),

δVµ = εσµλ̄+ ρσµε̄+
i

2
(∂νψσµσ̄νε− ε̄σ̄νσµ∂νχ̄),

δλ̄ = 2ε̄D +
i

2
(σ̄νσµε̄)∂µVν + iσ̄µε∂µM,

δρ = 2εD − i

2
(σν σ̄µε)∂µVν + iσµε̄∂µN.

(1.22)
It is important to notice that the D �eld variation is a total derivative so, D is not a
dynamical �eld but it is an auxiliary �eld that can be removed from the equation of
motion and it forms the famous so-called D-term.
The super�elds which are irreducible representations of the super-Poincaré group are:
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• Chiral, de�ned such that Dα̇Φ = 0 (Dα̇ := −∂α̇ − iθβ(σµ)βα̇∂µ):

Φ(xµ, θα, θα̇) =ϕ(x) +
√

2θψ(x) + θθF 1(x) + iθσµθ∂µϕ(x)

− i√
2

(θθ)∂µψ(x)σµθ − 1

4
(θθ)(θθ)∂µ∂

µϕ(x),
(1.23)

it is possible also to de�ne an anti-chiral super�eld such that DαΦ̄ = 0, it is
important also to notice that any holomorphic function of a chiral super�eld is a
chiral super�eld.

• Vector or real, de�ned such that V (x, θ, θ) = V †(x, θ, θ)

V (xµ, θα, θα̇) =C(x) + iθχ(x)− iθχ =
i

2
θθ(M(x) + iN(x))− i

2
θθ(M(x)− iN(x))

+ θσµθVµ(x) + iθθθ

(
−iλ(x) +

i

2
σµ∂µχ(x)

)
+

− iθθθ
(
iλ(x)− i

2
σµ∂µχ

)
+

1

2
(θθ)(θθ)

(
D(x)− 1

2
∂µ∂

µC(x)

)
.

(1.24)
Notice that if Λ is a chiral super�eld it is possible to de�ne the gauge transforma-
tion:

V ′ = V − i

2

(
Λ− Λ†

)
(1.25)

with the non abelian generalization:

e2qV ′ = eiqΛ
†
e2qV e−iqΛ. (1.26)

1.1.5 Action

The dynamics of the super�elds is described by, as for the usual �elds, an action, whose
variation under the supersymmetry transformation is negligible. In details it is based on
the D and F terms of respectively a real super�eld named Kähler potential (which is a
real arbitrary function of Φ and Φ†) and a chiral super�eld named superpotential (which
is an arbitrary holomorphic function of Φ). The action is de�ned as:

S =

∫
d4x

∫
d4θ(K(Φ,Φ†) + ξV ) +

∫
d4x

∫
d2θ(W (Φ) + f(Φ)WαWα + h.c.). (1.27)

• K(Φ,Φ†) is the Kähler potential with the general form K = Φ†e2qV Φ where V s are
the gauge �elds and Φs are the matter �elds.

• W (Φ) is the superpotential that can be Taylor expanded as function of Φ

W (Φ) = W0 + λΦ +
m

2
Φ2 +

g

3
Φ3. (1.28)

1The transformation under supersymmetry of F is a total derivative δF = i
√
2εσµ∂µψ, this makes F

an auxiliary �eld that can be removed, we talk about F-term of a chiral super�eld.
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• Wα is the �eld strength for the gauge �elds and it is de�ned:

Wα := −1

4
(DD)DαV, (1.29)

with the non abelian generalization:

Wα := − 1

8q
DD

(
e−2qVDαe2qV

)
. (1.30)

• f(Φ) is the gauge kinetic function which encodes the gauge coupling.

• ξV is the Fayet-Iliopoulos term only for abelian gauge theories.

The most important term of the action is the scalar potential which has two contributions,
one coming from the F-term of the superpotential and the other coming from the D-term
of the FI term and the Kähler potential (for gauge theories). The F-term scalar potential
is de�ned as:

VF (ϕ) = −FF ∗ (1.31)

the F-term is de�ned by its equations of motion:

F = − ∂W ∗

∂Φ

∣∣∣∣
Φ=ϕ

. (1.32)

The resulting scalar potential is:

VF (ϕ) =

∣∣∣∣∂W ∗

∂Φ

∣∣∣∣2
Φ=ϕ

≥ 0 (1.33)

with ϕ the scalar �eld component of Φ, the scalar potential obtained is positive de�ned.
The D-term potential, which is also positive de�ned, is de�ned as:

VD(ϕ) =
1

8

(
ξ + 2q|ϕ|2

)2
(1.34)

where q is the charge of ϕ under the gauge interaction.
The D-term is de�ned as:

D = ξ + 2q|ϕ|. (1.35)

As for the SM, the scalar potential plays a very important role in the supersymmetric
theories because it can describe the spontaneous breaking of the supersymmetry.
The N = 1 supersymmetric theory is equivalent to a usual quantum �eld theory with
the same coupling and mass for the �elds which are components of the same super�eld.
For example the Wess-Zumino model is:

K = ΦΦ†

W =
m

2
Φ2 +

g

3
Φ3

(1.36)

computing the Lagrangian one gets:

L = ∂µϕ∂
µϕ∗ + iψ̄σ̄µ∂µψ − (mϕ+ gϕ2)2 −

(m
2

+ gϕ
)
ψψ −

(m
2

+ gϕ∗
)
ψ̄ψ̄. (1.37)
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Non-Renormalization Theorem

The most important theorem in supersymmetric �eld theory is the non-renormalization
theorem which starting from the symmetries of the system demonstrates the possible
ways of renormalization of the supersymmetric action [5]. The summarized results are:

• the superpotential W (Φ) is not renormalized perturbatively (but it can be a�ected
by non-perturbative corrections);

• the gauge kinetic function f(Φ) is renormalized only at one loop;

• the Kähler potential K(Φ,Φ†) is renormalized perturbatively at any order;

• the FI term ξ is not renormalized.

1.1.6 Supergravity

Supergravity can be de�ned in the same way of gravity, which is automatically obtained
making local the Poincaré symmetry trough the metric gµν(x). In the same way one
can obtain supergravity making local the supersymmetry and obtaining the "gravitino"
ψαµ(x), for consistency also the Poincaré symmetry should become local producing auto-
matically gravity. The supergravityN = 1 supermultiplet includes: (eµa , ψ

µ
α,M, ba) where

eµa are the tetrads (vectors spanning the tangent space gµν = gabe
a
µe
b
ν), M is a complex

scalar auxiliary �eld and ba is a real vector auxiliary �eld. The action describing the
pure supergravity theory is:

SSUGRA =− 1

2

∫
d4x
√
−g
[
R +

1

2
εµνρσ(ψ̄µσ̄νDρψσ − ψµσνDρψ̄σ)+

+ Auxiliary �elds terms] .

(1.38)

Once one introduces �elds coupled with gravity in the description it has to properly
covariatise the action of the theory which couple with gravity. The Kähler potential and
the superpotential have to respect the Kähler symmetry:

K(Φ,Φ†)→ K ′(Φ,Φ†) = K(Φ,Φ†) + h(Φ) + h†(Φ†)

W (Φ)→ W ′(Φ) = e−h(Φ)W (Φ)
(1.39)

with h(Φ) and holomorphyc function of Φ.
The resulting theory has the following F-term scalar potential:

VF = eK
(
KijDiWDjW − 3|W |2

)
. (1.40)

with Di = ∂iW +W∂iK the Kähler covariant derivative. The F-term will be:

F i = eK/2KijDjW. (1.41)

The important fact is that in supergravity the F-term scalar potential is not positive
de�ned, as in global supersymmetry, but it has the negative term 3|W |2 which can lower
the cosmological constant.
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1.1.7 Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model is the minimal supersymmetric extension
of the Standard Model (with N = 1). In the MSSM for each existing particle it is asso-
ciated a new particle called the superpartner which has opposite fermion-boson nature.
The �elds which are involved in the MSSM are exposed in Table 1.1 and 1.2.

Super�elds Spin 0 Spin 1/2 SU(3)C SU(2)L U(1)Y

Qi

(
ũL, d̃L

)
i

(uL, dL)i 3 2 1/6

uci ũcR,i ucR,i 3 1 -2/3

dci d̃cR,i dR,i 3 1 1/3
Li (ẽL, ν̃L)i (eL, νL)i 1 2 -1/2
eci ẽcR,i ecR,i 1 1 1
νci ν̃cR,i νcR,i 1 1 0

Hu (H+
u , H

0
u)

(
H̃+
u , H̃

0
u

)
1 2 1/2

Hd

(
H0
d , H

−
d

) (
H̃0
d , H̃

−
d

)
1 2 -1/2

Table 1.1: Chiral super�elds in the MSSM.

Super�elds Spin 1/2 Spin 1 SU(3)C SU(2)L U(1)Y
G G̃ G 8 1 0

W W̃±, W̃ 0 W±, W 0 1 3 0

B B̃0 B0 1 1 0

Table 1.2: Vector super�elds in the MSSM.

The new Higgs �elds are fundamental to keep the trace relation TrU(1)Y = 0 that re-
moves the gravitational anomalies.
The action of the MSSM is made by:

• the Kähler potential K = Φ†e2qV Φ where V ≡ g3T
aGa + g2

σi
2
Wi + g1

Y
2
B is the

collection of the gauge �elds and Φs are the matter �elds;

• the gauge kinetic functions fa = τa where Re(τa) = 4π
g2a

which determine the gauge
couplings of the theory;

• The FI term is set to zero otherwise it would break charge and color ξ = 0;

• The superpotential is:

W = YαβγΦ
αΦβΦγ + µHuHd +WBL (1.42)

WBL is a Barion and Lepton number cancellation term that would induce a proton
decay. In order to preserve the stability of the proton in the theory, it can be
removed by introducing a new discrete symmetry: the R-parity. The R-parity
is a discrete Z2 symmetry that has eigenvalue 1 for usual particles and −1 for
superpartners. Yαβγ are the Yukawa couplings and µ is the mass term for the
Higgs named µ-term.
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Uni�cation

In the MSSM another advantage is the uni�cation of the gauge couplings, whose running
is modi�ed by the new supersymmetric particles. The superparticles introduce new
loop corrections in the RG �ow of the couplings resulting in the intersection of them at
MGUT ∼ 1016GeV as shown in Figure 1.1.

µ

αa

µ

αa

MGUT

Figure 1.1: (Left) The gauge couplings qualitative behaviour in the SM. (Right) The
gauge couplings qualitative behaviour in the MSSM.

The couplings unify at the value αGUT ' 1/25.
The big advantage of the uni�cation is to provide a natural solution to the behaviour
of the couplings in the SM, where they approach each others but do not intersect in a
common value.
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1.2 Superstring Theory

String theory was historically developed to describe hadrons but was yet abandoned
for the Quantum Chromodynamics (QCD) which describes the fundamental interactions
between quarks that form the hadrons. In 1974 Joel Scherk and John H. Schwarz decided
to propose string theory as a fundamental theory for particle physics considering the
particles as strings with length ls = lp. The �rst theory developed was able to describe
only bosonic states and in fact, it is called bosonic string theory.
The bosonic string is described by the Polyakov action:

S =
1

4πα′

∫
d2σ
√
−ggαβ∂αXµ∂βX

νηµν , (1.43)

with Xµ the worldsheet �elds with µ = 0, ..., D − 1, σ are the worldsheet coordinates
(τ time-like coordinate and σ the space-like coordinate along the string), gαβ is the
worldsheet metric, ηµν is the Minkowski background metric and α′ is associated to the
string tension and in particular it is related to the string length.
More than the absence of fermionic states the bosonic string theory has a very important
issue: the ground state excitation of the string has negative mass. The mass squared is
[6]:

M2 = − 1

α′
D − 2

6
(1.44)

where D is the dimension of the spacetime which is not �xed. This result states that the
bosonic string theory does not have a stable vacuum. The second issue came out by the
�rst excited state mass [6]:

M2 =
4

α′

(
1− D − 2

24

)
(1.45)

the �rst exited state lies in a representation of SO(D − 2) and in order to preserve the
Lorentz SO(1, D − 1) symmetry it has to be a massless representation so D = 26.
The introduction of fermions removes the tachyonic problem and change the number of
spacetime dimensions.
To describe also fermions in the theory a fermionic �eld has to be introduced on the
worldsheet obtaining the superstring Brink-di Vecchia-How action [7]:

S =
1

4πα′

∫
d2σ
√
−g
[
gαβ∂αX

µ∂βX
νηµν +

i

2
ψ̄µ∂ψνηµν+

+
i

2
(χ̄αγ

βγαψµ)

(
∂βX

ν − i

4
χ̄βψ

ν

)
ηµν

] (1.46)

where ψµ is a D-plet of Majorana fermions and χA is an auxiliary Majorana �eld neces-
sary for local supersymmetry. Through the gauge symmetries the auxiliary �elds can be
�xed out obtaining the Ramond-Neveu-Schwarz action [7]:

S =
1

4πα′

∫
d2σ

(
ηαβ∂αX

µ∂βXµ − iψ̄µγα∂αψµ
)
. (1.47)

The RNS action presents a local N = 1 2D supersymmetry so it is invariant under the
transformation [8]:

δXµ = ε̄ψµ

δψµ = −iγαε∂αXµ (1.48)
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with ε in�nitesimal spinor.

1.2.1 Normal Mode Expansion

The spectrum of the string is obtained performing a canonical quantization starting from
the normal mode expansion of the string �elds. The normal mode expansion can be done
using the lightcone coordinates on the worldsheet:

σ± = τ ± σ. (1.49)

In this coordinates the components of the Majorana �eld ψµ are:

ψµ(τ, σ) =

(
ψµ−
ψµ+

)
, (1.50)

with a real Majorana 2D representation of the Cli�ord algebra:

γ0 =

(
0 −i
i 0

)
, γ1 =

(
0 i
i 0

)
. (1.51)

In this new coordinates the action will become:

S =
1

4πα′

∫
d2σ

(
∂+X

µ∂−Xµ + iψµ†+ ∂−ψ+µ − iψµ†− ∂+ψ−µ

)
. (1.52)

This action describes two independent excitations both for Xµ and ψµ �elds, in fact:

Xµ(σ, τ) = Xµ
R(σ−) +Xµ

L(σ+)

ψµ(σ, τ) =

(
ψ−(σ−)
ψ+(σ+)

)
.

(1.53)

By the fact that we are interested only in closed strings (open strings are described in
Type I string theory) the boundary conditions can be periodic or anti-periodic. For the
bosonic Xµ excitations the boundary conditions are periodic:

Xµ|σ=0 = Xµ|σ=π. (1.54)

The resulting mode expansion in σ± coordinates system is [6]:

Xµ
L(σ+) =

1

2
xµ +

1

2
α′pµσ+ + i

√
α′

2

∑
n6=0

1

n
α̃µne

−inσ+ ,

Xµ
R(σ−) =

1

2
xµ +

1

2
α′pµσ− + i

√
α′

2

∑
n6=0

1

n
αµne

−inσ− .

(1.55)

A few comments on the scalar mode expansion from [6]:

• the two excitations do not satisfy the boundary conditions individually but their
sum does,
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• xµ and pµ are the position and the momentum of the string centre of mass,

• the reality condition of Xµ imposes the constrains on the coe�cients of the Fourier
modes:

αµn = (αµ−n)∗, α̃µn = (α̃µ−n)∗. (1.56)

For the spinorial �eld the boundary conditions can be both periodic or anti-periodic:

ψ+|σ=0 = ±ψ+|σ=π, ψ−|σ=0 = ±ψ−|σ=π. (1.57)

The boundary conditions are named: Ramond (R) for + sign and Neveu-Schwarz (NS)
for − sign. In this way for closed strings the spectrum will present R-R, NS-NS, NS-R,
R-NS sectors of di�erent states.
The mode expansions are [7]:

ψµ− =
∑
n∈Z

dµne
−2inσ− or

∑
r∈Z+1/2

bµr e
−2irσ−

ψµ+ =
∑
n∈Z

d̃µne
−2inσ+ or

∑
r∈Z+1/2

b̃µr e
−2irσ+

(1.58)

where the sum over the integers is associated to the R sector and the sum over the
integers plus one half is associated to the NS sector.
The choice of a metric locally conformally �at imposes the constraints [6]:

Tαβ = 0 (1.59)

in the lightcone gauge the constraints are:

T++ = ∂+X
µ∂+Xµ +

i

2
ψ+∂+ψ+ = 0

T−− = ∂−X
µ∂−Xµ +

i

2
ψ−∂−ψ− = 0

(1.60)

T+− = T−+ = 0 because the energy-momentum tensor is traceless.
From the gauge �xing of the auxiliary �elds the constraints on the charge conserved
under supersymmetry transformation are:

J++ = ψ+∂+X = 0

J−− = ψ−∂−X = 0.
(1.61)

A fundamental operator in the string quantum theory is the sum of oscillator modes
which for open strings are [6,7]:

LNSm =
1

2

∞∑
n=−∞

αm−nαn +
1

2

∞∑
r=−∞

(
r +

1

2
m

)
b−rbm+r = 0

LRm =
1

2

∞∑
n=−∞

αm−nαn +
1

2

∞∑
n=−∞

(
n+

1

2
m

)
b−nbm+n = 0.

(1.62)
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These operators are important because in the quantum theory they will form the physical
condition for states:

Lm |phys〉 = 0, m > 0. (1.63)

For the 0 component there is a order ambiguity that can be solved introducing:

(L0 − a) |phys〉 = 0 (1.64)

with a a quantity that is �xed in the quantum theory.

1.2.2 String Spectrum

The string spectrum is fundamental to understand the possible states described by the
Type IIB string theory. In order to quantize the string states is important, �rst, to move
to the lightcone gauge:

X± =

√
1

2
(X0 ±XD−1)

ψ± =

√
1

2
(ψ0 ± ψD−1),

(1.65)

with the gauge �xing conditions:

X+(σ, τ) = x+ + p+τ

ψ+ = 0.
(1.66)

In this gauge the physical constraints will be [7,8]:

∂+X
− =

1

p+

(
∂+X

i∂+Xi +
i

2
ψi∂+ψi

)
ψ− =

2

p+
ψi∂+Xi

(1.67)

The satisfaction of the Lorentz algebra in the lightcone gauge is not forgone, in fact,
for NS boundary conditions, the satisfaction means that [J i−, J j−] has to vanish. The
expression for [J i−, J j−] is [8]:

[
J i−, J j−

]
=(p+)−2

∞∑
m=1

[
m

(
1− D − 2

8

)
− 1

m

(
2aNS −

D − 2

8

)]
(αi−mα

j
m − α

j
−mα

i
m) = 0.

(1.68)

The result is that to preserve the Lorentz symmetry, di�erently of the bosonic string,
D = 10 and aNS = 1/2. The same computation can be done for the R states giving
aR = 0.
After the canonical quantization procedure (the coe�cients of the Fourier modes are pro-
moted to operators) in the lightcone gauge some of the resulting states are incompatible
with the symmetries of the worldsheet. In order to keep only the states compatible with
the symmetries of the worldsheet it has been de�ned the GSO (Gliozzi-Scherk-Olive)
projectors [7]:

GNS = (−1)
∑∞
r=1/2 b

i
−rb

i
r , for NS states

GR = Γ11(−1)
∑∞
n=1 d

i
−nd

i
n for R states,

(1.69)
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with b and d are the NS and R creation operators and Γ11 is the 10 dimensional version
of the γ5 matrix. The GSO projectors remove the states with eigenvalue -1 for NS while
for the R sector the states to be removed is a matter of convention.
The states of the NS sector are bosonic while the states of the R sector are fermionic [9],
so the combinations in the closed string spectrum are fermionic for NS-R and R-NS and
bosonic for R-R and NS-NS.
For this thesis we are interested in the Type IIB string theory which describes the right-
moving and the left-moving R sector ground states with the same chirality (producing
a chiral theory). The resulting spectrum is a N = 2 and D = 10 supergravity multiplet
with the following states:

• in the NS-NS sector: graviton, two-form, dilaton;

• in the NS-R sector: gravitino, dilatino;

• in the R-NS sector: gravitino, dilatino;

• in the R-R sector: scalar, two-form, four-form.

The resulting spectrum will enter in the e�ective �eld theory.

1.2.3 E�ective Field Theory

The e�ective �eld theory of Type IIB string theory can be obtaining by considering the
description of the spectrum of the string ground state. The same can be obtained by
considering the interactions of the string with the background �elds of the ground state
and requiring the preservation of the conformal symmetry also at the quantum level,
imposing the β functions to be equal to zero.
The 10D N = 2 supergravity action of Type IIB string theory is [10]:

SIIB = SNS + SR + SCS,

SNS =
1

2κ2
10

∫
d10x
√
−Ge−2Φ

(
R + 4∂µΦ∂µΦ− 1

2
|H3|2

)
,

SR = − 1

4κ2
10

∫
d10x
√
−G

(
|F1|2 + |F̃3|2 +

1

2
|F̃5|2

)
,

SCS = − 1

4κ2
10

∫
C4 ∧H3 ∧ F3,

(1.70)

with:
F̃3 = F3 − C0 ∧H3

F̃5 = F5 −
1

2
C2 ∧H3 +

1

2
B2 ∧ F3.

(1.71)

Fp+1 = dCp is the �eld strength associated to the p-form for R-R �elds and Hp+1 =
dBp is the �eld strength associated to the p-form for NS-NS �elds. The Chern-Simons
term seems to brake the gauge invariance by the direct use of C4 but thanks to the
Bianchi identities of the �eld strengths it is gauge invariant. It is useful to see only the
bosonic part of the action because it is the one which is important in the compacti�cation
procedure but there are also the fermionic partners.
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1.2.4 D-brane

A p-brane can be seen as generalization of the coupling between a point-like particle and
a potential: ∫

Aµdx
µ →

∫
BM1...Mp+1dx

M1 ∧ ... ∧ dxMp+1 (1.72)

with BM1...Mp+1 an antisymmetric tensor of rank p+ 1.
D-branes were initially introduced as boundary conditions for the open string, in fact,
Dirichlet boundary conditions for an open bosonic string are:

X i = constant, i = p+ 1, ..., 9. (1.73)

As open string's boundary conditions the D-brane is an in�nitely extended rigid sheet in
p spacial dimensions. Later it was discovered that D-branes are dynamical objects with
a central role in string phenomenology.
The spectrum of the Dp-brane can be obtained considering an open string bounded on
the Dp-brane with the corresponding states in the spectrum that propagate in (p + 1)-
dimensional volume [11]. The spectrum is a representation of the reduced SO(p − 1)
Lorentz group consisting in:

• vector gauge boson Aµ,

• 9− p real scalar �elds φi,

• spinor λα,

resulting in a U(1) supermultiplet with 16 supersymmetries in p+ 1 dimensions.
The e�ective action of a Dp-brane can be derived by the amplitude of the exchanging of
closed strings between two Dp-branes. The resulting action is given by a combination of
the DBI (Dirac-Born-Infeld) action for non-linear electrodynamics and a Chern-Simmons
term [11,12]:

Sp = SDBI + SCS

SDBI = −(α′)(p+1)/2

(2π)p

∫
Vp+1

dp+1xe−Φ
√
−det(P [G+B]− 2πα′F )

SCS =
(α′)(p+1)/2

(2π)p

∫
Vp+1

P

[∑
q

Cq

]
∧ e2πα′F−B ∧ Â(R),

(1.74)

where Fµν is the �eld strength of the gauge �eld, Φ is the dilaton in the NS-NS sector,
B2 is the two-form from the NS-NS sector, Gµν is the background metric, Cqs are the

R-R q-forms and Â(R) is the A-roof polynomial de�ned as:

Â(R) = 1− 1

24(8π2)
trR2 + ... (1.75)

with R the spacetime curvature. P [E] is the "pull-back" of the spacetime tensor E into
the brane worldvolume de�ned as:

P [E]µν = Eµν + Eµi∂νφ
i + ∂µφ

iEiν + ∂µφ
i∂νφ

jEij, (1.76)

with φi the scalars in the Dp-brane spectrum.
In Type IIB string theory the RR-sector is made by even-degree forms which will couple
to odd p Dp-branes allowing only odd p Dp-branes.
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1.3 Type IIB Compacti�cation

The explained theory is in 10 dimensions but the physical world is in 4 dimensions. This
means that the other six dimensions have to be compacti�ed in a compact manifold
so the ten-dimensional spacetime can be decomposed as the product of the usual four-
dimensional Minkowski spacetime and the compacti�ed microscopic extra dimensions:

M10 =M4 ×X6. (1.77)

To keep a four-dimensional N = 1 spacetime supersymmetry X6 has to be a complex
Kähler and Ricci-�at manifold, it has to be a Calabi-Yau manifold.
The 4D theory is obtained by a Kaluza-Klein reduction of the 10D theory by expanding
all the �elds into modes of the X6 that respect the Laplacian equation which are in one
to one correspondence with the harmonic forms on X6 [10]. The harmonic forms on X6

are counted by the dimension of the non trivial cohomologies of the Calabi-Yau [13].
The properties of the Calabi-Yau strongly a�ect its Hodge decomposition leaving only
the cohomology groups expressed in Table 1.3.

Cohomology group Dimension Basis

H(1,1) h(1,1) ωA
H(2,2) h(1,1) ω̃A

H(3) 2h(2,1) + 2 (αG, β
G)

H(2,1) h(2,1) χK
H(3,3) 1 vol

Table 1.3: Cohomology groups on X6 and their basis.

The ansatz for the background metric in the Kaluza-Klein reduction from the 10D theory
to the e�ective 4D theory is:

ds2 = ηµνdx
µdxν + gij(y)dyidyj. (1.78)

The �uctuations around the background metric describe the four-dimensional graviton
gµν and the deformations of the Calabi-Yau are decomposed in h(1,1) real Kähler structure
deformations vA and h(2,1) complex structure deformations zA.
The Kähler structure deformations are the deformations of the Kähler form J = iGijdy

i∧
dyj which can be expanded as:

J = vAωA, A = 1, ..., h(1,1), (1.79)

and the complex structure deformations, which are in one to one correspondence with
the (1, 2)-harmonic forms, are de�ned by:

δgij =
i

||Ω3||2
zK(χ̄K)īij̄Ω

īj̄
3 j, (1.80)

with ||Ω3||2 = 1
3!

Ω3ijkΩ̂
ijk
3 . The forms in the string spectrum expanded on the basis of

the cohomology groups are:

B2 = B̂2(x) + bA(x)ωA, C2 = Ĉ2(x) + cA(x)ωA, A = 1, ..., h(1,1)

C4 = DA
2 (x) ∧ ωA + V G(x) ∧ αG − UG(x) ∧ βG + ρA(x)ω̃A, G = 0, ..., h(1,2).

(1.81)
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The resulting spectrum is a collection of N = 2 supermultiplets:

• gravity multiplet (Gµν , V
0),

• h(2,1) vector multiplets (V K , zK),

• h(1,1) hypermultiplets (vA, bA, cA, ρA),

• double-tensor multiplet (B̂2, Ĉ2,Φ, C0).

Orientifold Projection

The resulting theory, from manifold compacti�cation, has N = 2 supersymmetry and
in order to truncate the supermultiplets and obtain a N = 1 supersymmetryc theory it
is required to perform a orientifold projection. The orientifold projection is performed
considering the Type IIB on X6 and then modding out by the orientifold action ΩR,
where Ω is (practically) the worldsheet parity and R is a Z2 discrete symmetry of X6.
The points �xed under R form the Op-planes which span the Minkowski spacetime and
wrap cycles on X6.
Before seeing the e�ective action let us see the supermultiplet from the orientifold pro-
jection. We will consider the O3/O7 planes landscape which arise from projection of the
form (−1)FLΩR [10]. The behaviour of the bosonic states under the action of Ω and
(−1)FL are expressed in Table 1.4.

Field Ω (−1)FL

Φ even even
Gµν even even
B2 odd even
C0 odd odd
C2 even odd
C4 odd odd

Table 1.4: Type IIB spectrum under the two operations.

The action of R in the O3/O7 planes landscape is:

R∗J = J

R∗Ω3 = −Ω3

(1.82)

where J is the X6 Kähler form, Ω3 is the holomorphic 3-form and R∗ is the pull-back of
the map R. To preserve the invariance of the states they have to transform as:

R∗Φ = Φ, R∗Gµν = Gµν , R∗B2 = −B2,

R∗C0 = C0, R∗C2 = −C2, R∗C4 = C4.
(1.83)

Since R is an holomorphic involution the cohomology group splits into two eigenspace:

H(p,g) = H
(p,q)
+ ⊕H(p,q)

− . (1.84)
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Cohomology group Dimension Basis

H
(1,1)
+ H

(1,1)
− h

(1,1)
+ h

(1,1)
− ωα ωa

H
(2,2)
+ H

(2,2)
− h

(1,1)
+ h

(1,1)
− ω̃α ω̃a

H
(3)
+ H

(3)
− 2h

(2,1)
+ + 2 2h

(2,1)
− + 2 (αγ, β

λ) (αg, β
l)

H
(2,1)
+ H

(2,1)
− h

(2,1)
+ h

(2,1)
− χκ χk

H
(3,3)
+ H

(3,3)
− 1 0 vol

Table 1.5: Cohomology groups and their basis after the orientifold projection.

By the fact that J is invariant under the action of R∗ the only remaining Kähler defor-
mations are the ones from H

(1,1)
+ so:

J = vαωα, α = 1, ..., h
(1,1)
+ . (1.85)

By the opposite argument the only remaining complex structure deformations are the
ones from H

(2,1)
− :

δgij =
i

||Ω3||2
z̄k(χ̄k)īij̄Ω

īj̄
3 j, k = 1, ..., h

(1,2)
− . (1.86)

The new decompositions of the forms of the string spectrum will be:

B2 = ba(x)ωa, C2 = ca(x)ωa, a = 1, ..., h
(1,1)
−

C4 = Dα
2 (x) ∧ ωα + V γ(x) ∧ αγ − Uγ(x) ∧ βγ + ρα(x)ω̃α, γ = 0, ..., h

(1,2)
+ , α = 1, .., h(1,1).

(1.87)
The new �elds are arranged in the N = 1 4D super-multiplets:

• gravity multiplet gµν ,

• h(2,1)
+ vector multiplets (V λ),

• h(2,1)
− chiral multiplet zk,

• h(1,1)
− chiral multiplet (ba, ca),

• chiral multiplet (Φ, l),

• h(1,1)
+ chiral/linear multiplet (vα, ρα).

The chiral supermultiplets can be arranged to form the supergravity moduli chiral su-
per�elds:

Tα = −i
∫
JC ∧ ωα, JC = C4 +

i

2
e−ΦJ ∧ J + (C2 − iSB2) ∧B2,

Uγ = i

∫
Ω3 ∧ αγ

S = e−Φ + iC0

Ga = ca − iSba.

(1.88)
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Kähler Potential

The resulting 4D Kähler potential for the moduli of the N = 1 supergravity theory is
[11]:

κ4KIIB = − log

(
−i
∫

Ω3 ∧ Ω3

)
− log

(
S + S

)
− 2 log

(
e−

3
2

Φ

∫
J ∧ J ∧ J

)
=

= − log

(
−i
∫

Ω3 ∧ Ω3

)
− log

(
S + S

)
− 2 log (V)

(1.89)

where V is the volume of X6 in the Einstein frame.
The resulting Kähler potential is the leading order in α′, in fact the 10D e�ective theory
can be a�ected by higher perturbation terms in α′ which lead to the R4 term [14]:

SR4 = (α′)4

∫
d10xt8t8R4. (1.90)

After the Kaluza-Klein reduction the α′ modify the Kähler potential for the Kähler
moduli introducing the new term [11]:

Kα′ = −2 log

[
e−

3
2

Φ

(∫
J ∧ J ∧ J +

ξ

2

)]
= −2 ln

(
V +

ξRe(S)3/2

2

)
(1.91)

with ξ = − ζ(3)
16π3χ(X6) where χ(X6) is the Euler number of X6. This correction is impor-

tant in particular models to stabilize the Kähler moduli.

Gauge Kinetic Function

The gauge kinetic function depends on the Dp-brane con�guration and on the volume of
the cycle Πp−3 of the Calabi-Yau wrapped by the Dp-brane. The �ux of Fµν associated
to the Dp-brane respect a Dirac quantization condition [11]:

m

∫
Πp−3

F = 2πn, m, n ∈ Z (1.92)

mi is the number of wrappings of the Dp-brane along the Πp−3 cycle and nj is the
quantized the magnetic �ux.
In fact if one expand the DBI action respect to the gauge �eld strength tensor Fµν one
gets:

1

g2
Dp

= e−Φ (α′)(3−p)/2

(2π)p−2
Vol(Πp−3). (1.93)

The result from the Kaluza-Klein dimensional reduction for magnetized D7-brane is:

fD7
a =

(α′)−2

(2π)5

[
e−Φ

∫
Πa

Re
(
e−iϕaeJ+i2πα′(B+2πα′F )

)
+

+ i

∫
Πa

∑
k

C2ke
2πα′(B+2πα′F )

] (1.94)
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with Πa the holomorphic 4-cycle and φa the so-called BPS phase. Considering the wrap-
ping number mi and the magnetic �ux nj of the D7-brane the result of the gauge kinetic
function is:

2πfD7
i = njin

k
i S −m

j
im

k
i Ti, i 6= j 6= k 6= i. (1.95)

For the D3-brane the computation is much easier because, as one can see from (1.92),
the volume dependence vanishes and it remains only the dilaton dependence:

2πfD3 = S. (1.96)

The above description has to be extended if one wants to consider models with D-branes
at the singularities but this kind of new contributions can be neglected for the purpose
of this thesis.

Superpotential from Fluxes

In the previous section the compacti�cation has been considered without allowing non-
trivial geometrical �uxes for the p-forms in the string spectrum. If one allows the presence
of non trivial �uxes they are quantized following:

1

(2π)2α′

∫
Σ

F(3) = mΣ,
1

(2π)2α′

∫
Σ

H(3) = nΣ, nΣ,mΣ ∈ Z, (1.97)

with Σ are 3-cycles on the Calabi-Yau X6.
The resulting superpotential from the compacti�cation in O3/O7 con�guration is the
GVW superpotential:

W (U, S) =

∫
Ω3 ∧G(3) (1.98)

with the complex three form.
G(3) = F(3) − SH(3). (1.99)

The superpotential generated depends only on the dilaton S and the complex structure
moduli Uγ and is independent on the Kähler moduli.

Matter Metric

The matter metric is de�ned as the metric of the matter �elds space, the Kähler potential
generated for the matter �elds is:

Kmatter = K̃αβ̄C
αC

β̄
(1.100)

where Cαs are the chiral matter �elds. The value of K̃αβ̄ depends on the con�guration
used in the model to generate chiral �elds from open strings. In the O3/O7 orientifold
models the possible con�gurations are: stack D7-branes with transversal �uctuations,
stack of D7-branes with parallel �uctuations, intersection of D7-branes, stack of D3-
branes and D3-brane coinciding with D7-brane.
The exact value of K̃αβ̄ is di�cult to compute, in fact, it has been calculated only for
toroidal orientifold compacti�cation [11] but for a model of branes at resolved singulari-
ties or for large volume models the form could be deduced by the geometrical properties
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of the Calabi-Yau and from the properties of the superpotential [15].
Starting by the superpotential of the chiral super�elds Cα which is independent on the
possible con�gurations:

Wmatter = Yαβγ(U, S)CαCβCγ (1.101)

also, a mass term for the Higgs �eld is allowed from the symmetries. Y (U, S)αβγ are
the unnormalized Yukawa couplings. Due to the holomorphy of the superpotential the
Yukawa couplings can depend only on the complete moduli but the imaginary part of
the Kähler moduli enjoys a shift symmetry:

Im(T )→ Im(T ) + a (1.102)

to preserve this symmetry the Yukawa couplings can not depend on the Kähler moduli
but in this way, they will not depend on the volume of the Calabi-Yau. The non-
renormalization theorem prevents also the possibility of a dependence induced by per-
turbative corrections which are not allowed to the superpotential.
The physical normalized Yukawa couplings will be:

Ŷαβγ = eK/2
Yαβγ

(K̃αK̃βK̃γ)
1
2

. (1.103)

By the fact that the matter �elds are localized on one of the smaller cycles, the locality
implies that the physical Yukawa couplings are independent on the whole bulk geometry
and so they are independent on the whole volume V . This means that the matter metric
can be obtained from the normalization condition imposing that eK/2/(K̃αK̃βK̃γ)

1
2 is

independent on the volume. The result is:

Kαβ̃ =
hαβ̃(U, S)

V2/3
(1.104)

where hαβ̃(U, S) encodes the dependence on the dilaton and the complex structure mod-
uli.

1.3.1 Moduli Stabilisation

The theory described in (1.73) as the no-scale structure in fact the related scalar potential
does not depend on the Kähler moduli, they are �at directions of the potential leaving
them massless. A well-de�ned model needs a mechanism to stabilize the Kähler moduli
otherwise, without a mass, they will act as a new gravitational force with an unlimited
range of action that would spoil the prediction for gravitational interactions.
This can be achieved by using perturbative corrections to the Kähler potential as seen
in (1.75) that would brake the no-scale structure:

KTiT jKTiKT j
= 3 (1.105)

with the correction

KTiT jKTiKT j
= 3 +

3

4

ξ̂

V
, (1.106)
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or by non-perturbative corrections to the superpotential as the one arising from ED3-
brane instantons [17] which take the form:

W i
n.p. = Ai(U, S)e−aiTi . (1.107)

The dilaton and the complex structure moduli are stabilized by the �ux induced super-
potential that will provide the supersymmetric stabilisation conditions [18]:

DSW = 0, DUγW = 0. (1.108)

KKLT Model

A �rst example of moduli stabilization trough non-perturbative e�ects is the KKLT
model [19] whose Kähler moduli sector is described by:

K = −3 ln
[
−i(T − T )

]
W = W flux

0 + Ae−aT
(1.109)

with the de�nition τ = iT the F-term scalar potential is de�ned as:

VF =
aAe−aτ

2τ 2

(
1

3
τaAe−aτ +W0 + Ae−aτ

)
. (1.110)

As can be seen in the Figure 1.2 the F-term scalar potential provides an AdS minimum
which stabilizes the Kähler moduli T .

100 120 140 160 180 200 220 240

0

5

10

15

20

V(
)

Figure 1.2: The KKLT potential (multiplied for 1015) with the AdS minimum (W0 =
−10−4, A = 1, a = 0.1).

The minimum of the model as can be seen by Figure 1.2 is a AdS one since 〈V 〉 < 0 but it
can be uplifted through the di�erent procedures in order to obtain a more cosmologically
accurate model.
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1.3.2 Large Volume Scenario

The large volume scenario is a class of string compacti�cation that extends the KKLT
model introducing a new minimum with exponentially large volume and provides the
stabilisation for the Kähler moduli combining perturbative corrections to the Kähler
potential with non-perturbative corrections to the superpotential.

One of the advantages of the large volume scenario can be seen by the relationM2
P ∼

M2
SV
gs

.
In order to keep the string massMS hierarchically small, the large volume is fundamental.
The Kähler potential takes the following form:

K = −2 ln

(
V +

ξRe(S)3/2

2

)
− log(S + S)− log

(
−i
∫

Ω ∧ Ω

)
(1.111)

with the volume:

V =
1

6

∫
J ∧ J ∧ J =

1

6
kijkt

itjtk. (1.112)

Where kijk are the triple intersection number of X6 and ti are 2-cycles volumes. The
Kähler moduli can be expanded as: Ti = τi + ibi, the imaginary part is an axion but the
real part is the 4-cycle volume which is related to the 2-cycle volume by the relation:

τi =
∂V
∂ti

=
1

2
kijkt

jtk. (1.113)

The superpotential of the model is made by the usual �ux term plus non-perturbative
corrections induced by ED3 instantons for each Kähler moduli:

W = W0 +
∑
i

Aie
−aiTi (1.114)

the sum is over the cycles generating non-perturbative corrections with ai = 2π for brane
instantons (this could be also generated by gaugino condensation producing ai = 2π/N),
Ai depends on the complex structure moduli and the position of the D3-brane.
The perturbative correction, as already said, brakes the no-scale structure and com-
bined with the non-perturbative terms in the superpotential will provide a F-term scalar
potential that stabilise the Kähler moduli [20]:

V =eK
[
Kjk

0

(
ajAjakAke

−(ajTj+akTk) −
(
ajAje

−ajTjW∂TkK0 + akAke
−akTkW∂TjK0

))
+

+ 3ξ̂|W |2

(
ξ̂2 + 7ξ̂V + V2

)
(
V − ξ̂

)(
2V + ξ̂

)2


(1.115)

with ξ̂ = ξRe(S)3/2. The large volume limit V → ∞ is taken respecting the condition
that Nsmall Kähler moduli remain small producing the following Kähler potential and
superpotential:

K = Kcs − ln(S + S)− 2 ln

(
V +

ξ̂

2

)
,

W = W0 +

Nsmall∑
j=1

Aje
−ajTj .

(1.116)
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This condition provides an AdS non-supersymmetric minimum.
In order to respect the large volume scenario the Calabi-Yau has to satisfy the conditions
exposed by [20]:

1 The Euler number of the Calabi-Yau has to be negative by the fact that ξ̂ must be
positive to make the potential goes to zero from the below.

2 The Calabi-Yau must have at least one blow-up mode associated to a 4-cycle mod-
ulus that resolves a point-like singularity in order to have the non-perturbative
contribution to the superpotential.

3 The 4-cycles are �xed as small by the combination of non-perturbative corrections
and the α′ correction.

4 All the other 4-cycles can not be small, possible non-perturbative corrections are
sent to zero making the moduli big.

5 Non blow-up Kähler moduli (except the overall volume mode) remain �at direc-
tions.

6 To stabilise these moduli are crucial the string loop corrections giving gs terms
which are dominant over non-perturbative corrections.

1.3.3 Single-Hole Swiss Cheese

An example of large volume scenario is the Single-Hole Swiss Cheese CP4
[1,1,1,6,9] Calabi-

Yau which has two 4-cycles τs and τb providing the volume:

V = τ
3/2
b − τ 3/2

s . (1.117)

with τb associated to a big cycle and τs associated to a small cycle, in fact in the large
volume limit τb →∞ and τs remains small.
Neglecting the dilaton and the complex structure moduli (which can be stabilised by the
�uxes) the theory is described by the following Kähler potential and superpotential:

K = −2 ln

(
V +

ξ̂

2

)
W = W0 + Ase

−asTs

(1.118)

with ξ̂ = 2ξ/g
3/2
s . The Kähler potential contains also the α′ corrections and the su-

perpotential is made by the �ux superpotential and by the ED3-brane instanton which
generate the non-perturbative correction which depends only the small cycle moduli.
For simplicity it is useful to use as variables V and τs. With these variables the F-term
scalar potential is:

VF =
3

4

ξ̂W 2
0

V3
− 4

W0Asase
−asτsτs

V2
+

8

3

A2
sa

2
se
−2asτsτ

1/2
s

V
(1.119)
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which provides a minimum for V ∼ W0e
asτs and τs ∼ ξ̂2/3, the minimum coincides with

exponentially large volume in a consistent way with the large volume limit.
The resulting minimum provides an AdS vacuum energy:

〈VF 〉 = − 9ξ̂W 2
0

16V3asτs
. (1.120)

The two Kähler moduli acquire mass leaving no �at directions in the potential. The
two masses can be related to the gravitino mass m3/2 (it will be explained in Chapter 2)
producing the spectrum made by:

mτs ∼ m3/2

mτb ∼
√
m3

3/2/MP .
(1.121)

The associated F-terms are:

F Tb = −2τbW0

V
∼ m

1/3
3/2M

5/3
P , F Ts = − 3W0

2asV
∼ m3/2MP . (1.122)

The explicit computations are exposed in Appendix A.
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s

3.63.84.04.24.44.64.85.0

V(
s,

)
1e

21

2

1

0

1

2

Figure 1.3: LVS potential in the single hole Swiss cheese model (with W0 = 20, As = 1,
s = 2π, ξ̂ = 0.01).

As one can see from the Figure 1.3 the potential exhibits an AdS for exponentially large
volume.
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Chapter 2

Supersymmetry Breaking and FCNC

2.1 Supersymmetry Breaking

Supersymmetry is not realized in nature so a very important feature is the breaking of
supersymmetry. As for other symmetries, supersymmetry is broken if the vacuum is not
invariant under supersymmetry transformation:

Qα |vac〉 6= 0. (2.1)

If now one considers the anti-commutation relation of the supersymmetry generators and
one contracts it with σ the result is:

(σν)β̇α
{
Qα, Qβ̇

}
= 4P ν (2.2)

considering now the ν = 0 component the �nal result is:

(σ0)β̇α
{
Qα, Qβ̇

}
= 4P 0 = 4E. (2.3)

Since QαQ
†
α + Q†αQα is positive than 〈vac|QαQ

†
α + Q†αQα |vac〉 and 〈vac|E |vac〉 are

positive, in this way one can see that in broken supersymmetry the energy is positive.
As the usual symmetry breaking provides a massless scalar �eld called the Goldstone
boson, the supersymmetry breaking provides a massless �eld which is spinorial and it is
called goldstino.
The e�ect of the supersymmetry breaking is to split the mass spectrum of bosons and
fermions in the super�elds. From a phenomenological point of view there are two possible
ways of brake supersymmetry:

• soft-supersymmetry breaking: the masses of particles and super-partners are split-
ted but the couplings are kept equal, preserving part of the miraculous cancellation;

• hard-supersymmetry breaking: both masses and couplings are splitted removing
the miraculous cancellation.

2.1.1 Global Supersymmetry Breaking

Supersymmetry is broken by he presence of a positive vacuum energy and as seen in
Chapter 1 there are two possible scalar potentials in the supersymmetric Lagrangian,
the D-term potential and the F-term potential. In this way there are two di�erent
mechanisms to brake global supersymmetry which can also be mixed in the same model.

29
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φ

V

φ

V

φ

V

φ

V

Figure 2.1: The possibles scalar potential for SUSY and GS breaking. (Upper left) SUSY
breaking, GS preserving vacuum; (Upper right) SUSY breaking, GS breaking vacuum;
(Down left) SUSY preserving, GS preserving vacuum; (Down right) SUSY preserving,
GS breaking vacuum.

F-term Breaking

The F-term breaking can be studied starting from the supersymmetry transformation of
the components of a chiral super�elds Φ:

δϕ =
√

2εψ

δψ =
√

2εF + i
√

2σµε̄∂µϕ

δF = i
√

2ε̄σ̄µ∂µψ.

(2.4)

Due to the Lorentz invariance the only �eld that can acquire a vacuum expectation
value is the scalar auxiliary �eld F which makes ψ the Goldstone fermion. The resulting
masses acquired by the particles provide a mass gap of the form:

∆m2 ∝ 〈F 〉. (2.5)
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D-term Breaking

The D-term breaking can be studied starting from the supersymmetry transformation of
the components of a vector super�elds V :

δλ = 2ε̄D +
1

2
σ̄νσµε̄∂µAν

δAµ = εσµλ̄+ λσµε̄

δD =
i

2

(
εσµ∂µλ̄− ∂µλσµε̄

)
.

(2.6)

Also in this case due to the Lorentz invariance the only �eld that can acquire a vacuum
expectation value is the scalar auxiliary �eld D which makes λ the Goldstone fermion.
The mass gap relation in this kind of models is:

∆m2 ∝ 〈D〉 (2.7)

Despite there are di�erent ways to brake global supersymmetry at tree level there is a
universal relation for the mass spectrum which is:

STr(M2) =
∑
j

(−1)j(2j + 1)m2
j = 0. (2.8)

The supertrace mass relation (2.8) shows the issue of the tree-level supersymmetry break-
ing: one partner is heavier and the other is lighter. This problem is phenomenological
unacceptable because there should exist superparticles with lower mass. By the de�ni-
tion of the F-term F i = −∂iW and by the non-renormalization theorem one gets that
in order to avoid the supertrace mass relation (2.8) supersymmetry has to be broken by
non-perturbative e�ects.

2.1.2 Supersymmetry Breaking in Supergravity

Supersymmetry can also be broken in local supersymmetry (supergravity). In this case,
the Goldstone fermion is "eaten up" by the gravitino which develops a non-zero mass
given by:

m2
3/2 = eK |W |2 . (2.9)

In this case the supertrace relation is modi�ed giving [21]:

STr(M2) =
∑
j

(−1)j(2j + 1)m2
j = 2(N − 1)m2

3/2 (2.10)

where N is the number of chiral super�elds.
Due to the de�nition of the F-term in supergravity, there are two possible ways to provide
a non-vanishing vacuum expectation value out of the tree level, using perturbative and
non-perturbative corrections:

F i = eK/2Kij̄Dj̄W = eK/2Kij̄

 ∂j̄W︸︷︷︸
Non-Perturbative

+ WKj̄︸ ︷︷ ︸
Perturbative

 . (2.11)

A particular feature of supergravity is the non-positive de�nite scalar potential which
allows negative or zero cosmological constant, providing a way to obtain a very low
cosmological constant to match cosmological observations.
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2.1.3 Supersymmetry Breaking in the MSSM

Spontaneous supersymmetry breaking is not phenomenological acceptable because as
shown by the equation (2.8) this would imply lighter partners which have not been
observed, the way to solve this problem is to break supersymmetry in a hidden sector
which is a singlet under the SM gauge group [1]. Supersymmetry breaking is than
mediated to the visible sector by a di�erent mechanism. The di�erent kinds of mediation
are:

• Gravity mediated: supersymmetry breaking is mediated by gravitational interac-
tions, so the scale of supersymmetry breaking can be roughly estimated by the
mass gap:

∆m =
M2

SB

MP

. (2.12)

Using the value of the Planck mass (MP ≈ 1018GeV) and imposing the mass
gap at the TeV scale ∆m ≈ 1TeV, the scale of the supersymmetry breaking is
MSB ≈ 1011GeV while the gravitino mass scale is m3/2 ≈ 1TeV.

• Gauge mediated: supersymmetry breaking is mediated by a new gauge interaction
under which matter �elds are charged, in this case, the mass gap is proportional to
the mass scale of supersymmetry breaking ∆m ≈MSB ≈ 1TeV the gravitino mass
is very low m3/2 ≈ 1meV.

• Anomaly mediated: supersymmetry breaking is mediated by loops corrections.
This kind of contribution is always present but generally it is negligible with respect
to the others.

The three mediations are not necessarily unique but can be mixed giving di�erent con-
tributions.
Despite the presence of di�erent mechanisms to mediate supersymmetry breaking, to
perform a soft-breaking, the supersymmetry breaking part of the Lagrangian is model
independent. The soft-breaking Lagrangian is de�ned:

−Lsoft =
1

2
(M1/2)aλ

aλa+h.c.+(m0)2
ijϕ
∗
iϕj +Aijkϕiϕjϕk +h.c.+BµHuHd+h.c. (2.13)

The parameters are:

• (M1/2)a are the gaugino masses;

• (m0)ij are the scalar particle masses;

• Aijk are the trilinear terms;

• Bµ is the mass term for the Higgs �elds.
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2.2 Flavour Changing Neutral Currents

Flavour is the way in which the three di�erent families of quarks and leptons are labelled
in the Standard Model:

3 up-type quarks u, c, t;

3 down-type quarks d, s, b;

3 type of charged leptons e, µ, τ ;

3 type of neutrinos νe, νµ, ντ .

(2.14)

Flavour is an ambiguous quantity because the Standard Model without the Yukawa
couplings would manifest a U(3) �avour symmetry [22] and also in the complete Standard
Model it is conserved for neutral process but is changed in charged boson exchange
phenomenon. In the Standard Model this evidence arises from the breaking of the
SU(2)L × U(1)Y symmetry, moving from the gauge eigenstates to the mass eigenstates
the interacting Lagrangian for the Electroweak sector of quarks is [23]:

JµY =
1

3
uiLγ

µuiL +
1

3
d
i

Lγ
µdiL +

4

3
uiRγ

µuiR −
2

3
d
i

Rγ
µdiR

Jµ3 =
1

2
uiLγ

µuiL −
1

2
d
i

Lγ
µdiL

JµC =2uiLγ
µVijd

j
L

LInt =

[
1

2
g1cosθWJ

µ
Y + g2sinθWJ

µ
3

]
Aµ +

[
−1

2
g1sinθWJ

µ
Y + g2cosθWJ

µ
3

]
Zµ+

+ gWµJ
µ
C + h.c..

(2.15)

The charged current JµC in equation (2.15) respect to the currents JµY and Jµ3 , which
couple to neutral vector bosons, presents a �avour changing behaviour parametrized by
the matrix V which is the Cabibbo-Kobayashi-Maskawa matrix. The CKM matrix is in
general not diagonal and produce the diagrams in Figure 2.2.

V =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 . (2.16)

jL

iL

WgVij

Figure 2.2: Flavour changing vertex with i = u, c, t and j = d, s, b.
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The FCNCs are so forbidden at the tree level by the de�nition of the interacting La-
grangian (2.15) but they could appear at the loop level. The CKM matrix is unitary
and it is important in order to avoid the FCNCs at the loop level. This is explained by
the so-called GIM mechanism.
For the leptons the FCNCs are completely forbidden by the absence of a �avour changing
matrix by the fact that the neutrinos remain massless.

2.2.1 GIM-Mechanism

The GIM mechanism was introduced by Glashow, Iliopoulos and Maiani in the 1970
[24] to explain the experimental suppression of the decay of the K0, at that days the
discovered quarks were only 3: u, d, s. The dominant channel of the decay is given by
the diagram in Figure 2.3.

sL

dL

µ+

µ−

uL

W+

W−

Z0 γ

Figure 2.3: Dominant loop contribution to the decay of K0 into µ+µ−.

The amplitude of this diagram is:

ΓdiagK0→µ+µ− ∝ g2V ∗usVud (2.17)

The GIM mechanism explanation of the suppression is obtained introducing a new quark
c analogous of the u but heavier, with CKM matrix unitary. By the introduction of the
new charm quark c with unitary CKM matrix the new amplitude is:

ΓdiagK0→µ+µ− ∝ g2 (V ∗usVud + V ∗csVcd) = 0. (2.18)

Thanks to the introduction of the new quark the �avour changing neutral currents are
suppressed also at loop level and the experimental measurements for K0 decay are veri-
�ed. This mechanism can be extended for 3 families of quarks as in the Standard Model.

2.2.2 FCNCs in the MSSM

In the MSSM the introduction of new particles which carry �avour has to be treated
carefully because can introduce new possible FCNCs contributions, in this landscape is
important to consider the possible deviation of the FCNCs results from the Standard
Model ones.
The �rst possible source of �avour changing process is the, already mentioned in Chapter
1, barion and lepton number brake superpotential WBL which allows FCNCs at the tree
level:

WBL = λ1LLe
c + λ2LQd

c + λ2LQd
c + λ3u

cdcdc + µ′LHu. (2.19)
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As already mentioned in Chapter 1 this term in the MSSM superpotential can be removed
introducing a new discrete symmetry the R-parity which acts on a state as:

|α〉 → |α′〉 = R |α〉 with R = (−1)3(B−L)+2S (2.20)

S is the spin, B is the baryon number and L is the lepton number. This symmetry
implies that for each vertex of a diagram involving supersymmetric particles the number
of superparticles must be even.
The R-parity forbids FCNCs at the tree level but they are not forbidden at the loop
level. A complete analysis of the FCNCs in MSSM has been exposed in [25]. For the

purpose of the thesis we will consider only the decay of the K0−K0
for the quarks sector

whose dominant term, in the Standard Model, is given by the diagram in Figure 2.4.

sL dL

dL sL

u c t

u c t

W+ W−

Figure 2.4: SM leading contribution to K0 −K0
decay.

The amplitude dominant term is (VtsVtd)
2 m2

t

M4
W

[25] which depends on the mass of the top

because it is the heavier quark.

The squarks in the MSSM will produce a new contribution for the K0 − K
0
whose

dominant diagram is traced in Figure 2.5.

sL dL

dL sL

s̃L d̃L

d̃L s̃L

g̃ g̃

Figure 2.5: Supersymmetric contribution to K0 −K0
decay.

The amplitude depends on ∆m2
s̃d̃
/m2

q̃ [26], where mq̃ is the �avour universal mass term of
the squarks and ∆ms̃d̃ is the non universal mass term between strange and down squarks.
The SM model contribution well explains the experimental results so in order to preserve
the SM description the �avour non universality of the masses should respect [26]:

∆m2
s̃d̃

m2
0

. m0VtsVtd
1

MW

∼ 10−3
( m0

500GeV

)
. (2.21)

So to avoid the FCNCs the scalar particles masses have to be �avour universal:

(m0)ij = m0δij. (2.22)
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The new supersymmetric particles allow the onset of FCNCs also in the leptonic sector
while they are forbidden in the standard model. Let us consider as explicative example
the decay of a µ+ into a e+ and a γ, this is given by the SM diagram in Figure 2.6 which
is forbidden by the suppression of FCNCs in the leptonic sector. In the MSSM there is a
new contribution given by the loop diagram (Figure 2.7) which involves the sleptons, also
in this case the amplitudes is proportional to [27]: ∆m2

µ̃ẽ/m
6
l̃
. So both quark and lepton

sectors are a�ected by FCNCs in the MSSM and they need the �avour universality to
respect the experimental results of the SM.

µ+ e+
γ

Figure 2.6: Standard Model contribution to MEG.

µ+ e+

χ̃0

µ̃ ẽ

γ

Figure 2.7: Supersymmetric contribution to MEG [28].

The non-�avour universal mass terms are not only generated by the supersymmetry
breaking mechanism but can be generated by the Higgs mechanism trough the trilinear
Aijk term as can be seen in the soft-breaking Lagrangian [29]:

−Lsoft =(m2
Q)ijQLi

QLj + (m2
uR

)ijuRiuRj + (mdR)ijdRidRj+

+
[
AuijQLi

HuuRj + AdijQLiH
ddRj + h.c.

]
+ ...

(2.23)

The acquiring of vacuum expectation value to the Higgs �elds will give a non universal
mass contribution to the squarks:

(∆m2
LR

(u))ij = Adij〈Hu
0 〉, (∆m2

LR
(d))ij = Adij〈Hd

0 〉, (2.24)

the new o�-diagonal mass terms will contribute to the FCNCs with the same bound of
the one generated by the supersymmetry breaking. The same problem arises considering
the coupling of sleptons with the Higgs �eld which has the same form.
In order to avoid also the contributions from the Higgs mechanism is necessary to impose
that the trilinear terms are proportional to the Yukawa couplings:

Aijk = A0Yijk. (2.25)

The universality problem is strongly related to the mediation mechanism of the super-
symmetry breaking in fact, it is di�erently solved by the previously described mediations.
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2.2.3 Colour Charge Breaking vacua

The trilinear terms have an additional constrain from colour and charge breaking vacua.
The introduction of scalar �elds, which carries colour and charge, introduces the possibil-
ity of new vacuum that brake the colour and charge symmetry which can be competitive
respect to the real colour and charge preserving vacuum.
Let us consider the o�-diagonal trilinear scalar coupling de�ning |eL| = |µR| = |Hd

0 | ≡ a
[29]:

V =m2
eL
|eL|2 +m2

µR
|µR|2 +m2

Hd

∣∣Hd
∣∣2 +

∣∣λeēLHd
0

∣∣2 +
∣∣λµHd

0µR
∣∣2 − 2

∣∣∣A(l)
12

∣∣∣ ēLHd
0µR =

=
(
m2
eL

+m2
µR

+m2
Hd

)
a2 +

(
λ2
e + λ2

µ

)
a4 − 2

∣∣∣A(l)
12

∣∣∣ a3.

(2.26)

One can easily see that the potential has a deep CCB minimum at a ∼
∣∣∣A(l)

12

∣∣∣ /λ2
µ. The

minimum disappears for:∣∣∣A(l)
12

∣∣∣2 ≤ 8

9

(
λ2
µ + λ2

e

) (
m2
eL

+m2
µR

+m2
Hd

)
. (2.27)

For diagonal trilinears the condition is similar
∣∣∣A(l)

11

∣∣∣2 ≤ 3λ2
e

(
m2
eL

+m2
eR

+m2
Hd

)
,
∣∣∣A(l)

22

∣∣∣2 ≤
3λ2

µ

(
m2
µL

+m2
µR

+m2
Hd

)
. Generalizing for the others particles:∣∣∣A(u)

ij

∣∣∣2 ≤ λ2
uk

(
m2
uLi

+m2
uRj

+m2
Hu

)
, k =Max(i, j)∣∣∣A(d)

ij

∣∣∣2 ≤ λ2
dk

(
m2
dLi

+m2
dRj

+m2
Hd

)
, k =Max(i, j)∣∣∣A(l)

ij

∣∣∣2 ≤ λ2
ek

(
m2
eLi

+m2
eRj

+m2
Hd

)
, k =Max(i, j).

(2.28)

These conditions avoid the formation of a deep CCB minimum which would make the
vacuum unstable causing a decay in the deepest vacuum braking the colour and charge
symmetry. The CCB conditions are more restrictive respect to the FCNCs ones as
derived in [24].

2.2.4 Unbounded From Below potential

Another constrain on the trilinear terms can arise from the possibility of unbounded
from below directions in the scalar potential, this can be seen considering the scalar
�elds |eL|2 = |µR|2 = |Hd

0 |2 + |ντ |2 ≡ a2 in this case the scalar potential is only [29]:

V =a2
[
m2
eL

+m2
µR

+m2
ντ − 2

∣∣∣A(l)
12

∣∣∣Hd
0 +

∣∣λµHd
0

∣∣2]+

+
(
m2
Hd −m2

ντ

) ∣∣Hd
0

∣∣2 . (2.29)

If one minimizes the potential with respect to the Higgs �eld gets:

Hd
0 =

∣∣∣A(l)
12

∣∣∣ a2

λ2
µa

2 +
(
m2

1 −m2
ντ

) , (2.30)
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leading to the potential:

V = a2

[
m2
eL

+m2
µR

+mντ −
∣∣∣A(l)

12

∣∣∣2 a2

λ2
µa

2 +
(
m2
Hd −m2

ντ

)] . (2.31)

In order to get a positive potential one has to impose the condition:∣∣∣A(l)
12

∣∣∣2 a2

λ2
µa

2 +
(
m2
Hd −m2

ντ

) ≤ (m2
eL

+mµR +mντ

)
(2.32)

In the limit a�
(m2

Hd
−m2

ντ
)

λ2µ
the bound becomes:∣∣∣A(l)

12

∣∣∣2 ≤ λ2
µ

(
m2
eL

+m2
µR

+m2
ντ

)
. (2.33)

This condition can be extended to the others trilinear terms leading to:∣∣∣A(u)
ij

∣∣∣2 ≤ λ2
uk

(
m2
uLi

+m2
uRj

+m2
eLp

+m2
eRq

)
, k =Max(i, j), p 6= q∣∣∣A(d)

ij

∣∣∣2 ≤ λ2
dk

(
m2
dLi

+m2
dRj

+m2
νm

)
, k =Max(i, j)∣∣∣A(l)

ij

∣∣∣2 ≤ λ2
ek

(
m2
eLi

+m2
eRj

+mνm

)
, k =Max(i, j), m 6= i, j.

(2.34)

The conditions are important to get a positive potential in the minimum. These condi-
tions are at the leading order comparable to the ones for the CCB vacua.

2.2.5 Naturalness

Before seeing the ways to obtain the �avour universality in the di�erent mediations of
the supersymmetry breaking, it is important to analyse another way to suppress the
FCNCs: to set the mass of the scalar particles at very high energy scale (respect to the
TeV scale). By the fact that the FCNCs amplitudes depend on 1/m2

0, the high value of
the mass would make negligible the supersymmetric contributions.
This would give problems with naturalness. Naturalness is a criterion on the parameters
of a theory that has been well expressed by Susskind as a criterion "which requires the
observable properties of a theory to be stable against minute variations of the funda-
mental parameters" [30]. In fact one can consider the dependence of Mz respect to the
parameters at the uni�cation scale which is [27]:

M2
z =cµµ

2 + cHdm
2
Hd0 + cHum

2
Hu0 + ctm

2
t0 + ct̃m

2
t̃0+

+ CM1/2
M2

1/20 + cAMAt0M1/20 + cAA
2
t0,

(2.35)

where the masses are the masses of the particles of the MSSM at the gran uni�cation
scale (GUT) and the coe�cients c are constants, of the order of the unity, results of the
RG equations. One de�nes the �ne tuning amount fi as:

fi =
M2

z

cii2
(2.36)
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with i the possible parameters in the equation (2.35). So if one sets the mass of the stop
mt̃0 to a very high value respect to the TeV scale, for example considering the hill case
of 100% of non-universality, one gets that the mass of the squarks should be at the order
m0 & 5 105 GeV. One can compute the amount of �ne-tuning needed to get the value
of Mz ≈ 91 GeV getting fm0 . 3 10−8 with a very huge amount of �ne-tuning out of the
10% naturalness criterion [31].
This kind of solution would spoil naturalness and even if naturalness is a discussed
criterion from an epistemological point of view [32]. It is also one of the reasons to
introduce supersymmetry at low energy to stabilise the Higgs mass as seen in Chapter
1.

2.2.6 Gauge-mediated solution

The gauge-mediated supersymmetry is based on the breaking of supersymmetry in a
hidden sector and then it is mediated to the visible sector thanks to new super�elds
which are charged under the MSSM gauge group.
There are many ways to brake the supersymmetry in the hidden sector but the easiest
possible gauge-mediated model [33] is made by introducing a new goldstino chiral su-
per�eld X which acquires a vacuum expectation value in the scalar M and F auxiliary
components:

〈X〉 = 〈M〉+ θθ〈F 〉. (2.37)

The messenger sector is made by Nf �avours of chiral super�elds Φi and Φi which are
charged under the gauge group of the MSSM. The superpotential which couples X and
Φ is:

W = λijΦiXΦj. (2.38)

By the acquisition of vacuum expectation value of X, thanks to the direct coupling, Φ
and Φ get masses. The spinorial components form a Dirac �eld with mass λM while the
scalar components get mass matrix:

mΦΦ =

(
(λM)†(λM) (λF )†

(λF ) (λM)(λM)†

)
. (2.39)

Going in the mass eigenstates (Φ + Φ
†
)/
√

2 and (Φ − Φ†)/
√

2 the mass eigenvalues are
(λM)2 ± (λF ).
The ordinary particles do not directly acquire masses, by the fact that they do not couple
with X, but, by the gauge interactions with Φs, they acquire masses by loop corrections.
Thanks the non renormalization of the superpotential all the relevant contributions to
the soft-terms are in the gauge and matter wave-function normalizations S and Zi. The
soft Lagrangian will be:

−Lsoft =
1

2
M1/2λaλa + h.c.+m2

iϕ
†
iϕi + Aiϕi∂ϕiW (ϕ) + h.c. (2.40)

with the parameters [33]:

M1/2 = −1

2

∂ lnS(X, t)

∂ lnX

∣∣∣∣∣
X=M

F

M
, (2.41)
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m2
i = −∂

2 lnZi(X,X
†, t)

∂ lnX∂ lnX†

∣∣∣∣∣
X=M

FF †

MM † , (2.42)

Ai(t) =
∂ lnZi(X,X

†, t)

∂ lnX

∣∣∣∣∣
X=M

F

M
, (2.43)

with t = lnM2/Q2 and Q is the de�nition scale of the soft-terms. The gaugino masses
are generated by the loop in Figure 2.8 while the scalar masses are generated by the loop
in Figure 2.9.

Φ

Figure 2.8: Generation of gaugino masses at loop level.

Φ

Φ

Figure 2.9: Generation of scalar masses at 2-loop level.

As shown by the de�nitions the scalar masses are �avour universal thanks to the sym-
metries of gauge interaction. Also the trilinear terms respect the �avour universality
because, from the Lagrangian (2.40), they depend on the Yukawa couplings (by the
derivative of the superpotential). In this mediation the FCNCs are naturally avoided.
A possible source of non-universality is given by Planckian e�ects. If supersymmetry is
broken by chiral �eld (X = θ2F0) one can not avoid in the Lagrangian the operator [26]:

∆L ∼
∫
d4θ

1

M2
P

X†XΨ†iΨi (2.44)

which gives a �avour non-universal mass term:

∆m2
i ∼

F 2
0

M2
P

(2.45)

the experimental bound for F0 to avoid FCNCs is:

√
F0 . 1010

(
m2
i

500GeV

)3

GeV. (2.46)

The FCNCs are strongly suppressed in the gauge mediated models by the fact that the
pure gauge contribution generates �avour universal terms and the spoil term arise from
gravitational contribution (which is suppressed by the Planck mass).
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2.2.7 Anomaly-mediated solution

The anomaly-mediated supersymmetry breaking is based on the breaking of the super-
Weyl invariance in the supergravity by the loop corrections of a super Yang-Mills theory.
Let us consider a super Yang-Mills theory coupled to supergravity. Its Lagrangian is:

L =
√
−g{

∫
d4θh(Q†, e−VQ)Φ†Φ +

∫
d2θ(Φ3W (Q) + τ(Q)WαW

α) + h.c.+

− 1

6
h(q̃†, q̃)(R + ...)}

(2.47)

with Q the chiral super�eld in the visible sector, q̃ the scalar component, h = −3e−K/3

and Φ is the auxiliary scalar �eld Φ := 1+θ2FΦ from the o�-shell supergravity multiplet.
The Lagrangian (2.47) is equivalent to the usual supergravity Lagrangian mentioned in
Chapter 1, one can see this by performing the Weyl transformation which removes Φ:

gµν → eK/3gµν . (2.48)

The Lagrangian is given by:

L =
√
−g{1

2
R +Kij(q̃

†q̃)Dµq̃
i†Dµq̃j − V (q̃†q̃)+

− τ(q̃)(FµνF
µν + iFµνF̃

µν) + h.c+ fermionic terms}
(2.49)

with Kij = ∂q̃i∂q̃jK and V (q̃†q̃) the supergravity scalar potential.
Φ can acquire supersymmetry breaking expectation value but Lorentz preserving. The
fact that the matter �eld of the visible sector does not couple with Φ correspond to
a super-Weyl invariance. If the super-Weyl symmetry was exact than the acquiring of
VEV of Φ would not a�ect the visible sector because it would have been removed by
a Weyl transformation. In the presence of a super Yang-Mills sector the super-Weyl
transformation is anomalous producing the shift of the τ gauge kinetic function [35]:

τ → τ − 2b0 ln(Φ) (2.50)

with b0 the one loop coe�cient. Solving the integral in the Lagrangian one gets a gaugino
mass which is:

M1/2 = −b0g
2FΦ. (2.51)

The scalar mass can be understood considering the Lagrangian and integrating out the
hidden sector:

Leff =

∫
d4θQ†e−VQΦ†Φ +

∫
d2θ

[
Φ3
(
m0Q

2 + Y0Q
3
)

+
1

g2
0

WαW
α

]
+ h.c. (2.52)

The Φ �eld can be removed rescaling the Q �eld:

QΦ→ Q. (2.53)

Q is a chiral super�eld and Φ is a background chiral super�eld so the rescaling is allowed
by the supersymmetry. The resulting Lagrangian is:

Leff =

∫
d4θQ†e−VQ+

∫
d2θ

[(
m2

0 + Y0Q
3
)

+
1

g2
0

WαW
α

]
+ h.c. (2.54)
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In the classical �eld theory Φ can be removed by the rescaling (it appears only in the
quadratic term but also the µ-term is allowed by supersymmetry) removing also the su-
persymmetry breaking term but the quantum functional integral measure is not invariant
under the rescaling providing a mass term from the loop corrections. The Φ dependence
provide a scalar mass term at the second loop correction of the form:

m2
0(µ) = −1

2
|FΦ|2

(
∂γ

∂g
βg +

∂γ

∂y
βy

)
, (2.55)

and it is �avour universal.
Due to the same properties of the renormalization and to the holomorphy of the super-
potential, the trilinear terms are proportional to the Yukawa couplings:

Aikj =
1

2
(γi + γj + γk)YijkFΦ (2.56)

β and γ are the beta and gamma functions of the renormalization group.
Also in this case the �avour universality problem is naturally solved by the mediation
mechanism thanks to the universal nature of the loops corrections. The problem of the
anomaly mediated supersymmetry breaking is the mass spectrum at the TeV scale [35]:

m2
sleptons = −1.3× 10−5|Fφ|2

m2
squarks = 5.5× 10−4|Fφ|2.

(2.57)

In this mediation scenario, the �avour supersymmetric problem is automatically solved
but the resulting spectrum has negative mass for sleptons so one need other mechanisms
contributions to avoid tachyonic solutions.

2.2.8 Gravity-mediated solution

In gravity mediated supersymmetry breaking the hidden sector is made by some chiral
super�elds Φi, Φis couple with the visible sector by the matter metric. The Φi �elds
acquire a non-vanishing F-term VEVs that break supersymmetry. Generally it happens
thanks to non-perturbative e�ects in the superpotential. A general model is described
by:

K = K̂(Φi,Φi) + K̃αβ(Φi,Φi)C
αC

β
+ ...,

W = Ŵ (Φi) + µαβ(Φi)C
αC

β
+ YαβγC

αCβCγ + ...,

f = f(Φi).

(2.58)

An example for the hidden sector is the no-scale supergravity model where the hidden
sector is made by two chiral �elds T and S and the dynamic is described by:

K̂(S, T ) = − ln
(
S + S̄

)
− 3 ln(T + T̄ )

Ŵ (S) = W0 + Ae−aS.
(2.59)

And the matter metric is: K̄αβ̄ = 3
T+T̄

. S is stabilised supersymmetrically such that

F S = 0 but T no, giving F̄ T̄ = − W√
(S+Ŝ)(T+T̂ )

.
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After the supersymmetry breaking expanding the F-term scalar potential for the Cα

�elds one gets the soft breaking terms [36]:

m̃αβ = (m2
3/2 + V0)K̃αβ − F

m
F n
(
∂m∂nK̃αβ − (∂mK̃αγ)K̃

γδ(∂nK̃δβ)
)

Ãαβγ = eK̂/2Fm
[
K̂mYαβγ −

(
(∂mK̃αρ)K̃

ρδYδβγ + (α↔ β) + (α↔ γ)
)]
.

(2.60)

There could also be D-term contributions if the Φis are charged under some gauge �eld
charge, expanding the D-term potential the resulting contributions are [37]:

m2
αβ

=
∑
i

[
−1

2
g2
iD

2
iKαβ + g2

iDi∂α∂βDi

]
Aαβγ =

∑
i

[
−1

2
g2
iD

2
iDαDβ

(
Kγ +

Wγ

|W |

)
+ g2

iDiDαDβDγDi

]
,

(2.61)

with Di the D-term associated to the Φi �eld.
From equations (2.59) and (2.60) one can see that the �avour universality is not au-
tomatically respected, this problem has lead to the necessity of a �avour analysis in
order to build phenomenological relevant models. To get the �avour universality the
supersymmetry breaking and the �avour physics should be decoupled.

2.3 Mirror Mediation

In the study [38] Joseph Conlon had derived the conditions that a supersymmetry break-
ing gravity mediated model has to respect in order to respect the �avour universality.

1 The hidden sector �elds have to be factorized into two classes of �elds Ψi and χj.

2 The Kähler potential should be a direct sum of terms depending only on the real
part of Ψi and χj

K(Ψ + Ψ, χ, χ) = K1(Ψ + Ψ) +K2(χ, χ). (2.62)

The reality condition is necessary to avoid relative phases between di�erent A-
terms.

3 The Yukawa couplings should depend only on the χ �elds and the gauge kinetic
functions should depend linearly only on the Ψ �elds.

Yαβγ(Ψ, χ) = Yαβγ(χ)

fa(Ψ, χ) =
∑
i

λiΨi
(2.63)

The linearity allows to have universal gaugino mass phases aligned with those of
the A-terms.

4 The matter metric should factorise in terms of the real part of Ψi and χj

Kαβ(Ψ,Ψ, χ, χ) = h(Ψ + Ψ)kαβ(χ, χ). (2.64)
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5 The supersymmetry breaking should be induced by the Ψ �elds while the χ �elds
are stabilised supersymmetrically:

DΨW 6= 0, DχW = 0. (2.65)

These conditions are important because in this way there are generated two decoupled
sectors: Φ which is responsible for the supersymmetry breaking and χ which is related
to the �avour physics. One can sees that these conditions generate �avour universal
soft-terms looking at the unnormalized scalar masses and the unnormalized trilinears:

m̃αβ =(m2
3/2 + V0)Kαβ − F

Ψj
FΨi

(
∂Ψj

∂ΨiKαβ − (∂Ψj
Kαγ)K

γδ(∂ΨiKδβ)
)

=

=

(
((m2

3/2 + V0)h− FΨj
FΨi

(
∂Ψj

∂Ψih−
∂Ψj

h∂Ψih

h

))
kαβ(χ, χ)

(2.66)

Aαβγ = eK/2Yαβγ(χ)

(
FΨ∂ΨK(Ψ,Ψ)− 3

FΨ∂Ψh(Ψ,Ψ)

h(Ψ,Ψ)

)
. (2.67)

These conditions are ad hoc conditions in order to obtain �avour universal masses. There
is not a deeper meaning and this is not theoretical satisfying but there is a more funda-
mental theory: String Theory that naturally respects the Mirror Mediation conditions.

2.3.1 Mirror Mediation in String Theory

If now one extends the analysis of Mirror Mediation to the Type IIB string compacti�-
cation, as made in [38], one can see that the conditions are respected naturally solving
the �avour supersymmetric problem in gravity mediated supersymmetry breaking from
String Theory.

Moduli

Let us start from the moduli sector. In Type IIB compacti�cation there are 3 types of
moduli: S the dilaton, U the complex structure moduli (that can be many) and T the
Kähler moduli (that can be many) as seen in Chapter 1. The moduli are independent in
the Kähler potential for O3/O7 set-up in the large volume regime:

K = − log

(
i

∫
Ω3 ∧ Ω3

)
− log

(
S + S

)
− 2 log (V) . (2.68)

The moduli form two di�erent and independent classes as can be seen by the Kähler
potential (2.68):

Ψi ←→ Ti

χi ←→ Ui, S.

One possible mixing term is the α′ correction from the 10D action which will modify the
Kähler moduli potential mixing the dilaton and the Kähler moduli dependence:

KKM = −2 log
[
V + ξRe(S)3/2

]
. (2.69)
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This kind of mixing term induced by the perturbative correction spoil the Mirror Medi-
ation condition but it could be reconstructed, at least, at the leading order.
The mixed Kähler metric will be:

Kij =


3
8

3τb−τ
−1/2
b Y
Y2

9
8

(τbτs)
1/2

Y2 −9
4

ξ(2s)1/2τ
1/2
b

Y2

9
8

(τbτs)
1/2

Y2
3
8

3τs+τ
−1/2
s Y
Y2

9
4
ξ(2s)1/2τ

1/2
s

Y2

−9
4

ξ(2s)1/2τ
1/2
b

Y2
9
4
ξ(2s)1/2τ

1/2
s

Y2
1

(2s)2

[
1 + 3

2
ξ(2s)3/2 2ξ(2s)3/2−V

Y2

]
 ∼

∼

O ( 1
V4/3

)
O
(

1
V5/3

)
O
(

1
V5/3

)
O
(

1
V5/3

)
O
(

1
V

)
O
(

1
V2

)
O
(

1
V5/3

)
O
(

1
V2

)
O (1)

 .

(2.70)

In the Kähler metric it is possible to see that the mixing terms of order O
(

1
V5/3

)
and

O
(

1
V2

)
can be neglected respect to the diagonal terms in the large volume limit. So

it is possible to see that LVS models, which stabilise the Kähler moduli through α′

corrections, are compatible with the Mirror Mediation conditions.

Yukawa Couplings

In type IIB compacti�cation the imaginary part of the Kähler moduli enjoys a shift
symmetry:

Im(T )→ Im(T ) + a (2.71)

so only the real part of the Kähler moduli can enter into the action so due to the
holomorphy of the superpotential, the superpotential could not depend on the Kähler
moduli. Then the Yukawa couplings should depends only on the dilaton and the complex
structure moduli as already demonstrated in the Chapter 1:

Yαβγ = Yαβγ(S, U). (2.72)

The Mirror Mediation condition is then respected by the Yukawa couplings.

Gauge Kinetic Function

As we have seen in Chapter 1 the gauge kinetic function comes from the dimensional
reduction of the DBI-CS action of the Dp-brane. It depends on what kind of brane we
are looking at, in the analysis of this thesis is useful to see what happens for D3-brane
(the one entering in the model we will look at in the Chapter 3) and D7-brane (the one
mainly used for phenomenological models). For D7-brane the result is:

2πfD7
i = njin

k
i S −m

j
im

k
i Ti, (2.73)

as we can see if the S dependence is negligible the only dependence of the gauge kinetic
function is the Kähler moduli respecting the Mirror Mediation condition. Now we look
at the D3-brane whose gauge kinetic function is:

2πfD3 = S, (2.74)

as we can see this result brakes the Mirror Mediation condition and in fact, it will be a
problem in the D3-brane model that we have analysed.
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Factorisation of the Matter Metric

As already mentioned in Chapter 1 the matter metric is very hard to compute for general
models but it has been estimated for Dp-branes at singularities in the large volume
regime. At the leading order, it can be factorized as:

K̃α =
hα(U, S)

V2/3
, (2.75)

where hα(U, S) encodes the dependence on the other moduli and it is �avour dependent.
In this way we can see that the Mirror Mediation condition on the matter metric is
respected for general models, it can be studied also for a more particular models where
hα(U, S) is computable for example in toroidal models.

Supersymmetry Breaking

The last condition of the Mirror Mediation is focussed on supersymmetry breaking.
Supersymmetry breaking in Type IIB string �ux compacti�cation arises from the GKP
model:

K(T, S, U) = −3 log(T + T̄ )− log(S + S̄)− log

(∫
M

Ω3 ∧ Ω̄3

)
W =

∫
M

Ω3 ∧G(3).

(2.76)

The superpotential is induced by the �uxes and the superpotential does not depends on
the Kähler moduli at the tree level. From the �ux constraints in the 10D theory the
moduli are �xed as:

DUαW =

∫
M
G(3) ∧ χα = 0,

DSW =
1

S + S̄

∫
M
G(3) ∧ Ω3 = 0,

DTW = − 3W

T + T̄
6= 0.

(2.77)

As one can see, the model respects the Mirror Mediation condition obtaining that super-
symmetry is broken by the Kähler moduli and the �avour-related moduli are stabilised
supersymmetrically. The presence of non-perturbative corrections in the superpotential
to stabilise the Kähler moduli will not break the result but α′ correction could.
Following Conlon's work it is possible to see that Type IIB String Theory compacti-
�cation will automatically respect the Mirror Mediation conditions producing �avour
universal soft-terms.



Chapter 3

Sequestered String Models and FCNC

Constraints

3.1 Sequestered Supersymmetry Breaking

As mentioned in the Section 1.3.3 the masses of the moduli are generally proportional
to the mass of the gravitino and the lower bound for the mass of the moduli from
the cosmological moduli problem is of order 50 TeV. With these premises, one would
like to have the soft masses below the gravitino and moduli masses, the models which
provide this di�erent hierarchy are called sequestered models. In the LVS the sequestering
happens when the SM �elds are localized in the extra dimensions, like in models where
the matter �elds are obtained with D3-branes at a singularity [39]. The sequestered
hierarchy is then produced by the weak coupling of the dominant F-terms and the matter
�elds because of their bulk separation. This is the case of the model [39] analysed in
this thesis where in addition to the sequestering also the uplifting to the dS vacuum is
achieved.

3.2 The Model

The model analysed is the one proposed in [39] which is the result of a Type IIB compacti-
�cation with O3/O7-planes, the moduli are stabilized following the large volume scenario
producing a visible sector sequestered from supersymmetry breaking, the visible sector
is realised with proper D-brane con�gurations on blow-up moduli. The uplifting to a
dS vacuum is realised through E(−1) instantons at a singularity whose blow-up mode
develops non-vanishing F-term thanks to the dilaton-dependent non-perturbative e�ect.
The Kähler moduli are:

• a big four-cycle Tb which controls the dimension of the Calabi-Yau,

• a small blow-up mode Ts supporting non-perturbative e�ects,

• the visible sector cycle TSM ,

47
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• the orientifold projection of TSM G,

• the blow-up mode TdS which supports E(−1) instantons non-perturbative e�ects.

The Kähler moduli are then decomposed into the real and the imaginary parts:

Tb = τb + iψb, Ts = τs + iψs, TSM = τSM + iψSM , G = b+ ic, TdS = τdS + iψdS, (3.1)

where τb, τs, τSM and τdS are divisor volumes, the ψ's are axions obtained by the reduction
of C4 on the four-cycles, b and c are reduction of respectively B2 and C2 on the two-cycles
dual to the shrinking ones.
The N = 1 supergravity theory is described by the superpotential:

W = Wflux(U, S) + As(U, S)e−asTs + AdS(U, S)e−adS(S+κdSTdS) +Wmatter. (3.2)

The �rst part of the superpotential Wflux is the standard superpotential induced by the
�uxes that we have mentioned in the Chapter 1. The second term is the one induced
by ED3-instantons on the small blow-up cycle (or by gaugino condensation) As(U, S)
depends on the complex structure moduli U and the dilaton S whose real part set the
string coupling 〈s〉 = g−1

s , as depends on the D-brane con�guration. The third term is
the one associated to the uplifting moduli and it is generated by non-perturbative e�ects.
The last term is the visible sector matter superpotential:

Wmatter = µ(Φ)HuHd +
1

6
Yαβγ(Φ)CαCβCγ + ... (3.3)

where Φs are the moduli and Cαs are the MSSM super�elds. The dots refer to higher
dimensional operators which are neglected.
The Kähler potential is:

K = −2 ln

(
V +

ξ̂

2

)
− ln(2s) + λSM

τ 2
SM

V
+ λb

b2

V
+Kcs(U) +Kmatter + λdS

τ 2
dS

V
. (3.4)

The �rst term is the usual large volume scenario Kähler potential for the Kähler moduli
with the α′ correction. The second term is the Kähler potential for the dilaton. The λs
are O(1) coe�cients. Kcs(U, S) is the tree level complex structure Kähler potential. The
last term is the Kähler potential for the uplifting Kähler moduli. The matter Kähler
potential is:

Kmatter = K̃α(Φ,Φ)C
α
Cα +

[
Z(Φ,Φ)HuHd + h.c.

]
(3.5)

The matter metric is assumed to be �avour diagonal with the only exception of the Higgs
bilinear term which is parametrized by the function Z.

K̃α =
fα(U, S)

V2/3

(
1− cs

ξ̂

V
+ cdS

τ 2
dS

V
+ cSMτ

p
SM + cbb

p

)
. (3.6)

p is positive in order to have the matter metric well de�ned in the singular limit b, τSM →
0. The fα(U, S) is the factor which depends on the dilaton and the complex structure
moduli and will be described later in the work.
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The gauge kinetic function is obtained by D3-branes at singularities, so it is de�ned to
be:

fa = δaS + κaTSM (3.7)

where δa are universal constants for Zn singularities but can be non universal for more
general types of singularities, we can already see that the dilaton dependence already
break the Mirror Mediation condition.

Figure 3.1: Pictorial representation of the Calabi Yau with the blow-up modes (from [39]
page 13).

3.2.1 D-term Stabilization

The Kähler moduli that parametrise the location of the visible sector D-brane are sta-
bilised using D-terms. The two moduli TSM and G are charged under two anomalous
U(1) symmetries with charges q1 and q2, the resulting D-term potential is:

VD =
1

2Re(f1)

(∑
α

q1α
∂K

∂Cα
Cα − ξ1

)2

+
1

2Re(f2)

(∑
α

q2α
∂K

∂Cα
Cα − ξ2

)2

(3.8)

where f1 and f2 are the gauge kinetic functions of the two U(1)s. The Fayet-Iliopoulos
terms are given by:

ξ1 = − q1

4π

∂K

∂TSM
= −q1λSM

4π

τSM
V

ξ1 = − q1

4π

∂K

∂G
= −q1λb

4π

b

V
.

(3.9)
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The D-term potential vanishes in the vacuum in order to have a supersymmetric mini-
mum at ξ1 = ξ2 = 0, this implies that 〈τSM〉 = 〈b〉 = 0.
The TdS mode can be �xed in the singular regime by minimising the hidden sector D-
term potential (focusing for simplicity on canonically normalised hidden �elds φh,i with
charges qh,i under an anomalous U(1)).

V dS
D =

1

2Re(fh)

(∑
i

qh,i|φh,i|2 − ξh

)2

(3.10)

with FI-term:

ξh = −qdS
4π

∂K

∂TdS
= −qdS

4π

λdSτdS
V

. (3.11)

The hidden matter �elds φh,i are assumed to be �xed from the related F-term in order
to have 〈

∑
i qhid,i|φh,i|2〉 = 0. The term will be added to the resulting F-term potential

to get the total scalar potential.

3.2.2 F-term Stabilization

The dilaton and the complex structure moduli are stabilised supersymmetrically at the
�ux level providing the conditions:

DSWflux|ξ=0 = 0, DUWflux|ξ=0 = 0, 〈Wflux〉 ≡ W0. (3.12)

The minimum provided by this stabilization for the dilaton and the complex structure
moduli is shifted by the α′ e�ect and by the TdS dependent term in the superpotential,
the shift of the dilaton is parametrised by the function ωS(U, S) and for the complex
structure by ωUi(U, S) providing the covariant derivatives:

DSW ' DSWflux|ξ=0 −
3ωS(U, S)ξ̂W0

4sV
= −3ωS(U, S)ξ̂W0

4sV
, (3.13)

for the complex structure:

DUiW ' DUiWflux|ξ=0 −
3ωUi(U, S)ξ̂W0

4sV
= −3ωUi(U, S)ξ̂W0

4sV
. (3.14)

The explicit forms of the functions ω are visible in the Appendix B.
Considering now the stabilization of the Kähler moduli, as already mentioned in Chapter
1, the α′ correction would spoil the no-scale structure of the model providing the following
scalar potential (with the stabilization on the vacuum of the axion imaginary part of Ts
such that e−asIm(Ts) = −1):

VF =
1

2s

[
3ξ̂W 2

0

4V3
− 4

W0Asase
−asτsτs

V2
+

8

3

A2
sa

2
se
−2asτsτ

1/2
s

V

]
(3.15)

The potential is the usual LVS scalar potential with a exponentially large volume at the
minimum but the minimum is modi�ed by the presence of the F-term potential of the
TdS moduli which gives a F-term potential (�xing e−i2adSϕdS = −1):

V dS
F =

(κdSadSAdS)2

sλdS

e−2adS(s+κdSτdS)

V
(3.16)
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The total potential will be:

V Tot =
1

2s

[
3ξ̂W 2

0

4V3
− 4

W0Asase
−asτsτs

V2
+

8

3

A2
sa

2
se
−2asτsτ

1/2
s

V

]
+

+
(κdSadSAdS)2

sλdS

e−2adS(s+κdSτdS)

V
+

1

2s

(
qdS
4π

λdSτdS
V

)2

.

(3.17)

The minimum of the potential will be provided in the limit εs = 1/(4asτs)� 1 resulting
in:

〈τs〉3/2 =
3

2
ξ̂

(1− εs)2

(1− 4εs)[(4− 4εs)(1 + 4αεs)− (1− 4εs)]
=

=
ξ̂

2

[
1 +

(
3

4
− 4

3
α

)
4εs +

(
3

4
− 2

3
α +

16

3
α2

)
16ε2s + o(ε3s)

]
〈V〉 =

3W0〈τs〉1/2

4asAs
eas〈τs〉

1− 4εs
1− εs

=
3W0〈τs〉1/2

4asAs
eas〈τs〉 + o(εs)

〈s〉 =
1

gs
.

(3.18)

With α = q2
dSλdSτdS(1 + λdSτdS)/((4π)24W0Ase

−asτs).
The value of τdS is obtained tuning the scalar potential in order to have a small dS
cosmological constant (in the limit α� 1):(

κdSadSAdS
W0

)2

e−2adS(s+κdSτdS) =
9

8

ξ̂εsλdS
V2

(3.19)

In this way we will �x:

〈τdS〉 =
9πadSκdSW

2
0 ξ̂εs

2q2
dSλdS〈V〉

(3.20)

The resulting de Sitter vacuum has the cosmological constant:

〈V Tot〉 =
1

2s

(
9adSκdSW

2
0 ξ̂εs

8qdS〈V〉2

)2

∼ O(1/V4) (3.21)

The cosmological constant from the model can also be tuned to be smaller but it has to
be compared with the cosmological constant observed value Λ ∼ 10−122 in Planck units.

3.2.3 F-terms

The mass of the gravitino generated by the supersymmetry breaking minimum is:

m3/2 = eK/2|W | = W0√
2sV

[
1 +

1

V

(
λdSτdS −

ξ̂

2

)
+ o

(
1

V2

)]
. (3.22)

The mass is poorly a�ected by the τdS and ξ̂ contributions producing a leading order
dependence from the volume of O(1/V), this is important because all the other quantities
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will be traced back to the gravitino mass which will set the scale of the model.
The F-terms related to the LVS Kähler moduli are:

F Tb = − 2τbW0

(2s)1/2V
+ o

(
1

V2

)
∼ O

(
m

1/3
3/2M

5/3
p

)
F Ts = − 3W0

2Vas(2s)1/2
+ o

(
1

V2

)
+ o

(
1

a2
sτs

)
∼ O

(
m3/2Mp

) (3.23)

The F-terms of the two moduli are at the leading order the same of a usual LVS model
with F Tb the dominant term in the supersymmetry breaking.
The F-terms associated to the dilaton S and the complex structure moduli Ui should be
zero at the leading order by the supersymmetric �ux stabilization but they are a�ected
by the shift of the minimum induced by the α′ correction.

F S = eK/2W0
3

2

ξ̂s

V
[3− 2ωS(U, S)] + o

(
1

V3

)
∼ O

(
m2

3/2

)
FUi = eK/2KUiUjDUj

W ' KUiUj
ωUj(U, S)

2s2ω′S(U, S)
F S = βUi(U, S)F S ∼ O(m2

3/2)

(3.24)

with ω′S(U, S) = 3 − 2ωS(U, S). The βUi terms are O(1) in the volume expansion. The
two F-terms are hierarchically smaller respect to the ones of the Kähler moduli.
The F-term associated to the new Kähler moduli TdS is:

F TdS =
3W0ξ̂

1/2ε
1/2
s√

2λ
1/2
dS (2s)1/2V

+ o

(
1

V2

)
∼ O

(
m3/2

ε
1/4
s

)
. (3.25)

The last F-terms associated to the moduli are the ones of G and TSM which are �xed to
0:

FG = 0, F TSM = 0 (3.26)

which is very important to provide the sequestering because the dominant F-terms are
the ones associated to the moduli weakly coupled with the visible sector.

3.3 Soft-Terms

The soft-supersymmetry breaking Lagrangian of the model is:

−Lsoft =
1

2
(Maλ

aλa + h.c.) +m2
αC

αC̄ ᾱ +

(
1

6
AαβγŶαβγC

αCβCγ +BµHuHd + h.c.

)
(3.27)

where all the �elds and the parameters are the normalized ones.
Before seeing the form of the Soft-Terms is important to look at the factorization of the
matter metric which distinguishes two possible phenomenological scenarios.

Factorisation of the matter metric

The general factorization of the matter metric follows what said in the Chapter 1 con-
sidering the new terms that arise from the α′ correction and the TdS contribution:

K̃α =
hα(U, S)eKcs/3

(2s)1/3V2/3

(
1− cs

ξ̂

V
+ cdSKdS

)
. (3.28)
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There can be de�ned two scenarios considering if the equation K̃ = eK/3 holds only at
the leading order or also for higher order corrections:

• Local: if the matter metric factorization holds only at leading order in V−1;

• Ultra-local: if the matter metric is factorized in the mentioned way also at higher
orders.

In the Ultra-local scenario:

K̃α = hα(U, S)eK/3 + o

(
1

V8/3

)
(3.29)

and cs = cdS = 1/3. In fact:

eK/3 =
eKcs/3

(2s)1/3V2/3

(
1− ξ̂

3V
+
λdSτ

2
dS

3V
+

5

36

ξ̂2

V2
+

1

18

λ2
dSτ

4
dS

V2
− 1

18

ξ̂λdSτdS
V2

+ o

(
1

V3

))
.

(3.30)
The scenarios are very important because they distinguish two phenomenological di�er-
ent spectra for the MSSM which can lead to the presence of FCNCs and this will be
object of study of the Section 3.4.

3.3.1 Gaugino Masses

The gaugino masses in gravity mediated supersymmetry breaking are:

Ma =
1

2

Fm∂mfa
Re(fa)

. (3.31)

By the fact that on the vacuum fa = δaS and the δa are universal terms (but could be
also non universal for di�erent models) the gaugino masses of the model are universal:

M1/2 =
1

2

F S∂Sf

Re(f)
=

3

4

ξ̂W0

(2s)1/2V2
ω′S(U, S) ∼ O

(
m2

3/2

Mp

)
. (3.32)

The resulting masses are hierarchically smaller than the gravitino mass m3/2.

3.3.2 Scalar Masses

The scalar masses are generated by both F-term and D-term contributions by the D-term
stabilization of the TdS moduli.

F-term Contribution

The F-term contribution to the scalar masses for diagonal matter metric is:

m2
α|F = m2

3/2 + 〈V 〉 − Fm
F n∂m∂n log(K̃α) (3.33)
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Local Scenario

The scalar masses in the local scenario are:

m2
α = m2

3/2 + 〈V 〉 − Fm
F n∂m∂n log(K̃α) =

= m2
3/2 − F

m
F n∂m∂n

[
1

3
K + log

(
1− cs ξ̂V + cdSKdS

1− ξ̂
3V + 1

3
KdS

)
+ log(hα)

]
=

= −Fm
F n∂m∂n

[
log
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1− cs ξ̂V + cdSKdS

1− ξ̂
3V + 1

3
KdS

)
+ log(hα)

]
=

=

(
cs −

1

3

)(
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)2
∂2
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ξ̂

V
+ o

(
1

V4

)
=

=

(
cs −

1

3

)
5

ω′S(U, S)
m3/2M1/2 + o

(
1

V4

)
∼ O(M1/2m3/2).

(3.34)

In the local scenario the masses of the scalar particles are mainly generated by the F Tb

contribution. The masses obtained are �avour universal and are hierarchically between
the gravitino mass m3/2 and the universal gaugino massM1/2. For cs < 1/3 the resulting
masses are negative, the tachyonic solution would provide a non stable vacuum for the
MSSM �elds.

Ultra-local Scenario

The ultra-local scenario provides a di�erent result:

m2
α = m2

3/2 + 〈V 〉 − Fm
F n∂m∂n log(K̃α) =

= m2
3/2 − F

m
F n∂m∂n

[
1

3
K + log(hα)

]
=

= −Fm
F n∂m∂n log(hα) =

= −(F S)2
(
∂2
S + βU∂S∂U + βUβU∂2

U

)
log(hα) =

= −s2M2
1/2

(
∂2
s + βUi∂s∂ui + βUiβUj∂ui∂uj

)
log(hα) ∼ O(M2

1/2)

(3.35)

The masses in the ultra-local scenario are generated by the F S contribution. The mass
spectrum in this scenario is di�erent from the one in the local one and has the masses
of the scalar particles at the same order of the mass of the gauginos. The log(hα) factor
can provide non �avour universal masses, inducing FCNCs.

D-term Contribution

The D-term contribution to the scalar masses is given by:

m2
α|D = K−1

α

∑
i

g2
iDi∂

2
ααDi − VD,0. (3.36)

The only term is the one associated to the D-term of TdS associated to the anomalous
U(1) symmetry which is:

DTdS =
qdS
4π

∂TdSK. (3.37)
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And g2
i = 1/Re(fa) =. The contribution will be:

m2
α|D =

qdS
4π

K−1
α g2

TdS
DTdS∂TdS∂C∂CK − VD,0 =

=
qdS
4πs

K−1
α DTdS∂TdSKα − VD,0 =

cdS
4πs

DdSqdS
τdS
V
− VD,0 = (2cdS − 1)VD,0.

(3.38)

Adding also VF,0/3 = −VD,0/3 the �nal result is

mα = 2

(
cdS −

1

3

)
VD,0 ∼ O(V−4). (3.39)

In the local scenario the contribution is O(V−4) so it is negligible respect to the contri-
bution from the F-term. In the ultra-local scenario cs = 1/3 so the O(V−4) contribution
is removed giving that the dominant contribution is the F-term one.

3.3.3 Trilinear terms

The trilinear A-terms are de�ned for a diagonal matter metric as (in the leading order
contribution Fm∂m log Yαβγ = 0):

Aαβγ = Fm
[
Kmδαβγ − ∂m log

(
K̃αK̃βK̃γ

)]
. (3.40)

Local scenario

In the local scenario the result for the trilinear A-terms is:

Aαβγ = Fm
[
Kmδαβγ − ∂m log

(
K̃αK̃βK̃γ

)]
=

= Fm∂m

[
K − log

(
eKhαhβhγ

)
− 3 log

(
1− cs ξ̂V + cdSKdS

1− ξ̂
3V + 1

3
KdS

)]
=

= Fm∂m

[
− log (hαhβhγ)− 3

(
1

3
− cs

)
ξ̂

V
− 3

(
cdS −

1

3

)
KdS + o

(
1

V2

)]
=

=

[
−s∂s,u log (hαhβhγ)−

6

ω′S(S, U)

(
1

3
− cs

)]
M1/2 ∼ O(M1/2)

(3.41)
with ∂s,u = ∂s + βU∂u. The trilinear terms are mainly generated by the F S term con-
tribution, they are universal if the term s∂s,u log (hαhβhγ) is negligible respect to the
other terms producing trilinear terms of the order O(M1/2) which are proportional to
the Yukawa couplings.

Ultra local Scenario

In the ultra-local scenario the trilinear terms are:

Aαβγ = Fm
[
Kmδαβγ − ∂m log

(
K̃αK̃βK̃γ

)]
=

= Fm∂m
[
K − log

(
eKhαhβhγ

)]
=

= Fm∂m [− log (hαhβhγ)] + o

(
1

V3

)
=

= −s∂s,u log (hαhβhγ)M1/2 ∼ O(M1/2).

(3.42)
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The trilinear terms are, also in this scenario, generated by the F S term but in this case
they are not universal because of the cancellation which leaves only the s∂s,u log (hαhβhγ)
term but this does not change the hierarchy leaving them at the O(M1/2) order.

3.3.4 Bµ-term

F-term contribution

The last soft-term is the Bµ-term. Parametrizing Z = γK̃M with K̃M the �avour
universal part of the matter metric and assuming µ = 0 the term is:

Bµ|F = (K̃HuK̃Hd)
−1/2 {(2m2

3/2 + 〈V 〉)Z −m3/2F
m
∂mZ+

+m3/2F
m
[
∂mZ − Z∂mlog(K̃HuK̃Hd) ]+

−Fm
F n
[
∂m∂nZ − (∂mZ)∂nlog(K̃HuK̃Hd)

]}
=

=
1

Z
{(2m2

3/2 + 〈V 〉)Z − 2Zm3/2F
m∂mlog(Z)+

−Fm
F n [∂m∂nZ − 2(∂mZ)∂nlog(Z)]

}
=

=
γ√

fHufHd
{2m2

3/2 − 2m3/2F
i∂ilog(K̃H)+

−F iF
j
[
∂i∂jlog(K̃M)− ∂ilog(K̃M)∂jlog(K̃H)

]}
=

=
γ√

fH1fH2

[
m2

3/2 − F iF
j
∂i∂jlog(K̃M) + o

(
1

V4

)]
=

=
γ√

fHufHd

[
m2|F + o

(
1

V4

)]

(3.43)

In the Local and Ultra-local scenario the behaviour of the Bµ term is proportional to
the �avour universal term of the scalar masses, reproducing the same hierarchy.

D-term contribution

The D-term contribution is given by:

Bµ|D = (KHuKHd)
−1/2

(∑
i

g2
iDiHu∂HdDi − VD,0Z

)
=

=
γ√

fHufHd
K−1
M

(qdS
4π

g2
dSDTdS∂TdSKM − VD,0KM

)
=

=
γ√

fHufHd
m2
α|D.

(3.44)

Also for the D-term contribution the behaviour of Bµ is the same as the D-term con-
tribution of the scalar masses, this means that again is negligible respect to the F-term
contribution.
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3.3.5 Mass Spectra

The two mass spectra for the di�erent scenarios are summarised in Figure 3.2.

m3/2

mα, M1/2

M
m3/2

M1/2

m0

M

Figure 3.2: The two possible mass spectra of the model. (Left) Ultra-local scenario.
(Right) Local scenario.

The Ultra-local scenario spectrum is similar to the one obtained from D7-branes while
the Local scenario gives a split supersymmetry breaking spectrum. Considering the
compacti�cation volume expressed in [39] V ∼ 107 the spectrum will bem3/2 ∼ 1010 TeV,
M1/2 ∼ 1 TeV and in the local scenario m0 ∼ 104 TeV.
The split of the supersymmetry in the local scenario in�uences the renormalization of
the mass of the Higgs in the RG group. In fact we have looked at the study [40] where it
was computed the RG �ow of the Higgs mass in the MSSM with di�erent supersymmetry
breaking scenarios. In the split supersymmetry breaking scenario, �xing M1/2 ∼ 1 TeV,
the mass of the Higgs is reproduced for the chosen �avour universal mass of the scalar
particles for tan β = 1. The β angle is de�ned as:(

H
A

)
=

(
cos β sin β
− sin β cos β

)
=

(
−εH∗d
Hu

)
(3.45)

where ε is the antisymmetric tensor with ε12 = 1. H is the SM-like Higgs doublet and A
is an heavier Higgs doublet. tan β is then de�ned by the tuning condition:

tan2 β =
m2
Hd

+ µ2

m2
Hu

+ µ2

∣∣∣∣
m0

. (3.46)

By this result, we can see that the hierarchy of the model provides a strict bound on the
MSSM RG parameters.
The lightest supersymmetric particle in this split MSSM and the best candidate to be
experimentally observed is the gluino which has been widely studied from a phenomeno-
logical point of view as, for example, done in [41] where the gluino signature are studied
in term of its lifetime in fact from [40] the gluino lifetime is:

cτg̃ =

(
2 TeV

M1/2

)5 ( m0

107 GeV

)4

0.4 m. (3.47)
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By our prediction of the spectrum in the local scenario the gluino lifetime result is
cτg̃ ' 13 m, in this Long-lived gluino scenario the best possibility to observe it is when
the gluino hadronizes and turn into an R-hadron [41]. The R-hadrons are massive charged
particles colour singlet hadronic states.

3.4 Sequestering and Mirror Mediation

Before looking at the FCNCs analysis of the mass spectra and the trilinear terms is
possible to see if the �ve Mirror Mediation conditions are respected by the model.

1 The Hidden sector is made by the modulus Tb, Ts, TdS, S, U , TSM , G providing
the distinction of two classes:

• Φi = Tb, Ts, TdS, TSM , G;

• χi = S, U .

So the model matches the �rst condition.

2 The Kähler potential is a sum at the zero order in 1/V but the �rst order corrections
spoil the sum form introducing mixing terms between Φi and χi:

K = −2 ln(V) + λdS
τ 2
dS

V
+ λSM

τ 2
SM

V
+ λb

b2

V︸ ︷︷ ︸
Φi sector

− ln(2s) +Kcs(U)︸ ︷︷ ︸
χi sector

− ξ̂

V
+ o

(
1

V2

)
︸ ︷︷ ︸
mixing terms

.

(3.48)
The condition is respected only at the leading order but as exposed in the Chapter
2 the mixing terms in the Kähler metric are suppressed respect to the diagonal
ones in the LVS.

3 The Yukawa couplings depends only on the χi because of the shift symmetry of
the Khäler moduli and the holomorphy of the superpotential. The gauge kinetic
function depends both on Φi and χi, in fact in the model:

fa = δaS + κaTSM . (3.49)

The dominant term in the gauge kinetic function is the dilaton dependence which
is from the χi class but it should come from the Φi class, so the Mirror Mediation
condition on the gauge kinetic function is not respected by the model.

4 The factorization of the matter metric is broken by the term of order 1/V5/3:

Kα = fα(U, S)︸ ︷︷ ︸
χ factor

1

V2/3

(
1− cSMτ pSM + cbb

p + cdS
τ 2
dS

V

)
︸ ︷︷ ︸

Φi factor

− fα(U, S)csξ̂

2V5/3︸ ︷︷ ︸
mixing term

. (3.50)

The mixing term is suppressed respect to the factorized one so at the leading order
the Mirror Mediation condition is respected but at the higher order is broken.
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5 The non-supersymmetric stabilization of Φi is respected while the supersymmetric
one of χi is not respected, in fact:

F Tb = − 2τbW0

(2s)1/2V + o
(

1
V2

)
F Ts = − 3W0

2Vas(2s)1/2
+ o

(
1
V2

)
F TdS = 3W0ξ̂1/2ε

1/2
s√

2λ
1/2
dS (2s)1/2V

+ o
(

1
V2

)
F TSM = 0
FG = 0


FΦi 6= 0

F S = eK/2W0
3
2
ξ̂s
V [3− 2ωS(U, S)]

FU = KUiUj
ωUj

(U,S)

2s2ω′S(U,S)
F S

}
F χi 6= 0 but o(1/V2)

(3.51)

The F S and FU terms are suppressed respect to the Φi class' F-terms so the Mirror
Mediation condition is again respected only at the leading order.

The Mirror Mediation analysis shows that the Mirror Mediation conditions are always
matched at the leading order (except for what concern the gauge kinetic function) but
they are broken once one considers also the subleading contributions so a cancellation
at the leading order could make emerge the non Mirror Mediation terms which would
produce FCNCs.
As shown in this Section the Mirror Mediation conditions are not exactly respected
and this could lead to non �avour-universal masses (as what happens to the Ultra-
local scenario), it is then fundamental to understand if the experimental bound (2.20) is
respected or not by the two scalar masses. Once veri�ed the experimental compatibility
of the scalar masses we considered the UFB and CCB conditions (2.27).

3.4.1 Ultra-local Scenario

In the Ultra-local scenario the scalar masses are �avour non universal with the form:

m2
α = M2

1/2∆s,u log hα(U, S) (3.52)

with ∆s,u = −s2
(
∂2
s + βUi∂ui∂s + βUiβUj∂ui∂uj

)
. All the phenomenological implications

came out from the exact functional form of hα(U, S). We could try to consider an
hypothetical parametrization that could preserve the �avour universality:

hα = g(U, S)gα(U, S). (3.53)

In this parametrization the scalar masses could be divided into a universal term and a
non-universal term:

m2 = M2
1/2∆s,u log g(U, S)

∆m2
α = M2

1/2∆s,u log gα(U, S).
(3.54)

Now looking at the experimental bound (2.20) the bound on the non universality of
hα(U, S) will be (considering m ∼ 104 TeV):

∆s,u log g(U, S) & 107∆s,u log gα(U, S). (3.55)

The resulting suppression is huge and it is the result of a non supported hypothesis on
the matter metric. The resulting mass in the Ultra-local scenario should make us agree
on the fact that it is not compatible with the FCNCs constraints of the SM.
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3.4.2 Local Scenario

For the local scenario the �avour universal mass term is dominant but there is also a
�avour non universal term which is suppressed in the volume expansion but has to be
analysed:

m2
0 =

(
cs −

1

3

)
5

ω′S(U, S)
m3/2M1/2

∆m2
α = M2

1/2∆s,u log hα(U, S).

(3.56)

The resulting lower bound for the volume is:

V & 10−2 3

4

ξ̂ω′2S (U, S)∆s,u log hα(U, S)

(2s)1/2
(
cs − 1

3

) . (3.57)

All the terms in the RHS are of the unity order providing that the bound is simply
V & 10−2. The resulting bound is compatible with the volume proposed in [39] V ∼ 107.

3.4.3 Literature Results

Comparing this result to the one obtained by de Alwis in [42] we obtained a low di�erence
but a signi�cant discrepancy in how the result is obtained. The result obtained in [42]
is a lower bound for the volume of V & 10−3 always considering the mass of the scalar
as 104 TeV.
The discrepancy is generated by the matter metric considered by [42] which has been
computed in [43].

K̃αβ =
3µ

V + ξ̂/2

(
iωb

αβ
τ

1/2
b − iωs

αβ
τ 1/2
s

)
(3.58)

with ωi the harmonic (1,1)-forms on the Calabi Yau orientifold evaluated at the position
of the D3-breane. The computation is made considering the D3-brane in a �xed point
and not in a singularity and it is improperly extended to the singularity case. In fact
the non-universal mass term in [42] is:

∆m2β
α = m2

3/2

3

4

√
τs
τb
K ′α

β. (3.59)

The
√
τs/τb term came out from the form of the matter metric in fact we have compared

the de Alwis result for the matter metric with the result expressed in Chapter 1 and we
have got that (assuming for simplicity 3µ = iωb

αβ
= iωs

αβ
= 1):

eK/2
1

K̃3/2
= 1 +

3

2

τ
1/2
s

V1/3
+ o

(
1

V2/3

)
. (3.60)

Instead of having only 1 up to the ξ̂ corrections the RHS has also a O
(√

τs/τb

)
term

which is the origin of the discrepancy between our result and the one in [42].
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3.4.4 CCB and UFB Constraints

Once we veri�ed that the FCNC constraints are always respected by the local scenario
we had to consider the CCB and UFB constraints that we mentioned in Section 2.2.3
and 2.2.4 which can be essentially summarised as:

A2
αβγ < m2

0. (3.61)

Considering now the the value of the trilinear terms and the scalar masses we have seen
that the local scenario respects the condition in fact: A2

αβγ ∼ M2
1/2 � m2

0 ∼ m3/2M1/2.
The local scenario is acceptable also under this constraints.
The Ultra-local scenario which is already problematic from the mass-universality does
not respect the CCB and UFB constraints because the terms are very similar in fact
this would require a very peculiar �ne tuning because the trilinear terms and the scalar
masses are both proportional to the gaugino mass. The condition (3.61) becomes:

[∂s,u log (hαhβhγ)]
2 < −

(
∂2
s + βUi∂s∂ui + βUiβUj∂ui∂uj

)
log(hα). (3.62)

The solution of the inequality can be found only knowing the exact form of hα(U, S) also
by the fact the the β terms are O(1) so the most realistic hypothesis that we can make is
that the condition is not respected, producing another phenomenological problem against
the Ultra-local scenario.
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Conclusions

String compacti�cations can provide many useful supersymmetric models with di�er-
ent phenomenological implications. Sequestered models provide a good solution to the
hierarchy problem and to the cosmological moduli problem. However models with low-
energy masses for the scalars can be a�ected by �avour changing neutral currents which
one want to avoid in order to preserve the Standard Model predictions.
The model that we have analysed provides two di�erent phenomenological scenarios for
the MSSM: the ultra-local and the local one. It is important to notice that the two sce-
narios are distinguished only by di�erent higher-order corrections to the Kähler metric
for MSSM matter �elds.

• The Ultra-Local scenario features a standard supersymmetry breaking spectrum
where all soft-terms are of the same order of magnitude M1/2 ∼ mα ∼ Aαβγ ∼
Bµ ∼ 1 TeV� m3/2 with a low energy supersymmetry soft breaking as in models
with matter originated by D7-branes, but introduces �avour non-universal scalar
masses due to the functional dependence of the matter metric. In fact, the scalar
masses are generated by the α′ correction. Combining the de�nition of the F-term

potential F
m
F nKmn = V0 + 3m2

3/2 with the form of the matter metric which is

K̃α = eK/3hα, the scalar masses become:

m2
α =

2

3
V0 −

1

3
F
m
F n∂m∂n log hα. (3.63)

So by the fact that hα depends only on S and U , the only contribution is the one
generated by the shift of the minimum for S and U induced by α′ e�ects. This
means that the normalized scalar mass depends on the �avour structure of the
matter metric. This implies that in general there is no way to assume a �avour
universality. Once we have moved to the analysis of the trilinear terms we have
seen that also in this case the Ultra-local scenario does not respect clearly the con-
straints. In fact, the exact �avour structure of the matter metric became important
also for the trilinears and by our analysis, we can conclude that this scenario does
not respect also the UFB and CCB constraints.
We can conclude that this scenario is phenomenological unacceptable and this could
make us argue that the matter metric should be a�ected by the α′ correction in
a di�erent way with respect to the Kähler potential and the de�nition from [16]
should be exact only in the �rst order of the volume expansion, at least for D3-
brane models.

• The Local scenario provides a di�erent phenomenological result named in literature
as split supersymmetry breaking. In fact, there is a splitting between the soft

63



64 CHAPTER 3. SEQUESTERED STRING MODELS AND FCNC CONSTRAINTS

terms leading to M1/2 ∼ Aαβγ ∼ 1 TeV and m0 ∼ Bµ ∼ 104 TeV, both smaller
than the gravitino mass m3/2 ∼ 1011 TeV. It is important to notice that this
scenario is acceptable if and only if the coe�cient of the Kähler matter metric
cs > 1/3 in order to provide positively de�ned scalar masses otherwise this would
introduce an unstable vacuum for the MSSM which can break the symmetry in the
MSSM. The split of the supersymmetry breaking does not spoil the naturalness of
the model since for tan β = 1 the mass spectrum gives the right renormalization
group running of the Higgs mass as demonstrated by [40]. Contrary to the Ultra-
local, this scenario respects the FCNC constraints on the scalar masses, as we
have demonstrated in Section 3.4.2, and respects the UFB and CCB constraints as
demonstrated in Section 3.4.4. As in typical split supersymmetry breaking scenario,
the lightest supersymmetric particles are the gluinos which can be the object of
experimental studies. In particular, this model predicts a long-lived gluino with
lifetime cτg̃ ' 13 m.

Both of the two phenomenological scenarios are characterized by the presence of the
uplifting mechanism via the new Kähler moduli that can provide a �ne-tuning for the
cosmological constant value.
In the end the result of the phenomenological unacceptability of the ultra-local model
could make us infer that the matter metric should be a�ected by di�erent α′ corrections
with respect to the Kähler potential. In particular, cs should be larger than 1/3 to
provide positively de�ned mass terms. This means that the physical Yukawa couplings
will depend on the volume via higher-order corrections, even if one would expect the
opposite due to the fact that the Yukawa couplings are generated by the local interactions
of the open string degrees of freedom. An interesting follow-up research line could be
the study of the e�ect of the α′ corrections to the matter metric and the understanding
of the implications of the volume dependence of the physical Yukawa couplings.



Appendix A

Single-Hole Swiss Cheese Model

The Kähler potential is:

K = −2 log

(
V +

ξ̂

2

)
V =

(
Tb + Tb

2

)3/2

−
(
Ts + Ts

2

)3/2

(A.1)

the superpotential is:
W = W0 + Ase

−asTs (A.2)

the supergravity F-term scalar potential is:

VF = eK
(
KijDiWDjW − 3|W |2).(A.3)

The derivative of the Kähler potential are:

KTb = −3

2

τ
1/2
b

(V + ξ̂/2)
KTs =

3

2

τ
1/2
s

(V + ξ̂/2)
(A.4)

with τi = Re(Ti), the inverse metric is:

Kij =
8

3

[V + ξ̂/2]

[2V − ξ̂/2]

(
3τ

3/2
s τ

1/2
b + τ

1/2
b [V + ξ̂/2] 3τsτb

3τsτb 3τ
3/2
b τ

1/2
s − τ 1/2

s [V + ξ̂/2]

)
(A.5)

The scalar potential will be:

VF =eK
[
(KTbTbKTbKTb

+KTsTsKTsKTs
+KTsTbKTsKTb

+KTbTsKTbKTs
− 3)|W |2+

+ (KTsTsKTs
+KTsTbKTb

)WTsW+

+ (KTsTsKTs +KTsTbKTb)W Ts
W+

+KTsTsW Ts
WTs ].

(A.6)
The �rst bracket can be ease evaluated by the breaking of no scale structure:

KTiT jKTiKT j
=

3[
1− ξ̂

4V

] = 3 +
3

4

ξ̂

V
(A.7)
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and the second equal to:
−4τs[V + ξ̂/2]

[2V − ξ̂/2]
∼ −2τs. (A.8)

so in the large volume limit V � 1 we will get:

VF =
3

4

ξ̂|W |2

V3
− 2τs
V2

[WTsW +W Ts
W ] +

8

3

τ
1/2
s

V
W Ts

WTs ] (A.9)

the dominant terms from the superpotential are:

|W |2 ∼ W 2
o

[WTsW +W Ts
W ] ∼ −2W0asAse

−asTs

W Ts
WTs ∼ A2

sa
2
se
−2asτs

(A.10)

stabilizing on the vacuum the imaginary part of Ts such that e−asIm(Ts) = −1 we get:

VF =
3

4

ξ̂W 2
0

V3
− 4

W0Asase
−asτsτs

V2
+

8

3

A2
sa

2
se
−2asτsτ

1/2
s

V
(A.11)

looking for the minimum we get:

∂Vf
∂V
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4

ξ̂W 2
0

V4
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W0Asase
−asτsτs

V3
− 8

3
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sa

2
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1/2
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V2
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9

8
ξ̂W 2

0 − 4W0Asase
−asτsτsV +

4

3
A2
sa

2
se
−2asτsτ 1/2

s V2 = 0

V =
3

2

W0τ
1/2
s

Asase−asτs

1±

√
1− 3ξ̂

8τ
3/2
s


∂Vf
∂τs

= 4
W0asAs
V2

[e−asτs − asτse−asτs ]−
8

3

A2
sa

2
s

V

[
1

2
τ−1/2
s e−2asτs − 2asτ

1/2
s e−2asτs

]
= 0

εs = 1/(4asτs)� 1

2

1±

√
1− 3ξ̂

8τ
3/2
s

 =
1− 4εs
1− εs

〈V〉 =
3

4

W0τ
1/2
s

asAs
easτs

1− 4εs
1− εs

∼ W0e
asτs

〈τs〉3/2 =
1

2
ξ̂

(1− εs)2

1− 4εs
(A.12)

Looking now at the gravitino mass:

m2
3/2 = eK |W |2 ∼ W 2

0

〈V〉2
∼ e−2asτs (A.13)

The energy on the minimum will be:

〈VF 〉 = −32

3

(asAse
−asτs)

3
εs

W0

+ o(ε2s) ∼ −m3
3/2Mp. (A.14)
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In order to compute the mass of the modulus �rst we have to canonical normalize the
�elds:

τ cb ∼
τb
〈τb〉
〈τb〉 ∼ 〈V〉2/3τ cs ∼

τs
〈τb〉3/4〈τs〉1/4

(A.15)

the scalar potential become:

VF =
3

4

ξ̂W 2
0

〈τb〉9/2τ cb 9/2
− 4

W0Asase
−asτcs τ cs

〈τb〉3τ cb 3
+

8

3

A2
sa

2
se
−2asτcs τ cs

1/2

〈τb〉3/2τ cb 3/2
(A.16)

Asymptotically:

m2
ij ∼ Vij ⇒ m2

τcb
∼ 〈∂

2VF
∂τ cb

2
〉 ∼ W 2

0

〈V〉3
∼ m3

3/2

1

Mp

. (A.17)

Doing the same things for the mass of τs at the leading order we get

m2
τcs
∼ 〈∂

2VF
∂τ cs

2
〉 ∼ W0

〈V〉2
∼ m2

3/2. (A.18)

Let us consider now the F-terms:

F i = eK/2KijDjW

F Tb =
−2τbW0

V
∼ m

1/3
3/2M

5/3
p

F Ts ' −2τsW0

V
+

2τsW0

V
1− 4εs
1− εs

' −6τsW0εs
V

∼ m3/2Mp

(A.19)
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Appendix B

Sequestered de Sitter String Model

The Kähler potential is:

K = −2 log
(
V + ξ(S + S)3/2

)
− log(S + S) +KαC

αC
α

+Kcs(U) + λSM

(
TSM+TSM

2

)2

V
+

+ λb

(
G+G

2

)2

V
+ λdS

(
TdS+T dS

2

)2

V
(B.1)

with:

V =

(
Tb + Tb

2

)3/2

−
(
Ts + Ts

2

)3/2

(B.2)

and:

Kα =
fα(U, S)

V2/3

(
1− cs

ξ(S + S)3/2

V
+ cSM

(
TSM + T SM

2

)p
+ cb

(
G+G

2

)p
+KdS

)
(B.3)

the superpotential is:

W = W0(U, S) + As(U, S)e−asTs + AdS(U, S)e−adS(S+kdSTdS). (B.4)

The gauge kinetic function is de�ned:

fa = δaS + κaTSM , (B.5)

with δa are universal constants for Zn singularities but can be non universal for general
singularities. By the fact that 〈C〉 = 〈TSM〉 = 〈G〉 = 0 the only relevant terms for the
Kähler derivatives are:

KTb = −3

2

τ
1/2
b

Y
− 3

4

λdSτ
2
dSτ

1/2
b

V2

KTs =
3

2

τ
1/2
s

Y
+

3

4

λdSτ
2
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1/2
s

V2

KTdS =
λdSτdS
V

KS = − 1

2s

(
1 +

3

2

ξ̂

Y

)
(B.6)
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with τi = Re(Ti).
The inverse matrix will be:
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(B.7)

All the other terms can be neglected.

F-term stabilisation

The F-term potential is given by:

VF = eK
(
KijDiWDjW − 3|W |2

)
. (B.8)

Due to the spoil of the no scale structure induced by the ξ corrections we will get:

KiK
ijKj = 3 +

3

4

ξ̂

V
(B.9)
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The coe�cient of the |W |2 term is at the leading order:

3

4

ξ̂

2sV3
(B.10)

the coe�cient of W TS
W :

−2τs
2sV2

. (B.11)

The scalar potential will be:

VF =
3

4

ξ̂|W |2

2sV3
− 2τs

2sV2
[WTsW +W T s

] +
8

3

τ
1/2
s

2sV
(B.12)

the dominant terms from the superpotential are:

|W |2 ∼ W 2
o

[WTsW +W Ts
W ] ∼ −2W0asAse

−asTs

W Ts
WTs ∼ W 2

0A
2
Sa

2
se
−2asτs

(B.13)

stabilizing on the vacuum the imaginary part of Ts such that e−asIm(Ts) = −1 we get:
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1

2s
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3ξ̂W 2
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W0Asase
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V2
+

8

3
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sa

2
se
−2asτsτ
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s
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]
(B.14)

Considering now also the TdS modulus we get the F-temr potential (�xing e−i2adSϕdS =
−1) we get:

V dS
F =

(κdSadSAdS)2

sλdS

e−2adS(s+κdSτdS)

V
(B.15)

The total potential will be:

V Tot =
1
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V2
+

8

3

A2
sa

2
se
−2asτsτ

1/2
s

V

]
+

+
(κdSadSAdS)2

sλdS

e−2adS(s+κdSτdS)

V
+

1

2s

(∑
i

qh,i|φh,i|2 +
qdS
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V

)2 (B.16)

Minimisation of the potential

Stabilising the D-term in the de Sitter potential we �x 〈qh,i|ϕh,i|2〉 = 0 so the total
potential will be:
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∂V Tot
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(B.18)

De�ning εs = 1/4asτs � 1 we get:
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(B.19)

Shift of the Dilaton and Complex Structure Minimum

The α′ correction introduce a shift in the dilaton minimum that is:
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(B.20)

The complex structure moduli are stabilised supersymmetrically for ξ̂ but introducing
the α′ correction the minimum is shifted producing:
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