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Abstract

In Large Volume Scenarios, the axio-dilaton and complex-structure F'-terms receive
non-vanishing contributions from several subleading effects, some of which have al-
ready been extensively studied in the literature [1-5]]. For instance, the inverse of the
corrected Kahler metric induces mixing between the axio-dilaton S and the Kahler di-
rections 7;. Since Dp, W is non-zero at the LVS AdS minimum, this mixing generates
non-vanishing F-terms for both S and z,. In addition, the perturbative correction to
the Kahler potential directly modifies the covariant derivatives Dr,, Dg, and D, . Also
the dependence of IV, on z, and S via its prefactor: Wy, = A(z,, S)e~T" leads the
F'-terms to acquire non-zero contributions.

In this thesis, we investigate a distinct contribution arising from the displacement of
the axio-dilaton and complex-structure moduli away from their supersymmetric tree-
level flux vacuum. Although these fields are conventionally stabilised at leading order
and subsequently treated as frozen in the analysis of Kahler-moduli stabilisation, the
perturbative and non-perturbative effects responsible for the Large Volume Scenario
generate non-vanishing gradients along the (.5, z,) directions. As a consequence, the
full minimum is shifted by amounts .S and 9 z,.

We compute these displacements perturbatively in the large-volume and weak-
coupling regime, organising the results according to their parametric scaling in inverse
powers of the compactification volume ) and powers of the string coupling g,. We then
determine how the shifted vacuum modifies the corresponding F'-terms. The analysis
is first performed in a simplified model with rigid complex-structure and subsequently
extended to a model containing a dynamical complex-structure modulus.

We find that the shift-induced contribution to the complex-structure sector F'-term
is enhanced by an additional factor of ¢, ' relative to the previously known contribu-
tions [2,/6] and can therefore become parametrically dominant in the weak-coupling
regime. By contrast, the corresponding contribution to the axio-dilaton F'-termis gener-
ically of the same parametric order in g, and V! as the contributions already discussed
in the literature. We also discuss the phenomenological implications of these correc-
tions for soft supersymmetry-breaking terms in sequestered LVS scenarios [3]. In partic-
ular, while soft terms controlled by 'S remain parametrically unchanged, the modified
complex-structure F'-terms can lead to parametrically different contributions to scalar
masses in the ultra-local regime and to the masses of hidden RR photini [4].
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Introduction

One of the central challenges in string theory is to determine whether it admits phe-
nomenologically viable four-dimensional vacua. A realistic compactification should re-
produce, at sufficiently low energies, the essential features of observed particle physics.
A widely studied possibility is that the resulting four-dimensional theory contains an
N = 1 supersymmetric matter sector, with supersymmetry spontaneously broken at
an energy scale compatible with phenomenological constraints. The properties of the
four-dimensional effective theory are determined by the vacuum configuration of the
compactification. In particular, quantities such as gauge couplings, Yukawa couplings,
particle masses, and supersymmetry-breaking parameters depend on the vacuum ex-
pectation values of scalar fields known as moduli. These fields parametrise continuous
deformations of the internal geometry, as well as other background data characterising
the compactification.

For a long time, the presence of unstabilised moduli represented one of the main
obstacles to connecting string theory with low-energy phenomenology. Massless mod-
uli would mediate long-range fifth forces and, since their vacuum expectation values
enter directly into physical observables, would prevent the theory from making definite
predictions. Although perturbative and non-perturbative quantum effects are generi-
cally expected to generate a potential for the moduli in four-dimensional A/ = 1 the-
ories, a systematic and parametrically controlled mechanism for stabilising all of them
remained unavailable for many years.

A major advance was provided by the development of flux compactifications and by
the systematic study of their role in moduli stabilisation [7-9]. Type IIB string compact-
ifications provide a particularly suitable setting for this programme. In this framework,
background three-form fluxes generate a superpotential for the axio-dilaton S and the
complex-structure moduli z,, allowing these fields to be stabilised at tree level. The
Kahler moduli T}, by contrast, remain unfixed at this order as a consequence of the no-
scale structure of the tree-level effective theory. Their stabilisation therefore requires
effects that are absent at the classical level. In particular, the interplay between non-
perturbative contributions to the superpotential [10] and perturbative o corrections to
the Kahler potential [11,12] generates a non-trivial scalar potential for the Kahler sector.
This potential can be analysed within a controlled expansion at large internal volume
and leads to the Large Volume Scenario [1], in which the overall volume of the compact-
ification is stabilised at an exponentially large value. Such vacua provide a particularly
rich framework for studying supersymmetry breaking and its possible phenomenologi-



cal consequences.

The resulting hierarchy naturally suggests a two-step treatment of moduli stabili-
sation. One first determines the supersymmetric tree-level vacuum of the axio-dilaton
and complex-structure sector by imposing the supersymmetric condition, and subse-
quently, treats the fields (S, z,) as effectively frozen while analysing the subleading
dynamics responsible for the stabilisation of the Kahler moduli. This procedure cap-
tures the leading structure of the vacuum and forms the basis of the conventional four-
dimensional LVS effective theory. However, the separation between the two sectors is
not exact. The perturbative and non-perturbative effects responsible for Kahler-moduli
stabilisation depend, in general, on the axio-dilaton and complex-structure moduli. Once
these contributions are included, the complete scalar potential develops non-vanishing
gradients along the (S, z,) directions. Consequently, the original tree-level flux vac-
uum is displaced from its supersymmetric position [2,/6]. The assumption that the flux-
stabilised fields remain exactly frozen therefore neglects their backreaction on the full
vacuum.

The purpose of this thesis is to investigate this effect systematically. In particular, we
determine explicitly the displacement of the axio-dilaton and complex-structure vac-
uum induced by the subleading corrections responsible for Kahler-moduli stabilisation.
The corrected minimum is computed perturbatively around the tree-level flux vacuum,
organising the analysis according to the parametric dependence on the compactifica-
tion volume V' and the string coupling g,. Our results are derived in the controlled
regime of exponentially large volume and weak string coupling,

V> 1, gs < 1. (0.1)

This allows us to identify the leading contributions to the vacuum shifts and to de-
termine their scaling in the simultaneous large-volume and weak-coupling expansions.
Once the corrected vacuum configuration has been determined, one can compute the
corresponding F'-terms, which provide the relevant order parameters for supersymme-
try breaking in the four-dimensional effective theory.

A central result of this analysis is that the contribution induced by the displacement
of the vacuum is not parametrically negligible. For the axio-dilaton, the shift-induced
correction enters at the same order in the simultaneous expansions in g, and V! as
the contribution obtained by evaluating the corrected F'-terms at the unshifted tree-
level vacuum. In the complex-structure direction, the effect is even more pronounced:



the shift-induced contribution is enhanced by an additional factor of g; ! relative to

the corresponding unshifted term. Therefore, despite the smallness of the vacuum dis-
placement itself, its effect on the F-terms can be of leading-order relevance, in the
weak-coupling regime.

We first study this mechanism in a simplified model with a rigid complex-structure
sector, in which only the axio-dilaton S is displaced. We then extend the analysis to
a model containing a dynamical complex-structure modulus and explicitly account for
the mixing between the S and z directions. This allows us to determine both the para-
metric behaviour and the explicit form of the shifts 4.5 and ¢z in the large-volume and
weak-coupling expansions.

As previously stated, the corrections to the axio-dilaton and complex-structure F-
terms can have direct phenomenological consequences. In sequestered LVS scenarios,
soft supersymmetry-breaking terms depend sensitively on the auxiliary fields of the
flux-stabilized sector [3]. We find that the shift of the vacuum does not parametrically
modify F'°, so that soft terms whose leading contribution is controlled by the axio-
dilaton auxiliary field retain the standard LVS scaling. By contrast, the modified complex-
structure F'-terms can give parametrically different contributions to observables which
depend directly on F'#, including scalar masses in the ultra-local regime.

A further application concerns the supersymmetric partners of closed-string hidden
photons. In type IIB orientifold compactifications, RR photons arise from the dimen-
sional reduction of the RR four-form 'y on orientifold-even three-cycles, and their
gauge kinetic functions are controlled by the complex-structure moduli [4,13]. Con-
sequently, the corresponding hidden-photino masses depend directly on the complex-
structure F-terms. Therefore, any parametric modification of £** induced by the dis-
placement of the flux vacuum is directly inherited by the hidden-photino mass, up to
the model-dependent complex-structure dependence of the gauge kinetic function.
These examples provide a direct connection between the corrections studied in this
work and the low-energy phenomenology of sequestered string compactifications.

This thesis is organised as follows. The first two chapters provide the theoretical
background required for the subsequent analysis. After reviewing the essential ele-
ments of four-dimensional supergravity, we introduce the main features of superstring
theory and of Type IIB compactifications. Particular attention is devoted to the field
content and effective description of Type IIB orientifolds with O3/07-planes, with the
aim of defining the quantities and conventions needed throughout the rest of the the-
sis. Chapter 3 is devoted to the problem of moduli stabilisation. We first discuss the role
of background fluxes in fixing the axio-dilaton and complex-structure moduli and then
introduce the Large Volume Scenario as a mechanism for stabilising the Kahler sector.



In this context, we emphasise the conventional two-step procedure in which the flux
sector is stabilised at tree level and subsequently treated as effectively frozen when
analysing the subleading Kahler-moduli dynamics. The final chapter contains the orig-
inal results of this work. We compute explicitly the displacement of the flux-stabilised
vacuum induced by the perturbative and non-perturbative corrections responsible for
LVS stabilisation. The analysis is first carried out in a simplified toy model with rigid
complex structure and is then extended to a more general setting including a dynamical
complex-structure modulus. We finally determine the corresponding corrections to the
axio-dilaton and complex-structure F'-terms and analyse their parametric behaviour in
the large-volume and weak-coupling regime.



1 Supersymmetry and Supergravity

Supersymmetry is a spacetime symmetry relating bosonic and fermionic degrees of
freedom and organizing them into common supermultiplets. It plays a fundamental
role in superstring theory, whose development was historically motivated by the at-
tempt to incorporate fermionic excitations into the bosonic string.

The low-energy dynamics of string compactifications is naturally described in terms
of supersymmetric field theories. In four-dimensional compactifications preserving four
supercharges, the relevant framework is N' = 1 supersymmetry. We therefore begin
this chapter by reviewing the basic structure of four-dimensional rigid supersymmetry,
introducing its algebra, the corresponding supermultiplets, and the supersymmetric ac-
tions.

We then turn to local supersymmetry, obtained by promoting the parameters of su-
persymmetry transformations to spacetime-dependent spinors. Such a local symmetry
cannot be consistently realized without introducing gravity: the corresponding gauge
theory necessarily contains the graviton, together with its fermionic superpartner, the
gravitino. The resulting framework is A" = 1, D = 4 supergravity.

Finally, we present the supergravity action for chiral and vector multiplets coupled
to gravity, emphasizing the role of the Kahler potential, the superpotential, and the
gauge kinetic functions. Particular attention will be devoted to the scalar potential and
to the auxiliary F-terms, which provide the essential language for describing moduli
stabilization and supersymmetry breaking in four-dimensional effective theories arising
from string compactifications.



11 The supersymmetry algebra

Since the supersymmetry algebra is a graded extension of the Poincaré algebra, we
begin by reviewing the Lorentz and Poincaré groups, their Lie algebras, and their finite-
dimensional representations.

1.1.1  The Lorentz and Poincaré groups

The Lorentz group is the group of linear transformations that preserve the Minkowski
metric. With the mostly-minus convention,

N = diag(l, -1, -1, —1), (1.1)

the full Lorentz group is defined as

O(1,3) = {A € GL(4,R), |, A"nA =} . (1.2)
The subgroup of proper Lorentz transformations is
SO(1,3) ={A € O(1,3),|,det A = 1}. (1.3)

In the following, we shall mainly consider the proper orthochronous Lorentz group,
SO*(1,3) = {A € SO(1,3), |, A% > 1}, (1.4)

which is the connected component of the identity.
The Lorentz algebra has six generators: three generators (.J;) of spatial rotations
and three generators (K;) of Lorentz boosts. Their commutation relations are

(i, J;] = ieijud,
[Ji, K] = i Ky, (1.5)

It is useful to combine these generators into an antisymmetric Lorentz tensor (M, ),
defined by
M, =—-M,,, Moy = K; M;; = €ijiJy. (1.6)

Equivalently,

1
Ji = §€z‘jijk, K; = My,. (1.7)

In this notation, the Lorentz algebra takes the manifestly covariant form

[Mp,w Mpa] =—i <’r/upMua - n,uUMVp - nupMua + nuaMp,p> . (18)



To classify the finite-dimensional representations of the Lorentz algebra, one intro-
duces the complex linear combinations

1 _ 1
=g Uik, I =5 (K. (1.9)
Using Eq. (1.5), one finds
I ) = e,
7 I = ey (1.10)
79 =o0.

z J

Therefore, the complexified Lorentz algebra decomposes as
50(1,3)@ 25[(2,C)L @5[(2,@)3 (111)

Equivalently, at the level of commutation relations, it consists of two mutually commut-
ing angular-momentum algebras.

An important relation one should bear in mind is the relation between the Lorentz
group and SL(2, C), namely

SO™(1,3) ~ w. (1.12)
Za
Thus, SL(2, C) is the double cover of the proper orthochronous Lorentz group. This
distinction is essential when introducing spinorial representations.

The Poincaré group is obtained by adjoining spacetime translations to the Lorentz
group. Restricting again to the component connected to the identity, it is given by the
semidirect product

ISO™(1,3) = R x SO™(1,3). (113)

An element of the Poincaré group is represented by a pair (a, A), acting on Minkowski
spacetime as
ot — 2" = A* 2¥ + ot (1.14)

The group multiplication law is
(a,A)(b,X) = (a+ Ab,AY) . (1.15)

In addition to the Lorentz generators M, the Poincaré algebra contains the four
generators P, of spacetime translations. Its complete commutation relations are

[MMV7 Mpa] = — <77;LpMV0' - T’MUMV/) — T}VPMMU + nVO'M,u,p>,
(M, Py) = =i Py = mpP) | (116)

uvs

[P, P, =0.



11.2 The supersymmetry algebra

The Coleman-Mandula theorem [14] states that, under a set of physically reasonable
assumptions, the most general symmetry algebra of a non-trivial interacting relativistic
qguantum field theory has to be a direct product of the Poincaré algebra with an internal
symmetry algebra. In particular, the theorem assumes that the full symmetry algebra
is an ordinary Lie algebra, whose product is given only by commutators. This assump-
tion can be relaxed by allowing also anticommutators between fermionic generators.
The resulting structure is not an ordinary Lie algebra, but a Z,-graded Lie algebra, or
Lie superalgebra. The corresponding extension of the Coleman-Mandula theorem is
the Haag-Lopuszanski-Sohnius theorem, which shows that the only possible additional
spacetime symmetries are generated by spinorial charges, namely the supersymmetry
generators.
Let us first recall the definition of a Z,-graded Lie algebra.

Definition 1.1. A Z,-graded Lie algebra is a vector space
L == LO @ Ll; (117)

where L is called the even subspace and L the odd subspace. The algebra is equipped
with a graded bracket
[,}:LxL—L (1.18)

such that, for homogeneous elements X, Y, Z € L, the following properties hold:

[Li, Li} € Litj (mod2) (1.19)

[Li, L} = —(=1)7[L;, L;}, (1.20)

and
(=1)™[Li, [Lj, L}y + (=1)Y[Ly, [Li, Li}} + (1) [Ly, [Li, L} = 0. (1.21)

The even part L, contains the Poincare generators, together with possible internal
symmetry generators. The odd part L; contains the supersymmetry generators. In
four dimensions, for A/-extended supersymmetry, these generators are Weyl spinors
Q1 ch), with I = 1,..., N where «, ¢ are spinor indices. The charges Q! transform
in the (1/2, 0) representation of the Lorentz group, while Q, ; transformin the (0, 1/2)
representation.

The bosonic part of the algebra contains the Poincare algebra (1.16). The supersym-
metry generators commute with translations,

[P,Q =0, [P,Qar =0, (1.22)



and transform as spinors under Lorentz transformations:
[M,uw Q(Iy] = i(o_uu)aﬁQéa (123)

(M, Q"] = i(6,,,)% 4Q"°. (1.24)
The defining part of the supersymmetry algebra is given by the anticommutation
relations

{Qa, Qj} = 20"0" P, (1.25)

{Qia Qé} = 2€aBZIJ7 (126)

[QL, Q1) = 2,5(2")". 127)

Here Z!'7 = — 77! are central charges. They commute with all generators of the super-

Poincare algebra and can appear only for extended supersymmetry, namely for N” > 1.



1.2 Superspace and Superfields in A/ = 1 Supersymmetry

The usual space-time Lagrangian formulation is not the most convenient one for de-
scribing supersymmetric field theories. This is because in ordinary space-time super-
symmetry is not manifest. In fact, an extension of ordinary space-time, known as su-
perspace, happens to be the best and most natural framework in which to formulate
supersymmetric theories.

1.2.1 Superspace as a coset

The superspace formulation provides a geometric framework in which supersymmetry
is realized as a translation in both bosonic and fermionic directions. In four-dimensional
N = 1 supersymmetry, ordinary Minkowski spacetime, with coordinates z*, is en-
larged by introducing two complex Grassmann-valued Weyl spinors,

6°, =", a,a=1,2. (1.28)
These coordinates satisfy
0°0° = —0%9>,  0°0° = —0P0%,  6°0° = —0°p°. (1.29)
The resulting superspace is therefore parametrized by
M= (a#,6%,6%), (1.30)

and has dimension (4|4): four commuting bosonic coordinates and four anticommuting
fermionic coordinates. It will be denoted by M*/.

The fermionic directions are associated with the supersymmetry generators (), and
Q.. while the bosonic directions are associated with the translation generators P,. In
the conventions adopted here, the non-vanishing anticommutator of the supersymme-
try algebra is

{Qa, Qs} = QU;‘BPM. (1.31)

Let Gg}\f:l) denote the four-dimensional N' = 1 super-Poincaré group. A generic
group element can locally be written as

g(x,0,0,w) = exp [ix“PM +1i0%Qq + Z’%Qd] exp {%w’“’MMV} , (1.32)

where M, are the generators of the Lorentz group.
Four-dimensional A/ = 1 Minkowski superspace is defined as the coset

M4 ~ Gng\)fﬂ) (1.33)
= SO0+(1,3) '

10



The quotient by the Lorentz group removes the Lorentz transformations from the coset
coordinates, leaving only the supertranslations. A convenient coset representative is
therefore

Q(2,0,0) = exp [ix“PH +10°Qq + iédQ‘j‘} : (1.34)

Consequently, each point of superspace is identified with a supertranslation parametrized
by (z*, 6%, @d). The Grassmann coordinates should not be interpreted as ordinary nu-
merical coordinates: they belong to the odd sector of a Grassmann algebra and encode
the fermionic directions of the superspace.

1.2.2 Superfields as fields in superspace

A superfield is a field defined on superspace, namely a function of the superspace co-

ordinates, B
Y =Y (2", 6% 6%). (1.35)

Since the fermionic coordinates are Grassmann-valued, they satisfy (0%)? = (9%)? = 0.
Since a Weyl spinor has only two independent components, every monomial containing
more than two factors of 8 vanishes, and the same holds for monomials containing more
than two factors of §. Therefore, unlike an ordinary Taylor expansion, the expansion of
a superfield in the fermionic coordinates terminates after finitely many terms.

The most general complex scalar superfield can be written as

Y(2,0,0) = f(x) + 0°a(z) + 05X (x) + 00 m(z) + 00 n(z)

_ o i . 1.36
+ 000 v, (x) + 00 0\ () + 00 0% po () + 06 00 d(z), (1.36)

where
00 = 0%0,,, 06 = 0,,6°, Goth = eaagdéd. (1.37)

The coefficient functions in this expansion are ordinary spacetime fields. The fields
f, m,n, and d are Lorentz scalars, 14, pa, X%, and A% are Weyl spinors, while v, trans-
forms as a Lorentz vector. Thus, a general superfield packages a finite collection of
bosonic and fermionic component fields into a representation of supersymmetry, which
is generally reducible.

Under a supertranslation with Grassmann-valued parameters ¢* and €%, the super-
space coordinates transform as

0" = 6% + €2, 0% = 6% + &, (1.38)

and B
=t 44 (90“% — 60“9) ) (1.39)

Defining the supertranslation operator as

U(e, €) = exp [z (eaQa + E&Qd)} , (1.40)

1



an operator-valued scalar superfield transforms according to
Ue,e) Y (2,0,0) U e, 6) =Y (2, 0,0). (1.41)

Equivalently, when the superfield is regarded as a function on superspace, the su-
persymmetry generators are represented by differential operators acting on its super-
space coordinates. Infinitesimally, one may write

6Y =i (e*Qa +E&Q") Y. (1.42)

The transformation of the superfield therefore induces transformations among its com-
ponent fields, showing explicitly that they form a supersymmetry multiplet.

1.2.3 Supersymmetry-invariant actions

Since supersymmetry transformations are realized as translations in superspace, su-
persymmetric actions can be constructed by integrating suitable superfields over su-
perspace. Let Y(x, 0, 0) be a Lorentz-scalar superfield. Its integral over the full super-
space,

Sp = /d4xd29d25Y(x, 0,0), (1.43)

is invariant under supersymmetry transformations, up to a spacetime boundary term.
Indeed, adopting the infinitesimal transformation law

5 =i (" Qo +€Q%) Y, (1.44)
one finds
5.5p = / 0 20020 (¢*Qu + aQY) Y
p— O’

where the last equality follows from Berezin integration in the fermionic directions and
from the assumption that spacetime boundary terms vanish.

The integral over the Grassmann coordinates extracts the highest component of the
superfield. Consequently, a supersymmetric action can be written as

(1.45)

S = /d4x d*0 d*0 A(z,0,0) = /d4x L(o(x),(z), Au(z),...), (1.46)

where A is an appropriate Lorentz-scalar superfield, generally constructed from prod-
ucts of elementary superfields. For the action to be real, the integrand must be real, or
the corresponding Hermitian-conjugate contribution must be included.

An unconstrained scalar superfield contains several component fields and, in gen-
eral, furnishes a reducible representation of the supersymmetry algebra. Elementary

12



supersymmetry multiplets are obtained by imposing constraints that are compatible
with supersymmetry. To formulate such constraints, one introduces the superspace
covariant derivatives

0 _ 0
D =_— n ps D, =—— B 1.47
o« = 3pa + 10, 98 &= 37 + 10" 0540, (1.47)
They satisfy
{Da, Dy} =2i0" 0, {Da.Ds} = {Da, D;} =0. (1.48)

Moreover, the covariant derivatives anticommute with the supersymmetry generators,

Constraints written in terms of D,, and D,, are therefore preserved by supersymmetry
transformations.

Chiral superfields. A chiral superfield @ is defined by the covariant constraint
D,® = 0. (1.50)

This constraint can be solved by
O(x,0,0) = p(x) + V200 (x) + 00 F(z) + i00"0 9,6(x)

S (1.51)
66 0,0 ()"0 — - 6009 0o (x).

7

V2
Here ¢ is a complex scalar field, v, is a Weyl spinor, and F'is a complex auxiliary scalar
field.

Under an infinitesimal supersymmetry transformation, its component fields trans-
form as

e = V2er), (1.52)
\/_EQF—F\/_ZU“ ﬂa (1.53)
0. F = iV/20,1005" "% ¢,. (1.54)

Real superfields. A real superfield V' is defined by the condition
V=V (1.55)

Real superfields are used to describe vector multiplets. The reality condition alone,
however, does not reduce the general superfield to an irreducible vector multiplet. In
the Abelian case, one must also identify superfields related by the gauge transformation

V —V4+A+AT (1.56)

13



where A is an arbitrary chiral superfield,
DA = 0. (1.57)

By exploiting this gauge freedom, several components of the general real superfield
can be eliminated. In the Wess-Zumino gauge, the vector superfield takes the form

Vivz(z,0,0) = 0"0 v, (x) + 00 OX(x) — i00 OX(x)

1 (1.58)
+ 599 00 D(x).

The component field v,, is a real gauge field, A\, and )\, are the gaugino fields, and D is
a real auxiliary scalar field.

14



1.3 AN = 1 matter actions

Let ®* be a collection of chiral superfields and & their Hermitian conjugates. A general
supersymmetric contribution obtained by integration over the full superspace is

Sp = / d*z d*0 d°6 K (9, ®7), (1.59)

where K is a real Lorentz-scalar function. The function K is called the Kahler potential.
Since B
[d?0] = 1, [d*0] = 1, (1.60)

the Kahler potential must have mass dimension
(K] =2 (1.61)

in order for the component Lagrangian density to have mass dimension four.
Restricting to theories with at most two spacetime derivatives, the Kahler potential

is taken to depend algebraically on the chiral and antichiral superfields, without explicit

superspace covariant derivatives. For a single chiral superfield, it may be expanded as

[e.9]

K(® 0" = )" e (0)" 2", (1.62)
m,n=0
with the reality condition

Assuming the canonical mass dimension [®] = 1, the coefficients have dimension
[Cmn] =2 —m —n. (1.64)
In an effective field theory with cutoff scale A, one therefore expects parametrically
Com ~ A2 (1.65)

up to dimensionless coupling constants.

The terms in K which are purely holomorphic or purely antiholomorphic do not
contribute to the full superspace integral. Consequently, in global supersymmetry, the
Kahler potential is defined only up to the transformation

K(®,8) — K(0,) + F() + F(d), (1.66)

where F'is an arbitrary holomorphic function.
The simplest choice is the canonical Kdhler potential,

Kegy = O10. (1.67)

15



A second class of supersymmetric invariants is obtained by integrating a chiral su-
perfield over chiral superspace. If ¥ satisfies

DY =0, (1.68)
then
/ d*x d*0 Y (1.69)

is invariant under supersymmetry transformations up to a spacetime boundary term.
Since any holomorphic function of chiral superfields is itself chiral, one may intro-
duce a function

, ow
W =W — = 0. 1.70
( )7 a®i ( )
The function W is called the superpotential. Its contribution to the action is
S = / diz 20 W (@) + / diz 20 W (&), (1.71)
Equivalently,
Sp = / d*z d*0 W (®") + h.c. (1.72)

Since the chiral measure has mass dimension one, the superpotential must have
dimension

(W] = 3. (1.73)
For a single chiral superfield, the most general holomorphic expansion is
W(®) =) a,®", (1.74)
n=0
where
la,) =3 —n (1.75)
for (@] = 1.
In a perturbatively renormalizable theory, only terms up to cubic order are allowed,
1 1
W(®) =ap+ a1 P + §m<I>2 + §y®3. (1.76)

Higher powers are instead interpreted as non-renormalizable operators suppressed by
an appropriate ultraviolet scale.

The most general globally supersymmetric action for chiral superfields, at the two-
derivative level and in the absence of gauge interactions, is therefore

S = /d4:c d*0 d°0 K (9°, 9)
(1.77)
+ / d*x >0 W (') + / d*x d*0 W ().
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The Kahler potential determines the kinetic terms and the geometry of the scalar-field
space, while the superpotential determines the non-derivative interactions and, after
eliminating the auxiliary fields, the scalar potential.

1.3.1 Non-linear sigma models

In a supersymmetric effective field theory, one should allow for the most general inter-
actions compatible with supersymmetry and with the other symmetries of the system.
In particular, higher-dimensional operators may appear in the low-energy description
even when the underlying theory is perturbatively renormalizable. For chiral multiplets,
such interactions are encoded in a non-canonical Kahler potential and naturally lead to
a supersymmetric non-linear sigma model.

Let ¢, withi = 1,. .. , n, denote the complex scalar components of a collection of
chiral multiplets, and let ¢* denote their complex conjugates. We introduce the differ-
ential operators

0 0
& = 0, &z = —.
loJog O¢'
More generally, derivatives of the Kahler potential will be denoted by
Ki  ijij, =0y -+ 0,05 - 05 K, (1.78)

while derivatives of the holomorphic superpotential and its complex conjugate are writ-
ten as
Wi

The integration of the superpotential over chiral superspace gives

iy Z OO W, W =050 (1.79)

/ d20 W (®) + h.c. = —W,F' — % S+ hee, (1.80)

where all functions on the right-hand side are understood to be evaluated on the scalar
fields.

The component expansion of the Kahler-potential contribution is more involved.
After discarding total derivatives, one obtains

/ POPIK (D, d) = K <FiFﬂ‘ + O, POt — %w‘a“aﬂ + %amiawj)
K (Wi O, + oo, — 2 FF) 4 he.
1 S
+ ZKijEWZ¢]¢k¢l-
(1.81)
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The matrix
9i; = K;; = 00K (1.82)

is Hermitian because K is real. A physically consistent theory requires g;; to be non-
degenerate and positive definite, so that the scalar and fermionic kinetic terms have
the correct sign.
The scalar fields may consequently be interpreted as local complex coordinates on
a manifold M of complex dimension n. More precisely, a field configuration defines a
map
¢:RY¥ — M, ot s ¢'(x).

The Hermitian metric on M is locally determined by the Kahler potential through (1.82).
The associated two-form is } B
w=1iK;;d¢" Nd¢’. (1.83)

Since the metric is locally given by mixed derivatives of K, the two-form is closed,
dw = 0.

The target space M is therefore a Kdhler manifold, and K is a local Kahler potential for
its metric. i
We denote the inverse Kihler metric by K%, defined by
KgK7 =6}  KzK7 =057 (1.84)
The only non-vanishing components of the Levi-Civita connection in complex coordi-
nates are ‘ ~ ) )
[ = K"Ky, I = KUKz (1.85)
The two sets of components are related by complex conjugation.
The pullback of the target-space covariant derivative to spacetime acts on the fermions
according to
D' = 00" + T 0,0, (1.86)
and B B ] o
Dt = 00" + T'530,0" . (1.87)

The non-vanishing components of the Riemann tensor are

Rini = Kigi — K™ K K51 (1.88)
The remaining components follow from complex conjugation and the usual symmetries
of the curvature tensor of a Kahler manifold.

It is also useful to introduce the target-space covariant derivatives of the superpo-
tential,

ViW; = Wi; — TF, W, (1.89)

18



and ) B o
ViW; = Wi — FkgEW,g. (1.90)

The fields Fi and F" enter the action without spacetime derivatives and are there-
fore non-dynamical auxiliary fields. Their algebraic equations of motion give

. = _ 1. . ,
F' = K'W; — ér’jkww, (1.91)

together with its complex conjugate,

: 1 - = _-
F'= K7W, — irgwupk. (1.92)

Substituting these solutions back into the component action gives the on-shell La-
grangian

£=K; (W‘W + 2D o - %w”a%w)
~ KW - %Viwj Wi — %VZ-WJ- D (1.93)
+ iRil}jW%j@Dkwl-

The scalar potential is therefore
V(6,¢) = KTW,W5. (1.94)
Since the inverse Kahler metric is positive definite, the scalar potential is non-negative,

V(¢,9) 0.
A supersymmetric vacuum satisfies
W; =0 for every i,

and consequently has vanishing vacuum energy in global supersymmetry.

The complete two-derivative component theory is thus determined by the Kahler
geometry of the target manifold and by the holomorphic superpotential. The scalar and
fermionic kinetic terms are governed by the Kahler metric, the fermionic interactions
involve the associated connection and curvature, and the non-derivative interactions
are fixed by W.
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1.3.2 General N = 1 Lagrangian

We now construct a supersymmetric action describing the dynamics and interactions
of chiral and vector multiplets. For simplicity, we restrict to canonical kinetic terms
and a constant gauge coupling. The resulting theory is the most general renormalizable
globally supersymmetric gauge theory with this field content.

The Lagrangian can be decomposed as

L= ESYM + Ematter + £FI7 (195)

where the three contributions describe, respectively, the gauge sector, the matter sec-
tor and the Fayet-lliopoulos terms.

Let us discuss separately the different contributions appearing in (1.95), starting
from the supersymmetric generalization of Yang-Mills theory.

Let G = U(N) be the gauge group, with Hermitian generators {7} satisfying

[T, T") =4 foeTe. (1.96)
The vector superfields V, can be assembled into the Lie-algebra-valued superfield
V=V,T a=1,...,dimG. (1.97)
Under a superfield gauge transformation, it transforms as
eV — e“_\eve_m, (1.98)

where A is a Lie-algebra-valued chiral superfield.
The corresponding gauge field-strength superfields are defined by

Wom D (VDoY) Wz —iD*(¥Dee™). (199)
and transform covariantly under gauge transformations:
W, — e MW,e ™, (1.100)
Similarly, ) )
Ws — e Wae ™ (1.101)

Consequently, Tr(W*W,,) is a gauge-invariant chiral superfield.
The supersymmetric Yang-Mills Lagrangian is

1
Loym = — Im [T / d*0 Tr (W“WQ)}

327
1 v . Y 1 2
= Tr _ZF“”FM — iAd" D\ + §D (1.102)
Lo gy (F ﬁﬂ”).
3272 v
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Here g is the gauge coupling and
0 4mi
oM (1103)
2m g

is the complexified gauge coupling. The non-abelian field strength and its dual are de-
fined by

~ 1
F., = 0,v, — 0,v, —iglv,, v, = 56’“’”"Fpg. (1.104)
The covariant derivative acting on the gaugino is
D, = 0,\ —iglv,, Al (1.105)

Let us now consider the coupling between the gauge and matter sectors. Let ® be

a chiral superfield transforming in a representation R of the gauge group G. Its gauge
transformation is )

P —s N, P —s Pe A, (1.106)

The gauge-invariant matter Lagrangian is
ﬁmatter = /dQQ dQé&)GV(D + /d29 W(q)) + /d20_W<(i)) (1107)

The first term provides the gauge-covariant kinetic terms of the matter fields, together
with their interactions with the vector multiplet. The superpotential W (®) must be a
holomorphic gauge-invariant function of the chiral superfields. Infinitesimally, gauge
invariance requires

Wi(T*) ¢’ = 0. (1.108)
Finally, if the gauge group contains abelian factors, one may introduce Fayet-Iliopoulos
terms. Let VA, with A =1, ... ,m, denote the vector superfields associated with the
m abelian factors. The corresponding contribution is
m 3 1 m
_ 20 2pvA L A
,cFI_;lgA/d 0420V _2;@@ : (1.109)

where &4 are real constants. Such a term is gauge invariant for an abelian vector mul-
tiplet because its gauge variation is the sum of a chiral and an anti-chiral superfield,
whose integral over the full superspace vanishes.

In components, the on-shell Lagrangian takes the form

1 v 3 YM ~ v
L= Tr |~ Ful" - z)\a“D#)\} o’ T (£ ™)
+ Dy¢ D¢ — ihot Dyth + iv/2g oA — iv/29 2o (1.110)

1 PW 18w _
Qawww—aa@%ﬁmwﬁ V(6.9).
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The scalar potential is

V(6,6) = Wil + T3 |6:(T%) s/ + €[
a (1.111)

. 1
=L F + §D“D“.

The two terms are conventionally denoted by

, 1
Ve =W,W?*, Vp = §D“D“, (1.112)
and are referred to as the F'-term and D-term potentials, respectively. Since both con-

tributions are sums of squares, the scalar potential is positive semi-definite:
V(g,9) > 0. (1.113)

Expressing the potential in terms of the auxiliary fields provides a direct way to de-
termine whether a supersymmetric theory admits supersymmetric vacua. We restrict
to Poincaré-invariant vacuum configurations. Lorentz invariance requires the expecta-
tion values of fermionic fields and gauge field strengths to vanish, while translational
invariance requires the scalar expectation values to be constant. The energy density of
such a configuration is therefore entirely determined by the scalar potential.

The supersymmetry algebra implies that the energy of any state is non-negative.
Indeed, in the rest frame one has

{Qa, Qs} = 20,4H, (1.14)
and therefore ,
1 2
(QH|Q) = ZZ QP +[@iio)] >o. (1.115)

The vacuum energy vanishes if and only if the vacuum is annihilated by all the super-
charges. Hence, a vacuum is supersymmetric if and only if

F' =0, D*=0 (1.116)

for every chiral and vector multiplet.
Using the auxiliary-field equations of motion, the conditions for an unbroken super-
symmetric vacuum become
W;(¢) =0, (1.117)

and
¢i(T*) " + £ = 0. (1.118)
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These are known as the F'-flatness and D-flatness equations, respectively. If they admit
a simultaneous solution, the theory has a supersymmetric vacuum with vanishing en-
ergy. Conversely, if they cannot be solved simultaneously, the minimum of the potential
has positive energy and supersymmetry is spontaneously broken.

The classical moduli space of supersymmetric vacua is consequently

_{o | Wi) =0, a1y + €0 =0}

Mcl G

(1.119)

where G is the gauge group.
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1.4 Supersymmetry breaking

If supersymmetry is realized in Nature, it cannot be an exact symmetry at the energy
scales currently accessible to experiments. Indeed, exact supersymmetry would require
the bosonic and fermionic states belonging to the same supermultiplet to have identical
masses. No such mass degeneracy has been observed in the spectrum of elementary
particles.

Supersymmetry must therefore be broken at some characteristic scale, which we
denote by Msygy. At energies much larger than this scale, the effects responsible
for the breaking may become negligible, and the theory approaches its supersymmet-
ric limit. This statement is particularly natural when supersymmetry is broken by soft
terms.

There are two conceptually distinct ways in which supersymmetry may be broken:

e Spontaneous supersymmetry breaking. The Lagrangian is exactly supersymmet-
ric, but the vacuum is not invariant under the action of the supercharges. In a
globally supersymmetric theory, this occurs when at least one auxiliary field ac-
quires a non-vanishing vacuum expectation value.

e Explicit supersymmetry breaking. The Lagrangian contains terms which are not in-
variant under supersymmetry transformations. A generic explicit breaking would
spoil the ultraviolet cancellations which motivate supersymmetry. One therefore
usually restricts to soft supersymmetry-breaking terms, which do not reintroduce
guadratic ultraviolet divergences. Their coefficients have positive mass dimen-
sion, so their effects become progressively less important at energies much larger
than the supersymmetry-breaking scale.

Typical soft-breaking operators include scalar mass terms, gaugino masses and scalar
trilinear and bilinear interactions. Although these terms explicitly break supersymme-
try, they preserve the improved ultraviolet behaviour of the supersymmetric theory.

1.4.1 Vacua in supersymmetric theories

We now consider the conditions under which a globally supersymmetric theory admits
supersymmetric vacua. For a theory of chiral and vector multiplets with canonical ki-
netic terms, the scalar potential is

- _ 1
Vg, ¢) = FiF' + FD D", (1120)
and is therefore positive semi-definite,

V(g,¢) > 0. (1.121)
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For a Poincaré-invariant bosonic vacuum, the scalar fields are constant, while the
vacuum expectation values of fermions, gauge field strengths and spacetime derivatives
vanish.

It follows that a vacuum preserves supersymmetry if and only if all the auxiliary
fields vanish:

F'(¢) =0, D% (¢, ¢) = 0. (1.122)

Using their equations of motion, these conditions are equivalently written as
Wi(¢) =0,  ¢i(T")';¢) +£* = 0. (1.123)

They are referred to as the F'-flathess and D-flatness conditions, respectively.
Because the scalar potential is a sum of non-negative terms, a configuration satis-
fying (1.122) has vanishing vacuum energy:

V:/ac =0. (1124)

Conversely, in global supersymmetry, a vacuum with vanishing energy must satisfy all
the F'-term and D-term equations and therefore preserves supersymmetry.

If no set of scalar vacuum expectation values simultaneously satisfies (1.122), super-
symmetry is spontaneously broken. In this case, every vacuum necessarily has strictly
positive energy,

Vinin > 0. (1.125)

The non-vanishing expectation values of the auxiliary fields,
(F'Y#0  and/or (D% #0, (1.126)

act as order parameters for supersymmetry breaking.

When a continuous global symmetry is spontaneously broken, Goldstone’s theo-
rem implies the existence of a massless mode whose quantum numbers are related
to those of the broken symmetry. Since supersymmetry is a fermionic symmetry, its
spontaneous breaking gives rise to a massless spin-1/2 fermion, called the goldstino.
The goldstino is a linear combination of the fermions belonging to the multiplets whose
auxiliary fields acquire non-zero expectation values. Up to an overall normalization and
convention-dependent phases, its direction in field space is

-

In a theory with global supersymmetry, the goldstino is a physical massless fermion.
When supersymmetry is promoted to a local symmetry, the goldstino is instead ab-
sorbed by the gravitino, which becomes massive through the super-Higgs mechanism.

G o< (F'Yiby; + —= (DX, (1.127)
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1.5 N = 1 Supergravity

Supergravity is the supersymmetric extension of general relativity. Its defining property
is that supersymmetry is realized as a local symmetry, so that the spinorial transforma-
tion parameter becomes an arbitrary function of the spacetime coordinates,

€ = €(x). (1.128)

Since the anticommutator of two supersymmetry transformations generates a space-
time translation, promoting supersymmetry to a local symmetry necessarily introduces
invariance under local spacetime transformations and therefore gravity.

In four-dimensional A/ = 1 supergravity, the gravity multiplet consists of the vier-
bein e,“, describing the graviton, and a single Majorana vector-spinor v, called the
gravitino,

(e, 1y) - (1.129)

The gravitino is the gauge field associated with local supersymmetry. On shell, the mass-
less graviton and gravitino carry the same number of physical degrees of freedom.

In this section, we first introduce the conventions used for four-component spinors
and review pure N/ = 1 supergravity. We then discuss its Minkowski and anti-de Sitter
vacua before introducing the couplings to chiral multiplets that are relevant for four-
dimensional string compactifications.

1.51 Pure N = 1 Supergravity
Flat-space gamma matrices satisfy the Clifford algebra
{7 7"} = 2n"1,. (1.130)

In the Weyl representation, they may be written as

o« (0 o
o <aa O>, (1131)
where ¢* are the Pauli matrices.

Curved-space gamma matrices are defined through the vierbein as
=etv", {7 =29"14 (1.132)
Antisymmetrized products are defined with unit weight,

a1..0p —

0 ylar .yl (1.133)

where the brackets include the factor 1/p!.
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A four-component Majorana spinor may be constructed from a two-component
Weyl spinor and its complex conjugate according to

X = (Xa X%). (1.134)
Its Dirac conjugate is
¥ = x"°. (1.135)
We also define
, 1— 1+
75 = iy0yiy?R, P = 275, Pr = 275. (1.136)

At the two-derivative level, pure N' = 1 supergravity is obtained by combining the
Einstein-Hilbert action with the Rarita-Schwinger action for the gravitino. Up to terms
guartic in the gravitino, the action is

M? 1-
SSUGRA = /d4xe [TPR - §¢#7“”prwp + O(¢4) , (1.137)
where
e =det(e,”) = +v/—y. (1.138)
The Lorentz- and spacetime-covariant derivative acting on the gravitino is
1
Dthy = Oythy = T tbo + 700 Yartsp- (1139)

To lowest order in the fermions, the local supersymmetry transformations are

1
5€ua = Mg’yaﬂ)l“ 5@[)“ = MP-D,U,E + O(¢2) . (1140)

The spacetime dependence of ¢(z) makes explicit the interpretation of the gravitino as

the gauge field of local supersymmetry.

Maximally symmetric backgrounds. Consider the Einstein-Hilbert action with a cos-
mological constant,

M2
Sy = TP/dd:U\/—g (R —2A). (1141)
Its equations of motion are
1
R, — §Rg,w + Ag = 0. (1.142)
A maximally symmetric spacetime has Riemann tensor

2A
R,w=—7"T—"—"7" vo — GuoGup) - 1143
uvp d—1)(d—-2) (gupg gugp) ( )
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Positive, vanishing and negative values of A correspond, respectively, to de Sitter, Minkowski
and anti-de Sitter spacetime. In terms of the curvature radius ¢, in four dimensions,

3 3

AdS4 == 6_2’ AAdS4 = _E_Q (1144)
The corresponding homogeneous spaces are
SO(1,d) SO(2,d—1)
dSy = ————— AdSy = —————=. 1.145
‘T S0(1,d—1) 4T S0(1,d—1) (1:145)

Anti-de Sitter supergravity. A cosmological constant cannot be introduced in pure su-
pergravity independently of the gravitino sector. Local supersymmetry requires adding
both a gravitino mass-like term and a constant contribution to the scalar potential. In
four-component Majorana notation, and for a real parameter ms3,, the resulting La-
grangian is

Mp
2

mg/2
2

1_ _
Lags =€ R — 51@7’“’”&,@% — YY"y + 3M123m§/2 + O(w‘l). (1.146)

The relative coefficients in (1.146) are fixed by local supersymmetry. The corresponding

transformations are )

de,* = CTY &Y%y, (1.147)
and Mo
0, = Mp (Due + %we) + O?). (1.148)
Comparing the last term of (1.146) with the cosmological term in (1.141), one obtains
9 1
A= —3m3/2, m3/2 = Z (1149)

Thus, a nonvanishing supersymmetric gravitino mass parameter is associated with a
negative cosmological constant. Although m3/, appears in a term resembling a mass
term, it does not signal supersymmetry breaking: in the AdS, vacuum the gravitino
is the massless gauge field of local supersymmetry and belongs to a shortened AdS
representation.

Unbroken supersymmetry on a bosonic background requires the existence of a non-
vanishing spinor satisfying

0, =0, (1150)
and therefore the Killing-spinor equation
m

(D + %/270 e =0. (1.151)
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The integrability condition of (1.151) gives
Ry, = —3m3 50, (1.152)

which reproduces (1.149). Consequently, the maximally supersymmetric vacuum of pure
N = 1 supergravity is Minkowski spacetime when msse = 0,and AdS, whenmg,, # 0.

The AdS superalgebra. The isometry algebra of AdS, is so(2,3). Defining the AdS
translation generators P, in terms of the generators of s0(2, 3), one finds
1
[Fas By] = =5 Mas. (1.153)
Unlike in the Poincaré algebra, translations therefore do not commute.

The minimal supersymmetric extension of so(2, 3) is the superalgebra osp(1|4). Its
structure requires the commutator between translations and supercharges to be non-
vanishing:

1
P, Q] = ——,0. 1154
[Fa, @] = =557 (1.154)
Moreover, the supercharge anticommutator contains both translations and Lorentz trans-
formations:

~ 1
{Qaa Qﬂ} = 2(7(1)046})@ + Z(’Vab)aﬁMaba (1155)

up to convention-dependent signs and normalizations. The additional terms propor-
tional to /~! are required by the graded Jacobi identities and vanish in the flat-space
limit
{ — 0. (1.156)

In this limit, osp(1|4) contracts to the ordinary ' = 1 super-Poincaré algebra.

Equations and also show why a maximally supersymmetric de Sitter
vacuum is not possible in standard unitary A/ = 1 supergravity. A positive cosmological
constant is incompatible with the integrability condition for a physical Majorana Killing
spinor. Therefore a de Sitter vacuum, whenever generated through additional matter
sectors or uplifting contributions, necessarily breaks supersymmetry.

1.5.2 Matter Couplings in Supergravity

We now consider the coupling of chiral multiplets to four-dimensional N’ = 1 super-
gravity. A chiral multiplet contains a complex scalar ¢’, a Weyl fermion ! and an aux-
iliary complex scalar F,

o' = (¢! X', FT). (1.157)

The index I labels the different chiral multiplets.
At the two-derivative level, a general theory of chiral multiplets coupled to super-
gravity is determined by two functions:
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e areal Kihler potential

K(¢,9), (1.158)

which determines the geometry of the scalar manifold;

e a holomorphic superpotential
W(¢), (1.159)

which determines the interactions and masses of the chiral multiplets.

When vector multiplets are included, the theory also depends on a holomorphic
gauge kinetic function f45(¢). Since the moduli sector relevant for the present discus-
sion consists only of chiral multiplets, we initially omit gauge fields and D-term contri-
butions.

The scalar manifold is Kahler (1.3.1), with metric

KIJ = 8137[(, (1.160)
The corresponding holomorphic Christoffel symbols are
T = K0, Kpp. (1161)

The Kahler potential and superpotential are not separately physical. The theory is
invariant under Kahler transformations

K — K+ F(¢)+ F(¢), W — ¢ FOMpyy, (1.162)

where F'(¢) is an arbitrary holomorphic function.
The Kahler-covariant derivative of the superpotential is

K
DWW =W + —2W,  K; =K. (1163)
MP
Its second covariant derivative is
K
D;D;W = <al + Mg) D,W — K, DpW. (1.164)
P

Restricting to the bosonic sector, the Lagrangian is
M? —7
€ Lios = TPR + K;50,0'0"¢7 — V. (1.165)
After integrating out the auxiliary fields, the F'-term scalar potential is

; 3
Vi = &M | KT DWD ;W — i W|?| . (1.166)
P
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Here
_ _ Ky -
P
The first term in (1.166) is the supergravity generalization of the globally supersym-
metric F-term potential. Ordinary derivatives of the superpotential are replaced by
Kahler-covariant derivatives. The second term,

W2
—3eK/M?v’—, (1.168)
M3

is a genuinely gravitational contribution and has no analogue in global supersymmetry.
As a consequence, the supergravity scalar potential is not positive definite.
The on-shell auxiliary fields are

FI = KICME) (1T D oy (1.169)
In terms of these fields, the scalar potential can be written as
Vp = K s F'F7 — 3MEm3 ., (1.170)
where the gravitino mass is

_ /ey Wl
m3/2 = € . (1.171)
M3

The quantities F'! are order parameters for supersymmetry breaking. On a vacuum
with constant scalar fields, unbroken supersymmetry requires

Fl =0, (1.172)

or equivalently
D;/W =0 for every I. (1.173)

At a supersymmetric critical point, the scalar potential therefore reduces to

Vg = —3eip VI gy (1.174)
susy — MI% - P 3/2. .

Equation (1.173) leads to two possibilities. If
D,W =0, W =0, (1.175)
then
mg/2 = 0, ‘/susy =0, (1176)
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and the vacuum is supersymmetric Minkowski spacetime. By contrast, if

D;W =0, W 0, (1177)
then

mg/2 7é 07 ‘/susy < 07 (1178)

and the vacuum is supersymmetric AdS,.

A de Sitter vacuum has positive vacuum energy and therefore cannot satisfy (1.178).
Consequently, a de Sitter vacuum in standard four-dimensional N/ = 1 supergravity
necessarily breaks supersymmetry.
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1.6 Phenomenological Aspects

Itis particularly interesting to investigate the interplay between supersymmetry, space-
time geometry and the matter sector. Consider a theory containing ng real scalar fields
©'(z). For a field configuration in which the scalars are constant,

©'(1) = ¢, (1179)

and all the remaining non-gravitational fields vanish, the scalar equations of motion
reduce to
6Z-V|¢:% =0. (1.180)

Therefore, a vacuum configuration must correspond to a critical point of the scalar po-
tential.

In the following, quantities evaluated at the critical point ' = ! will be denoted
by angular brackets. For example, Eq. can be written as

(0;V) = 0. (1.181)
The value of the scalar potential at the critical point,
(V) =Viee), (1.182)
represents the vacuum energy density,
Prac = (V). (1.183)
It enters the Einstein equations as an effective cosmological constant,
A= f\Z% - % (1.184)
Consequently,
(V) =0, (V) >0, (V) <0, (1.185)
correspond, respectively, to Minkowski, de Sitter and anti-de Sitter spacetime.
The condition (9;V') = 0 guarantees only that the configuration is a stationary

point. Its stability is determined by the spectrum of scalar fluctuations around the vac-
uum, and hence by the eigenvalues of the Hessian matrix

In Minkowski and de Sitter spacetime, perturbative stability requires the absence of
negative mass-squared eigenvalues. In anti-de Sitter spacetime, negative mass-squared
eigenvalues may instead be allowed, provided that they satisfy the Breitenlohner-Freedman
bound.

The stability of the vacuum, together with several other phenomenologically rele-
vant properties, depends crucially on whether supersymmetry is preserved or sponta-
neously broken at the critical point.
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1.6.1 Spontaneous supersymmetry breaking in local SUSY

In matter-coupled four-dimensional NV = 1 supergravity, the scalar potential is given by
the F-term contribution in Eq. (1.166)), together with a possible D-term contribution.
For later convenience, we introduce the decomposition

V=V —-Vg+ Vp, (1.187)
where
Vi = 5/ME | DW)?, (1.188)
ez [W
VG = 3e / PWIQD, (1189)
and )
Vp = §Re fry D'D’. (1.190)

e Unlike the scalar potential of global supersymmetry, the supergravity potential is
not positive semi-definite. Depending on the relative magnitude of Vr, V7 and
Vp, its value at a critical point may be positive, negative or zero. This is one of
the most important differences between global and local supersymmetry.

e Supersymmetry is preserved by a bosonic background if the supersymmetry vari-
ations of all fermionic fields vanish. For a Lorentz-invariant vacuum with con-
stant scalar fields and vanishing gauge field strengths, the vanishing of the chiral-
fermion and gaugino variations requires

(D W) =0, (1.191)
and
(D" = 0. (1.192)
e At a supersymmetric vacuum, both V and V/, vanish, and the scalar potential
reduces to
wyz W2
(V) = =3(e/Mr—0f-) <0. (1.193)
Mp

Thus, the vacuum energy of an unbroken supersymmetric configuration is neces-
sarily non-positive. This differs from the globally supersymmetric case, in which
unbroken supersymmetry implies a vanishing vacuum energy.

e A supersymmetric Minkowski vacuum is obtained only if the superpotential also
vanishes at the critical point,
(W) =0. (1194)
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Since

K,
D)W = 0,W + — W, (1.195)
Mg

when (W) = 0 the conditions for an unbroken supersymmetric Minkowski vac-
uum become
(0mW) =0, (W) =0, (D") = 0. (1.196)

By contrast, if
(D,,W) =0, (D" =0, (W) #£0, (1197)
the vacuum energy is strictly negative,

w2 | WP
(V) =-=3(e""P—p ) <0. (1.198)
Mp
The resulting supersymmetric vacuum is therefore anti-de Sitter.
The converse statement, however, does not hold: a vanishing or negative vacuum
energy does not imply that supersymmetry is preserved. Indeed, supersymmetry
may be broken by non-vanishing F'- or D-terms, while the positive contributions
to the scalar potential are partially or exactly cancelled by the negative gravita-
tional contribution — V. For example, one may have

(D, W) #0, (W) #0, (1.199)
and nevertheless obtain
(V) =0, (1.200)
if
<VF + VD> = <Vg> . (1.201)

No-scale models in string theory provide an important realization of this cancel-
lation and will be discussed in Sec.

The spontaneous breakdown of susy in a phenomenologically realistic model also
defines a number of important mass scales.

The Vacuum-Energy Scale M,,.. It is useful to define the supersymmetry-breaking
scale through the positive contributions to the scalar potential,

M = (Vp+Vp), (1.202)

susy —

and the vacuum-energy scale as

ML = (V). (1.203)

vac
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Using the decomposition introduced above, one obtains
M\Zflac = M;lusy - <VG> = M;lusy - BM]%mg/Q (1204)

This equation shows that, in supergravity, a high supersymmetry-breaking scale can
in principle coexist with a very small vacuum energy. The observed dark-energy density
is of order

Poac ~ (107%eV)" (1.205)

which is extremely small compared with any phenomenologically relevant particle-physics
scale. However, Eq. does not provide an explanation for this hierarchy: it re-
quires an extraordinarily precise cancellation between the positive supersymmetry-
breaking contribution and the negative gravitational contribution.

The Gravitino Mass ms ;.  After spontaneous supersymmetry breaking, the goldstino
is absorbed by the gravitino through the super-Higgs mechanism, providing the longi-
tudinal degrees of freedom of a massive spin-3/2 field. The gravitino mass is

e/ CME) |1/ |
map={——>m ) (1.206)

For a vacuum with a negligibly small cosmological constant, Eq. (1.204) implies

Moy ~ 3Mpm3 5, (1.207)
and therefore
MSQUS

Because the fundamental supersymmetry-breaking scale is not directly fixed by the
electroweak scale,

the gravitino mass may vary over a very wide range.

The Soft-Mass Scale M. The masses of the Standard Model superpartners arise
from soft supersymmetry-breaking operators. These operators break supersymmetry
explicitly in the low-energy effective theory without reintroducing quadratic ultravio-
let divergences. At the fundamental level, however, they are generally understood as
originating from the spontaneous breaking of supersymmetry in a hidden sector.

The symbol M, denotes a characteristic scale of the soft parameters in the visible
sector. It should not be interpreted as a unique mass scale, since the superpartner
spectrum may contain several hierarchically different masses. Experimental constraints
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depend strongly on the particle spectrum, decay channels and assumptions concerning
the lightest supersymmetric particle. Moreover, requiring supersymmetry to stabilize
the electroweak hierarchy favours soft parameters not too far above the electroweak
scale. This is, however, a naturalness criterion rather than a consistency condition.

The relation between M, and the fundamental supersymmetry-breaking scale de-
pends on the mediation mechanism. If supersymmetry breaking is characterized by an
auxiliary-field expectation value F', dimensional analysis gives

F
Msoft ~ M. ) (1210)

med

up to dimensionless couplings and possible loop-suppression factors, where M,,.q de-
notes the characteristic mediation scale.
In gravity-mediated scenarios, the mediation scale is typically of order the Planck

scale, so that
F

Moy ~ ——. 1.211
Ve (1.211)
For a nearly Minkowski vacuum in which supersymmetry breaking is dominated by F'-
terms,

F ~ m3/2Mp, (1.212)

and therefore one typically finds
Mgof; ~ mg/2- (1.213)

The precise relation, however, depends on the Kahler potential, the gauge kinetic func-
tion and the coupling between the supersymmetry-breaking and visible sectors. In par-
ticular, sequestering or cancellations may suppress the soft terms relative to the grav-
itino mass. Consequently, the same value of m3/,, may correspond to very different
visible-sector spectra.
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2 Superstrings

In this chapter, we review the main ingredients of type Il superstring theory that are
required for the compactification framework developed in the remainder of this thesis
[15]. We begin with the Ramond-Neveu-Schwarz formulation of superstrings in ten-
dimensional flat Minkowski spacetime, emphasizing the role of worldsheet fermions,
the Neveu-Schwarz and Ramond sectors, and the GSO projection. The latter removes
the tachyonic state and leads to a spectrum containing both spacetime bosons and
fermions, organized into supersymmetric multiplets.

Among the five consistent superstring theories in ten dimensions, type A, type lIB,
type I, and the two heterotic theories with gauge groups SO(32) and Fg x Eg, we
focus on the type Il theories, and in particular on type IIB string theory, which provides
the ten-dimensional starting point for the compactifications considered in this work.
We therefore review it massless spectra and its corresponding low-energy supergravity
descriptions.

We then turn to compactifications on Calabi-Yau threefolds. After introducing the
geometric and cohomological properties of Calabi-Yau manifolds, we discuss how the
ten-dimensional massless fields give rise to four-dimensional fields through Kaluza-
Klein reduction. Compactification of type Il string theory on a Calabi-Yau threefold pre-
serves N = 2 supersymmetry in four dimensions. To obtain the ' = 1 effective theory
relevant for moduli stabilization, we subsequently introduce orientifold projections and
specialize to type IIB Calabi-Yau orientifolds with O3/O7-planes. This construction de-
termines the surviving moduli fields and their organization into four-dimensional chiral
and vector multiplets, providing the setting in which fluxes, the effective Kahler poten-
tial, and the corrections to the moduli F'-terms will be studied.
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2.1 Type ll string theory

Type Il string theories describe oriented closed strings. In the Ramond-Neveu-Schwarz
formulation, their worldsheet degrees of freedom consist of the bosonic embedding
coordinates X (7, o) and their fermionic superpartners ¢/ (7, o). In the light-cone
gauge, only the transverse components are physical, and we denote them by

XVZ'(T,O‘)7 ¢i(770), i=2,...,D—1.

For a closed string, the spatial worldsheet coordinate is periodic. Denoting its period
by ¢, the bosonic fields satisfy

X'(r,0+0) = X"(1,0). (2.1)

As in the bosonic closed string, the equations of motion allow the fields to be decom-
posed into left- and right-moving components. The two sectors can be quantized inde-
pendently, subject to the level-matching condition imposed on physical closed-string
states. In the following, we describe explicitly the left-moving sector; the construction
of the right-moving sector is completely analogous.

For the worldsheet fermions, consistency on the spatial circle allows two possible
spin structures. Introducing the left-moving coordinate

ot =71+o0, (2.2)
the fermionic fields may obey either antiperiodic or periodic boundary conditions:

Neveu-Schwarz sector: ¢ (0F +0) = =} (™),

. . 2.3
Ramond sector: ¢} (o + ) = 9% (0T). 2.3

The boundary conditions of the left- and right-moving fermions can nevertheless be
chosen independently. Consequently, the closed-string Hilbert space decomposes into
four sectors:

NS-NS, NS-R, R-NS, R-R. (2.4)

We now construct the fermionic Hilbert spaces associated with the Neveu-Schwarz
and Ramond boundary conditions.

2.1.1 Neveu-Schwarz sector

The antiperiodic boundary condition implies that the fermionic modes are half-integer
moded. The left-moving field therefore admits the expansion

) / . o2mirct
WL(a*):i\/% > iexp <_ 7”2"“ )

T€Z+%

(2.5)
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Sincer € Z + % the Neveu-Schwarz sector contains no fermionic zero modes. Canon-
ical quantization gives

{7, 1} =676, . (2.6)
The left-moving bosonic and fermionic number operators are defined by
D—-1 oo
Np = Z Z aal, (2.7)
i=2 n=1
and
D—1
Npns = Z Z rt . (2.8)
=2 rez+i

The zero-point energies of the transverse bosonic and Neveu-Schwarz fermionic oscil-
lators are

D -2 D -2
Eég =, Eéw’NS = . (2.9)
24 48
Their sum determines the Neveu-Schwarz normal-ordering constant,
b-2 (2.10)
a = . .
NS 16

The Neveu-Schwarz vacuum is defined by
Yi|0)yg =0  forallr >0, (2.11)

together with ‘
a, |0)ys =0 foralln > 0. (2.12)

The remaining states are obtained by acting on |0) 4 with the negative-mode oscilla-
tors.
Quantum consistency requires the cancellation of the worldsheet conformal anomaly,
fixing the critical dimension to
D =10. (2.13)

The transverse little group is therefore SO(8), and

1
aNs = 5 <214)

For a closed string, the mass-shell and level-matching conditions can be written as
o/ M?

1 :NL—GL:NR—GR. (215)

The lowest left-moving states in the Neveu-Schwarz sector are consequently
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State o' Mg /2 SO(8)
0} ws —1/2 1
wi1/2 |O>NS 0 8y

The Neveu-Schwarz ground state is tachyonic before the GSO projection, whereas
the first excited states are massless and transform in the vector representation 8, of
SO(8).

2.1.2 Ramond sector

In the Ramond sector, the fermionic fields are periodic and therefore integer-moded:

, / , Imino T
vio) =z'\/% > dhexp (— = ) (246)

The oscillator modes satisfy

{vh )} =690 . (2.17)

The corresponding fermionic number operator is

D—-1 oo
Neg =YY n' 1. (2.18)
=2 n=1
The zero-point energy of the Ramond fermions is
D—2
Byt === 2.19

which exactly cancels the bosonic zero-point energy. The Ramond normal-ordering con-
stant is therefore
ar = 0, (2.20)

and the mass-shell condition becomes
o M?

T =Nu=Ng (2.21)

when both left- and right-moving sectors are of Ramond type.
The positive-frequency modes annihilate the Ramond ground states:

Y |A)g =0, ol |A)g =0, n > 0. (2.22)
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In contrast to the Neveu-Schwarz sector, however, the Ramond expansion contains
fermionic zero modes. These satisfy

{vo. 0t =07, (2.23)
and hence generate the Clifford algebra associated with the transverse group SO(8).
It follows that the Ramond ground state is degenerate and transforms as a spinor of
SO(8).

To construct this representation explicitly, we introduce four pairs of fermionic cre-
ation and annihilation operators,

A;—“:%( ot iyt a=1,...,4. (2.24)
They satisfy
{As AL} = O, (2.25)
with all remaining anticommutators vanishing. Defining a reference state by
A, 10)g =0, a=1,...,4, (2.26)

the sixteen Ramond ground states are obtained by acting with all possible products of
the four operators A7
The states containing an even number of creation operators are
g,  ALALIO)g.,  ATATATAT|O)g, (2.27)

2

and form a space of dimension 8. The states containing an odd number of creation
operators are
AT 0)g A;A;;A;’S 10)g » (2.28)
and form a second space of dimension 8.
The even- and odd-fermion-number states have opposite chiralities and therefore

furnish the two inequivalent chiral spinor representations of SO(8),
85 and 80. (229)

Since ag = 0, all Ramond ground states lie at the massless level. Before imposing
the GSO projection, the lowest states are therefore

State o' Mg /2 SO(8)
18¢) 0 8c
|8>5 0 85

The GSO projection selects one of the two chiral Ramond representations. The rel-
ative choice of chirality in the left- and right-moving sectors distinguishes type IIA from
type IIB string theory.
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2.2 Physical States-Massless spectrum of type Il string theory

The physical spectrum of type Il string theory is obtained by imposing the GSO projec-
tion independently on the left- and right-moving sectors. In the Neveu-Schwarz sector,
this projection removes the tachyonic ground state and retains states with an odd num-
ber of fermionic excitations. The lowest surviving state is therefore

W_% 0)ns »

which is massless and transforms in the vector representation 8y, of the transverse little
group SO(8).

In the Ramond sector, the GSO projection selects one of the two chiral spinor rep-
resentations, 8¢ or 8. Type IIB retains Ramond ground states of the same chirality in
the two sectors, whereas type IIA retains states of opposite chirality.

The closed-string spectrum is obtained by taking tensor products of the GSO-projected
left- and right-moving states. This produces the four sectors

NS-NS, NS-R, R-NS, R-R. (2.30)
At the massless level, both the left- and right-moving contributions satisfy
Ny —ap, = Nr—ar =0, (2.31)
so that the level-matching condition is automatically fulfilled.

2.2.1 Type lIB string theory

In type IIB string theory, the left- and right-moving Ramond sectors have the same chi-
rality. The massless spectrum has the following structure:

sector D ®NDg SO(8) 10d field
NS-NS 8, @ 8y 1+ 28, + 35, &, Bun, Gy
NS-R 8y ® 8¢ 85 + 565 AL Ui
R-NS 8- ® 8y 85 + 565 Ao Vita

R-R 8. ® 8¢ 1+ 28, + 35 a, Crns Carnpo

The NS-NS sector contains the dilaton ¢, the antisymmetric two-form potential
By, and the spacetime metric Gy Their physical polarizations transform respec-
tively as the singlet 1, the antisymmetric representation 28, and the symmetric trace-
less representation 35y of SO(8).
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The mixed NS-R and R-NS sectors contain the spacetime fermions. Each sector
provides a spin-% Rarita-Schwinger field 1, interpreted as a gravitino, together with
a spin—% dilatino \. Since the Ramond chiralities of the two sectors are equal, type IIB
is a chiral ten-dimensional theory.

The R-R sector contains differential-form gauge potentials of even degree:

Co, Cy, Cy. (2.32)

Here () is the R-R scalar, often referred to as the axion, C5 is an antisymmetric two-
form, and C} is a four-form potential.

The complete massless spectrum forms the unique ten-dimensional chiral super-
gravity multiplet with 32 real supercharges.

2.2.2 Type lIA string theory

Intype llA string theory, the Ramond ground states retained in the left- and right-moving
sectors have opposite chiralities. The massless spectrum is

sector D ®NDg SO(8) 10d field
NSNS | 8,©8, | 1+28,+35 | & Bun Guy
NS-R 8y @85 8¢ + 56¢ Ao Vira
R-NS 8¢ ® 8y 85 + 565 Ao Uia
R-R 8- ® 8 8y + 56y Cu, Cunp

The NS-NS sector is identical to that of type IIB and contains the metric GGj;y, the
two-form By, and the dilaton ¢. The NS-R and R-NS sectors contain two gravitini
and two dilatini. In contrast to type IIB, the corresponding fermions occur with opposite
ten-dimensional chiralities, so type IlA is non-chiral.

The R-R sector contains differential-form potentials of odd degree,

C1, Cs. (2.33)

The complete spectrum forms the ten-dimensional non-chiral type IlA supergravity
multiplet, again containing 32 real supercharges.

2.2.3 Local Symmetries of Type lIA and IIB string theories

Type lIA and 1B string theories exhibit several fundamental local spacetime symmetries:

1. invariance under spacetime diffeomorphisms, with the metric GG,y describing
the graviton;
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2. gauge invariance of the p-form potentials,
Cp, = Cp+dA,_q, (2.34)
so that these fields behave as generalized gauge potentials;

3. local supersymmetry, with 32 supercharges organized into two ten-dimensional
chiral spinors of 16 components each. The spectra correspond to the gravity mul-
tiplet of chiral or non-chiral 10d A/ = 2 superalgebra, for type IIB or type IIA
theories, respectively.

2.2.4 Ten-dimensional low-energy effective actions

In the low-energy regime,
JdE? <1, (2.35)

the massive string excitations can be integrated out, and the dynamics of the massless
modes is described, at leading order in the derivative and string-loop expansions, by
ten-dimensional supergravity. The two type Il string theories give rise to the two max-
imal supergravity theories in ten dimensions, both possessing 32 real supercharges.
Type 1A supergravity is non-chiral and has ' = (1, 1) supersymmetry, whereas type
lIB supergravity is chiral and has N = (2,0) supersymmetry.

When regarded as stand-alone quantum field theories, these supergravity theories
are non-renormalizable and must therefore be interpreted as effective field theories.
The corresponding type Il string theories provide their ultraviolet completion through
the infinite tower of massive string states and the extended nature of string interac-
tions.

The distinction between the two theories is particularly relevant for the discussion
of quantum anomalies. Since type IIB supergravity is chiral, its fermionic fields and its
self-dual tensor field can in principle generate a purely gravitational anomaly. Consis-
tency requires the total twelve-form anomaly polynomial to vanish. For the massless
field content of type IIB supergravity, the contributions of the two gravitini, the two di-
latini and the self-dual four-form potential cancel exactly. This cancellation is a highly
non-trivial consistency property of the theory. By contrast, type IIA supergravity is non-
chiral: its fermionic degrees of freedom occur with opposite chiralities, and the theory
is therefore free of local perturbative gravitational anomalies.

In the following, we restrict attention to the bosonic two-derivative actions in string
frame. Fermionic terms, localized sources, higher-derivative o’ corrections and string-
loop corrections will be omitted.
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Type IIB supergravity The bosonic sector of type IIB supergravity is described by the
pseudo-action

1
St = 5. | d°xV=C

62¢(R+48M¢8M¢—%ugﬁ)

Ko
1 1 ~ 1 ~
IR 2 — D\ Fl? = 2| F? (2.36)
SR - LRE - 1
1
- 04 N Hs A F3.
4K3,
Where 22, = (2m)"a’* and

is the field strength of the NS-NS two-form. The Ramond-Ramond field strengths are
Fy = dCy, F3 =dCs, Fs = dCy, (2.38)

while the gauge-invariant combinations entering the pseudo-action are
Fy = Fy — CyHs, (2.39)

and
~ 1 1
F5:F5_§OQ/\H3+§B2/\F3. (240)
For a p-form field strength, we use the convention

1
|F,” = HFML..MPFM“'MP, (2.41)

so that
Fp VAN *10Fp = |F1p|2 *10 1. (242)
The action (2.36) must be supplemented by the self-duality constraint

ﬁg, = *10%5. (243)

This condition must be imposed only after deriving the equations of motion from the
pseudo-action. Indeed, a standard manifestly covariant action written solely in terms of
the usual type IIB fields does not simultaneously reproduce the dynamics and impose
the self-duality condition. The factor 1/4 in the kinetic term of Fj, rather than the usual
factor 1/2, accounts for the halving of its independent degrees of freedom.
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Type IIA supergravity The bosonic two-derivative action of massless type IlA super-
gravity in string frame is

1
S8 = oy [ VG

10

a%(3+4@m@M¢—gﬂgﬁ

1 1 ~
—§|FQ|2—§|F4|2 (2.44)

1
——— [ B ANF, N Fy.
2, 2 4 4
The Ramond-Ramond potentials are the one-form C; and the three-form (5, with field

strengths
F,=dCh, Fy, =dCs, (2.45)

and gauge-invariant four-form

F,=F, —C, A Hs. (2.46)

Unlike type IIB, type IIA does not contain a self-dual field strength, and is there-
fore an ordinary action rather than a pseudo-action. The expression above describes
massless type lIA supergravity; the Romans deformation, characterized by a non-vanishing
zero-form field strength Fj, is not included.
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2.3 Type Il Compactifications

We now discuss how the ten-dimensional supergravity theories arising as the low-energy
limits of type Il string theories can be reduced to four dimensions. In the simplest class
of compactifications, one considers an unwarped product geometry of the form

Ml() = M4 X X()’, (247)

where M, is a four-dimensional spacetime and Xg is a compact six-dimensional inter-
nal manifold. At this stage, we assume that the dilaton is constant and that all back-
ground form-field strengths vanish, so that the only non-trivial background field is the
ten-dimensional metric.

If the compactification is required to preserve part of the ten-dimensional super-
symmetry, the geometry of Xj is strongly constrained. Compactification of either type
[IA or type IIB supergravity on a Calabi-Yau threefold with holonomy exactly SU (3) pre-
serves eight real supercharges and therefore gives an A/ = 2 supersymmetric theory
in four dimensions. Additional ingredients, such as orientifold projections, are required
to reduce the supersymmetry further to // = 1.

2.3.1 Calabi-Yau manifolds

Let us first explain why Calabi-Yau manifolds naturally arise in supersymmetry-preserving
compactifications. In a purely geometric background, with vanishing fluxes and con-
stant dilaton, the supersymmetry variation of the gravitino requires the ten-dimensional
supersymmetry parameter ¢ to be covariantly constant,

VME =0. (2.48)

Upon decomposing the ten-dimensional spinor into four- and six-dimensional compo-
nents, this condition implies the existence of a non-vanishing spinor 1 on Xj satisfying

Van=0, m=1,...,6. (2.49)

The existence of such a covariantly constant spinor can be expressed in terms of the
holonomy group of the internal manifold. The holonomy group Hol(X§) is generated by
the parallel transport of tensors and spinors around closed curves in X. For a generic
orientable six-dimensional Riemannian manifold, the holonomy group is contained in
SO(6). A spinor satisfying must be invariant under the action of the holonomy
group. Since

SU(3) C SO(6), (2.50)

and SU (3) leaves a chiral six-dimensional spinor invariant, the condition

Hol(Xs) C SU(3) (2.51)
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ensures the existence of at least one covariantly constant internal spinor.

For an irreducible compactification manifold with holonomy exactly SU(3), each
ten-dimensional supersymmetry parameter gives rise to one four-dimensional super-
symmetry parameter. Since type |l theories possess two ten-dimensional Majorana-
Weyl supersymmetry parameters, compactification on such a manifold leads to four-
dimensional /' = 2 supersymmetry. If the holonomy is contained in a proper subgroup
of SU(3), additional covariantly constant spinors may exist and the resulting supersym-
metry is enhanced.

We shall use the following characterization of a Calabi-Yau manifold.

Definition 2.1. A Calabi-Yau /N-fold is a compact Kdhler manifold of complex dimension
N with vanishing first Chern class,

c1(X) = 0. (2.52)

Yau’s theorem states that every Kahler class on a compact Kahler manifold with
vanishing first Chern class contains a unique Ricci-flat Kdhler metric. The holonomy of
this metricis contained in SU(N). Itisequal to SU (V) when the manifold is irreducible
and does not admit any further holonomy reduction.

To clarify these statements, let us briefly recall the relevant geometric structures. A
real 2/N-dimensional manifold is a complex manifold if it admits an integrable complex
structure, namely a globally defined tensor I™,, satisfying

Im,Iv, = =o™,. (2.53)
Integrability guarantees the existence of local complex coordinates
2= 41y, Zg:xi—iyi, 1=1,...,N. (2.54)

A metric compatible with the complex structure is called Hermitian. In complex
coordinates, its only non-vanishing components are of mixed type,

ds® = 2g; dz'd7. (2.55)
The corresponding fundamental two-form, usually called the Kahler form, is defined by
J =1ig; dz' A dZ . (2.56)

A Hermitian manifold is Kahler if
dJ = 0. (2.57)

The deformations of a Calabi-Yau metric can be classified in terms of the cohomol-
ogy of the internal manifold. On a complex manifold, differential forms decompose
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according to their numbers of holomorphic and antiholomorphic indices. A differential
form of type (p, q) is locally of the form

1 . A ; ]
WPV = —— i, 51 5,2 N N NAZ A N (2.58)
plq!

Accordingly, the complexified de Rham cohomology decomposes as
HY(X,C)= € H"(X). (2.59)
ptq=k
For example, on a compact Kahler manifold, the Hodge decomposition gives
H3(X,C) = H*(X)® H*'(X)® H'*(X) @ H™(X). (2.60)
The dimensions
hP1(X) = dimc H?4(X) (2.61)

are known as the Hodge numbers. The Euler characteristic can be expressed in terms

of them as ;

X(X) = (1P nra(X). (2.62)

p,g=0

For a Calabi-Yau threefold with holonomy exactly SU(3), this reduces to
X(X) =2 (h"Y(X) = k(X)) . (2.63)

The Hodge diamond of such a Calabi-Yau threefold is

1
0 0
0 ht! 0
1 K [ (2.64)
0 At 0
0 0
1

Here we have used the Hodge symmetries

P — paP — p3P3—a (2.65)
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Infinitesimal deformations of the Kahler structure are parametrized by H(X),
while infinitesimal deformations of the complex structure are parametrized by H*!(X).
Consequently, h! counts the independent Kahler deformations, whereas h?'! gives the
complex dimension of the complex-structure moduli space.

Finally, a Calabi-Yau threefold admits a nowhere-vanishing holomorphic (3, 0)-form,

Qe H*'(X), (2.66)

which is unique up to an overall complex normalization.

Infinitesimal deformations of the Ricci-flat metric are therefore parametrized by
h(1D) real Kahler moduli and A1) complex-structure moduli, corresponding to a to-
tal of (1Y) 4+ 2121 real parameters.

2.3.2 Calabi-Yau compactification of type Il string theories

The four-dimensional massless spectrum arising from a Calabi-Yau compactification
can be determined by means of a Kaluza-Klein decomposition. The basic idea is to
expand every ten-dimensional field in eigenmodes of the appropriate differential op-
erator on the compact manifold Xg. From the four-dimensional perspective, non-zero
eigenvalues correspond to massive Kaluza-Klein excitations, while zero modes give rise
to massless fields.

Consider first a ten-dimensional scalar field ®(z#,y™) on My X Xg. It can be ex-
panded as

O(z,y) = Y dnlx) Yaly), (2.67)
where the internal wavefunctions satisfy
—V%QSYn =\.Y,, An > 0. (2.68)
The corresponding four-dimensional fields obey
(04— A\p) ¢ =0, (2.69)

and therefore have masses

Massless fields are associated with harmonic scalar functions,
Vi, Yo =0. (2.71)

On a connected compact manifold, every harmonic scalar is constant. Hence, a single
ten-dimensional scalar gives rise to one four-dimensional massless scalar.

51



The same argument applies to differential forms. A ten-dimensional p-form poten-
tial may be expanded schematically as
p

Colz,y) =D Y Cl () Aw!(y), (2.72)

qg=0 I

where wqf are g-forms on Xg. The internal operator governing their Kaluza-Klein masses
is the Hodge-de Rham Laplacian,

A, = dd' + d'd. (2.73)
A four-dimensional field is massless when
Agw, =0. (2.74)

Such forms are harmonic and satisfy
dw! =0,  diw] =0. (2.75)

By the Hodge theorem, harmonic g-forms are in one-to-one correspondence with el-
ements of the de Rham cohomology group H%(Xg, R). Their number is therefore the
Betti number
by(Xe) = dim HY(Xe, R). (2.76)
Thus, a ten-dimensional p-form produces massless four-dimensional (p — ¢)-forms with
multiplicities determined by the topology of Xj.
For a ten-dimensional spinor, one similarly writes

U(z,y) =Y tal(@) @ ma(y). (2.77)

On an unwarped product geometry, the ten-dimensional Dirac operator decomposes
schematically as

D=0, 21+ V(a) @ Ds. (2.78)
Consequently, massless four-dimensional fermions arise from internal spinors satisfying
Den = 0. (2.79)

On a compact Ricci-flat manifold, the Lichnerowicz formula implies that such zero modes
are covariantly constant. For a Calabi-Yau threefold with holonomy exactly SU(3), the
covariantly constant internal spinor is responsible for the supersymmetry preserved
by the compactification. In particular, each ten-dimensional gravitino gives rise to one
four-dimensional gravitino, and type Il compactifications therefore preserve N' = 2
supersymmetry.

The ten-dimensional metric decomposes into the components

G]\/[N — {Gum Guma Gmn} : (280)

Their four-dimensional interpretation is as follows:
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e G, contains the unique four-dimensional graviton associated with the constant
scalar zero mode on Xg;

e G, would give rise to four-dimensional vector fields associated with continuous
isometries of Xg. A compact Calabi-Yau threefold with holonomy exactly SU(3)
has no continuous isometries, and therefore no massless vectors arise from these
components;

o (3, gives rise to scalar fields describing infinitesimal deformations of the Ricci-
flat Calabi-Yau metric.

The metric deformations divide into Kahler and complex-structure deformations.

The former are parametrized by
Hl’l(XG) (2.81)

and give h''! real scalar fields, while the latter are parametrized by
H*Y(X) (2.82)

and give h*! complex scalar fields. These massless scalars are the geometrical moduli
of the compactification.
Therefore, for type IIB, its KK reduction is encoded in the followuing table:

1B Gravity h*! Vector h! Hyper Hyper
G — G 2h*t  Cmplx.Str. ht1 Kahler
B — Byj B,
¢ — ¢
a—
Cy — C; C
Cy — Cijkp Cijkn Cijuw

The massless spectrum is then given by the 4d A/ = 2 supergravity multiplet, (>
vector multiplets and (h(l’l) + 1) neutral hypermultiplets.
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2.4 Type ll orientifolds

Orientifold projections of Type Il Calabi-Yau compactifications provide a standard mech-
anism for reducing four-dimensional supersymmetry from V' = 2 to N/ = 1. They in-
troduce orientifold planes and require the inclusion of D-branes for Ramond-Ramond
charge cancellation, thereby also giving rise to gauge sectors and charged matter in the
four-dimensional effective theory.

Starting from Type Il string theory compactified on a Calabi-Yau threefold X3, one
guotients the theory by a discrete orientifold action involving worldsheet parity and an
involution of the internal manifold. Depending on the Type Il theory and on the class
of orientifold, the orientifold operator takes the form

O = (-1 Qo. (2.83)

Here () reverses the orientation of the string worldsheet, F7 is the spacetime fermion
number in the left-moving sector, and ¢ is an involutive isometry of the internal Calabi-
Yau manifold,

o? = id. (2.84)

The precise form of O, as well as the action of o on the Calabi-Yau geometry, depends
on the orientifold construction under consideration.

The geometric fixed loci of o support orientifold planes. An Op-plane extends along
the four non-compact spacetime dimensions and wraps an internal cycle of real dimen-
sion p—3. Inthe standard orientifold constructions considered here, these objects carry
negative Ramond-Ramond charge and negative tension. Their total Ramond-Ramond
charge must be cancelled by appropriate configurations of D-branes and, when rele-
vant, background fluxes. This requirement is encoded in the corresponding Ramond-
Ramond tadpole-cancellation conditions.

Spacetime-filling D-branes extend along the four non-compact dimensions and wrap
internal cycles of X5. They need not wrap the same cycles as the orientifold planes.
Rather, the total charge carried by the D-branes and their orientifold images must can-
cel the charges of the orientifold planes, together with any flux-induced contributions,
in the appropriate homology or cohomology class. Open strings ending on the D-branes
give rise to four-dimensional gauge fields and charged matter multiplets.

Preservation of four-dimensional A/ = 1 supersymmetry imposes further condi-
tions on the involution ¢. In Type IIB orientifolds, ¢ acts holomorphically on the Calabi-
Yau manifold, whereas in the standard Type lIA constructions it acts antiholomorphi-
cally. Its action assigns definite parities to the Kahler form J, the holomorphic three-
form €2, and the ten-dimensional form fields. The orientifold projection retains only
the degrees of freedom invariant under the combined action O, thereby truncating the
original four-dimensional N/ = 2 spectrum to an A/ = 1 spectrum.
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2.41 N = 1inType lIB orientifolds with O3/O7-planes

We begin by reviewing aspects of Type IIB string theory compactified on a Calabi-Yau
threefold X3, quotientied by the orientifold action [13]. For O3/O7-orientifold com-
pactifications one requires

o*J =J, ol = -, (2.85)

where J is the Kahler form (2.56) and €2 is the holomorphic (3,0)-form (2.66). The
action of o* splits the cohomology groups into even and odd eigenspaces,

HP9(X3) = HPY(X3) @ H(X3), (2.86)

with dimensions denoted by A7 and h™?, respectively. The cohomology groups rele-
vant for the four-dimensional massless spectrum are summarised in Table[ll

Cohomology group Dimension Basis
- Pl o
ot hb! Wa
H? pil o
H* hb! e
Hi’l hi’l Xk
H*! h>! Xk
H 2h%! (cve, )
H3 2h*t +2 (o, BF)

Table 1: Cohomology groups and basis elements relevant for O3 /O7-orientifold com-
pactifications.

The Kahler form is even under the orientifold involution. Therefore only the even
Kahler deformations survive the projection, and one expands

J = 0Y(x) wy, o= 1,...,hi’1. (2.87)

Here the real fields v parametrise the volumes of the even two-cycles. The complex
structure deformations which are compatible with the orientifold projection are instead
associated with Hz’l(Xg). We denote the corresponding complex scalar fields by

Hx),  k=1,... n% (2.88)

Equivalently, the metric fluctuations induced by complex structure deformations are
expanded in a basis x;. € HE’I(X;;).
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The NS-NS and R-R two-forms are odd under the orientifold projection and hence
are expanded in the odd basis of "' (X3),

By = b"(z) wy + b (2)wa, Cy = () w,, (2.89)

witha =1,..., A", b€ {0,1/2}. The R-R four-form gives rise to four-dimensional
two-forms, vectors and scalars, and can be expanded asﬂ

Cyp=Cuzx) 0+ A%(2) N, K=1,.., h;l, a=1, ...hfl. (2.90)

where b* and ¢* are four-dimensional scalars, while A* are U (1) gauge bosons. It is
useful to organise the surviving scalar fields into A/ = 1 chiral multiplets. The axio-
dilaton multiplet is

S =iCy+e?, (2.91)

where () is the R-R axion and ¢ is the ten-dimensional dilaton. The odd two-form
moduli combine into chiral fields of the schematic form

G =ic" — Sb". (2.92)

The Kahler moduli are obtained by combining the volumes of the orientifold-even four-
cycles with the axions descending from the R-R four-form. Introducing

1
To = —naﬂvvﬂzﬂ, Pa = / Cy N way, (2.93)
2 X3

we define the corresponding chiral coordinates as
T = To + ipa. (2.94)

Here
Kopy = / Wa AW A wy (2.95)
X3

are the triple-intersection numbers of the Calabi-Yau threefold.

The Kahler potential is generally not known as an explicit closed function of the
chiral coordinates T,, G%, and S. This is because the Calabi-Yau volume is naturally
expressed in terms of the two-cycle volumes v®, whereas the relation between v* and
the chiral fields T, is in general implicit. In the truncation in which the odd moduli G*
are absent or fixed, the tree-level Kahler potential takes the form

"The self-duality of F5 allows us to eliminate half of the field of C,
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Multiplet Number Fields
Gravity multiplet 1 G
Complex-structure multiplets R 2k
Odd axionic multiplets ht! G* = (c*b%)
Vector multiplets h2t A"
Axio-dilaton multiplet 1 S = (Cy, ¢)
Kahler moduli multiplets hi’l To = (Ta, Pa)

Table 2: Massless closed-string spectrum of Type IIB Calabi-Yau orientifold compactifi-
cations with O3/07-planes.

in the Einstein frame. The dimensionless Calabi-Yau volume in string units is

V:é JNJTNJ. (2.97)

X3

The expressions above are valid at leading order in the o expansion. The first per-
turbative correction relevant for Kihler-moduli stabilization arises at order o/3. It orig-
inates from the dimensional reduction of the ten-dimensional higher-derivative R* in-
teraction and is inherited by the four-dimensional A/ = 1 orientifold theory. The cor-
rected Kahler potential is

kiKip = — log <—z/ QA Q) — log(S + 5’) — 2log (V + g) , (2.98)
X3

where A

£=¢ (S—;S> , (2.99)
and (X

£ = —%. (2.100)

Here x(X3) denotes the Euler characteristic of the Calabi-Yau threefold and ((3) is
the Riemann zeta function . This correction breaks the tree-level no-scale structure
and plays a central role in the stabilization of the Kahler moduli in the Large Volume
Scenario.
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3 Large Volume Scenario

The four-dimensional massless spectrum arising from string compactifications gener-
ally contains a large number of scalar fields, known as moduli. In Type IIB Calabi-Yau
orientifold compactifications with 03/07-planes, whose field content is summarized in
Table[2] these fields parametrise continuous deformations of the internal geometry and
determine several effective four-dimensional couplings. If they remain unstabilized, the
moduli correspond to flat directions of the scalar potential and may give rise to light
scalar degrees of freedom. Such fields can mediate long-range interactions and induce
phenomenological effects that are incompatible with current observations. A realistic
string compactification must therefore provide a mechanism that lifts these flat direc-
tions, fixes the vacuum expectation values of the moduli, and generates sufficiently
large masses for them.

In this chapter, we review the Large Volume Scenario (LVS), which provides a sys-
tematic framework for moduli stabilization in Type IIB flux compactifications. The sta-
bilization mechanism proceeds hierarchically. At leading order, background three-form
fluxes stabilize the axio-dilaton and the complex-structure moduli at a supersymmetric
minimum, while the Kdhler moduli remain unfixed as a consequence of the no-scale
structure. Their stabilization is subsequently achieved by including perturbative o cor-
rections to the Kahler potential together with non-perturbative contributions to the su-
perpotential. This two-step structure will play a central role in the analysis developed
in the remainder of this thesis.
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3.1 Flux Compactifications and Moduli Stabilization

A mechanism to stabilize the moduli consists in turning on background fluxes for the
field strengths of the various p-form gauge fields of the ten-dimensional theory.

More precisely, let us consider Type IIB string theory compactified on a Calabi-Yau
orientifold in the presence of non-trivial NSNS and RR three-form fluxes, Hs and F3. In
this case, the Type 1B supergravity action takes the form

1 OuSOMS  |Gs)*> 1= 2
Sip = —— [ d%z /=g |R— - ——‘F
BT B { 2(ReS)?  2ReS 41° .
1 /C4AG3/\(_}3+S '
8ik?, Re S focals
where
S:'Z'C()—i—eiqs, Gg :Fg—?;SH:g, (32)
with
F3 = dog, H3 = dBQ, (33)
and . )
F~15:F5—§OQAH3+§B2AF3. (34)
The three-form fluxes satisfy the Dirac quantization condition,
—1 /F cZ —1 /H €7 (3.5)
=m =N .
@Qr)2er )70 T @z )T T

for every three-cycle ~y of the internal Calabi-Yau manifold.
The effective action receives corrections in two independent perturbative expan-
sions: the string loop expansion, controlled by the string coupling

gs = (%), (3.6)

and the o’ expansion, which corresponds to an expansion in higher-derivative opera-
tors. The full ten-dimensional effective action can therefore be written schematically
as

[e.9]

Si= > (a/)"grsiy. (3.7)

m,n=0
The individual terms can be organized as [16]

2n—p+r+1
2

m,n ™n 1 *ok kk sk ko T
sp =St [V (rg) R GG)
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where the asterisks denote the appropriate index contractions and the integers satisfy
m=p+r—1. (3.9)

In particular, supersymmetry forbids corrections at lower orders in o/, so that the first
non-vanishing higher-derivative contribution appears at order '3, starting with the
well-known R* term [17].

Another important ingredient is the superpotential 1. Recall from Paragraph
that the superpotential is holomorphic. Holomorphy, together with the perturbative ax-
ionic shift symmetries and the non-renormalization properties of the four-dimensional
N = 1 theory, forbids a perturbative dependence of the superpotential on the Kahler
moduli

Thus, we can generically write

W = Wtree + Wnp7 K= Ktree + errt + Knp (310)
Given K and W one can compute the F-term scalar potential [1.166] which is the key
guantity to compute in order to find the vacua.
3.1.1 Superpotential

Background three-form fluxes generate the classical Gukov-Vafa-Witten superpoten-

tial [18]]
2
VVtree = Wﬂux = \/;/ GB A Q> (311)
X6

where Q is the holomorphic (3, 0)-form introduced in (2.66).

To express in terms of the flux quanta and the complex structure moduli, let
aq, B4, with A = 0,..., h%!, denote a symplectic basis of H?( X, Z). The periods of
the holomorphic three-form can be assembled into the symplectic vector

XA
1= , XA:/ Q, ]—"A:/ Q, (3.12)
FA AA By

where the X define projective coordinates on the complex structure moduli space.
Similarly, the RR and NSNS three-form fluxes are characterized by the corresponding

flux vectors
f= (/ F3 / Fg) s h = (/ H3 / H3> ) (3'13)
AA Ba AA Ba

whose components are quantized as a consequence of Dirac quantization. Introducing

the symplectic matrix
0 I
Y= , (3.14)
-1 0
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the flux superpotential takes the compact form

Whax = \/§HTE (f —iSh). (3.15)
s

It follows that the tree-level superpotential depends on the complex structure moduli
through the period vector I and on the axio-dilaton through (G5. By contrast, the Kahler
moduli do not appear perturbatively in Wy,.. This property is a consequence of their
perturbative axionic shift symmetries and plays a central role in the moduli-stabilization
mechanism discussed below.

Non-perturbative effects break these continuous shift symmetries to discrete sub-
groups and can therefore generate an explicit dependence on the Kdhler moduli. One
important source of such corrections is provided by Euclidean D3-branes wrapping di-
visors D C Xg [13]. In the absence of world-volume fluxes, the semiclassical action of
an ED3-brane wrapping the divisor D can be written, in the conventions adopted here,
as

S 1
ED3:—/J/\J+¢/C4ETD=caTa, (3.16)
27T 2 D D
where J is the Kahler form, C, is the RR four-form potential and
(D] = ¢*[D,] (3.17)

denotes the expansion of the divisor class in a basis of H,(Xg, Z). The corresponding
instanton contribution is therefore exponentially suppressed as

e~ %mps — 27 Ta, (3.18)

An ED3-brane contributes to the superpotential only when its unlifted fermionic
zero-mode spectrum contains precisely the two universal Goldstino modes required by
four-dimensional N' = 1 supersymmetry. Additional unlifted zero modes cause the
contribution to vanish or generate higher-derivative and multi-fermion F'-terms rather
than a superpotential correction.

Under these conditions, an ED3-brane wrapping D generates a non-perturbative
contribution of the form

WP, = Ap(2', 2ps, 2p7, S)e 2" . (3.19)

The prefactor Ap arises from the one-loop determinant of fluctuations around the in-
stanton configuration. It may depend on the complex structure moduli 2%, the axio-
dilaton and the positions of spacetime-filling D3- and D7-branes. More precisely, Ap
is generally a section of a non-trivial line bundle over moduli space and may vanish on
special subloci, for instance when additional charged zero modes become massless.

More generally, after including all relevant non-perturbative contributions, the four-
dimensional superpotential takes the schematic form

W = Wﬁux<2’i, S) + Z AD(Zi, ZD3, D7, S)€727TCBTE' (320)
D
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3.1.2 Kahler potential

At tree level in both the string coupling and the o’ expansion, the moduli space of a
type 1IB Calabi-Yau orientifold with O3/O7-planes factorizes locally as

M = M5(Xe) x Mx(Xe) x Msg, (3.21)

where the three factors respectively describe the complex-structure moduli, the Kahler
moduli and the axio-dilaton. Consequently, the corresponding moduli-space metric is
block diagonal at this order, and the Kahler potential takes the form (2.96)

Kiree = —log (S + 5) — log {—2/ Q(z) A Q(z)} —2log V(T T). (3.22)
X6

The real two-cycle volumes t“ are related to the four-cycle volumes through

a — = ZRq ct tcy 323
T ota 5 b ( )
with 7, = Re T, up to convention-dependent normalizations.

A crucial property of the tree-level Kdhler sector is the identity

ab
K tree

Ktree,aKtreej == 3; (324)

known as the no-scale condition [19]]. Here {a, b} label the Kahler moduli 7},. Since the

flux superpotential (3.11) is independent of these fields, their Kahler-covariant deriva-
tives are

DaWﬁuX = KaWﬂux‘ (325)

The contribution of the Kahler moduli to the F-term scalar potential therefore satisfies

KaE

tree

DgreeWﬁuxDl%reeWﬂux = 3|Wtree|27 (3-26)

and exactly cancels the universal negative contribution —3|WW|2. The tree-level scalar
potential consequently reduces to

‘/tree = eKtree KMNDM WﬁuxD]\_fWﬂum (327)

tree

where { M, N'} run over the axio-dilaton and the complex-structure moduli only.
Equation (3.27) is manifestly positive semidefinite. Its minima satisfy

DSWﬂux = 07 DziWﬂux = 07 (328)

and therefore stabilize the axio-dilaton and the complex-structure moduli through the
background fluxes. At such minima,

Vvtree = 0. (329)
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Nevertheless, when Wy, # 0, the Kdhler-modulus F-terms are generically non-vanishing,
DTaWﬂux = KTaWﬁux 7é O, (330)

so supersymmetry is broken while the vacuum energy remains zero. These solutions
are therefore referred to as no-scale Minkowski vacua (see[1.6.1).

The Kahler moduli remain exactly flat directions at this order, since they do not
appear in the flux superpotential and their dependence in the scalar potential cancels
as a consequence of the no-scale identity. Their stabilization therefore requires effects
that break the tree-level no-scale structure.

Thus, the leading contribution to the Kahler-moduli potential arises from correc-
tions that break the tree-level no-scale structure. The dominant perturbative effect is
the /% correction induced by the ten-dimensional R* interaction discussed in Eq. (2.98).
Including this contribution, the Kahler potential becomes

G 3/2
K =—log [(S+5)] — log l—i/X‘Q/\Q} — 2log (V+g(¥> ) (3.31)

Where ¢ is defined in (2.100). Equivalently, in the large-volume regime,

§

K = Kipeo + 0K, 0K = ———
gf/QV

+0 (V7). (3.32)

This correction breaks the no-scale identity and generates a non-vanishing scalar po-
tential for the Kahler moduli.

3.2 Large Volume Scenario

We have now introduced the main ingredients of type IIB flux compactifications on
Calabi-Yau orientifolds with 03/07-planes. We can therefore discuss how the moduli
may be stabilized in isolated four-dimensional vacua.

At leading order in the o’ and string-loop expansions, the effective theory is deter-
mined by the flux superpotential Wy, given in Eq. (3.11), and by the tree-level Kahler
potential K., given in Eq. (3.22). For suitable choices of background fluxes, there exist
points (z{, Sp) in complex-structure and axio-dilaton moduli space satisfying

DziWﬁux

0,  DsWaux| 0. (3.33)

}(zo,so) - (20,50)

The vacuum expectation value of the flux superpotential is denoted by

WO = <Wﬂux> = Wﬂux(zé, So) (3.34)
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Because of the tree-level no-scale structure, the Kahler moduli T}, remain unstabi-
lized at this order. A non-trivial potential for these fields is generated only after including
corrections to the tree-level effective data,

W = Wﬂux + Wnpa K = Ktree + 5errt7 (335)

where IV,,, denotes non-perturbative contributions to the superpotential, while 0 K e
contains perturbative o and string-loop corrections to the Kdhler potential. Non-perturbative
corrections to K may also be present, but they are subleading in the regime considered
here and will not be included.

The scalar potential can then be organized schematically as

V= Vnp2 + Vnp-ﬂux + Vo + - , (336)

where the three displayed terms arise respectively from contributions quadratic in W,,,,,
from interference between W, and W, and from the breaking of the no-scale struc-
ture by the leading o'® correction. The tree-level term proportional to |[WW;|* vanishes
identically because of the no-scale cancellation.

The Large Volume Scenario arises from a competition between the exponentially
suppressed non-perturbative effects and the inverse-volume-suppressed o correction.
In a generic compactification, the overall volume controls the o’ expansion, while in-
dividual four-cycle volumes control the non-perturbative expansion. For example, an
Euclidean D3-brane wrapping a rigid divisor D, generates a contribution of the form

Whp D Age e (3.37)

or, more generally,
Wap = Z Aye %l (3.38)

where a, = 27 for a single Euclidean D3-brane instanton.
The essential observation is that a balance can occur between terms scaling as in-
verse powers of the overall volume and terms proportional to e~ %=, At the minimum

one finds parametrically
1
e v~ —, 3.39
v (3.39)
and hence
Y~ e, (3.40)

For a,75 > 1, the stabilized volume is therefore exponentially large. This is the origin
of the name Large Volume Scenario [12].
To make this mechanism explicit, consider a Swiss-cheese compactification whose
volume takes the form
V=n"—c}?  c>0, (3.41)
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where 73, controls the overall size of the compactification and 7, is the volume of a rigid
blow-up divisor. In the regime
T > T > 1, (3.42)

the volume is large while the non-perturbative expansion associated with 7, remains
under control.
We take the superpotential and Kahler potential to be
W =W, + A ®", (3.43)

and

K = K. — log [S + 5'] — 2log (V + ﬁ) . (3.44)
gs

After integrating out the complex-structure moduli and the axio-dilaton at their flux-
stabilized values, the Kdhler-modulus scalar potential can be written as
V=K [K“BDQWD,;V_V - 3\W|2} . (3.45)
Expanding this expression at large volume and retaining the leading contributions gives
ay/Ts e 2% BIWy|Tse %™ 3E|Wp|?
cV V2 49;”/2])3 ’

where the axionic component of T has been minimized so that the interference term
is negative, and

(3.46)

Kes
Vivs @ e Vo

Js 8a§|¢45|2
a=—"""

Vor = 2, S B dalAl (3.47)

The first term in Eq. is quadratic in the non-perturbative contribution, the sec-
ond arises from its interference with W, and the third originates from the leading o’
correction to the Kahler potential.

In the limit a,7, > 1, the stationary conditions

hVivs =0, 0-Vivs =0, (3.48)
admit the approximate solution [12]
1 2/3
and 1/3 2/3
BIWole (€ as (€

Thus, the blow-up modulus is stabilized at moderately large size, whereas the overall
volume is exponentially large. The resulting vacuum is generically a non-supersymmetric
anti-de Sitter minimum, with supersymmetry broken predominantly in the Kdhler-modulus
sector.
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3.3 Sequestered LVS scenarios

We now turn to the phenomenological implications of moduli stabilisation in sequestered
Large Volume Scenario compactifications. In these constructions, the visible sector is lo-
calised at a singularity and is geometrically separated from the dominant sources of su-
persymmetry breaking in the bulk. As a consequence, the soft supersymmetry-breaking
terms can be parametrically suppressed with respect to the gravitino mass [3,[20-22].
A minimal realisation in type 1B Calabi-Yau orientifold compactifications with O3 /O7-
planes contains four Kahler-sector moduli: a large four-cycle T}, controlling the overall
volume, a small blow-up mode T supporting the non-perturbative effects responsible
for LVS stabilisation, the visible-sector modulus 751, and an orientifold-odd modulus
(G. The latter two are associated with a pair of divisors exchanged by the orientifold
involution and collapsing to zero size at the singular locus. The resulting topology is
characterised by
At =3, bt =1, (3.51)

with
TbITb+ipb, TS :Ts+ips, TSM ITSM+ipSM, G:b+ZC (352)

Here 7, 75 and 7g\; denote four-cycle volumes, while p,, ps and pgy\ arise from the
reduction of Cy. The fields b and ¢ arise instead from the reduction of B5 and C5 on the
orientifold-odd two-cycle dual to the shrinking divisor.

The four-dimensional A/ = 1 superpotential can be written schematically as

W = Wﬂux(Sa Z) + Wnp(T57 S, Z) + WdS + Wmattera (353)

where the first two contributions have been analysed in the previous chapters. The
term Wy4g contains the contribution associated with the mechanism used to uplift the
LVS AdS minimum, while the visible-sector superpotential is

1
Winatter = p(M)H, Hy + 6YOM(M)(JCYCBC7 + ..., (3.54)

where M collectively denotes the closed-string moduli and C'* the visible-sector matter
superfields.
Close to the singular locus, the Kahler potential can be parametrised as [2,(3,23]

K = —log(S—i—S)—log(—i/ Q/\Q)
Xe

S+ 8\*? 2 b?
- 210g V + é (—) + )\SMTS_M + >\b_ + KdS + Kmatter~ (355)

2 2 1% V
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We shall use )
s=ReS=—, éz 553/2. (3.56)
For a diagonal matter metric, the leading visible-sector contribution to the Kahler
potential can be written as

Komatter = KoM, M)CC* + [Z(M, M)H,Hy+h.c], (3.57)

where repeated matter indices are understood to be summed over. We parametrise
the matter metric as

~ o(S, 2 E
Ka:f]iQ/?)) 1—CS§+de+CSMTSpM—|—Cbbp+... s p>0 (358)

For D-branes at singularities, the gauge kinetic function takes the form
fa = 5aS —+ "iaTSM’ (359)

where the coefficients d, are universal for Z,, singularities. D-term stabilisation fixes
the visible-sector cycle at the singular locus, 7q,; — 0, and implies at leading order

FTw — & — . (3.60)

Supersymmetry breaking is therefore mediated to the visible sector through the auxil-
iary fields of the bulk moduli.
In four-dimensional N = 1 supergravity, and setting Mp = 1, the moduli F-terms
are )
Fl = XPK DWW, (3.61)

where o o o
D;W = o;W + K;W. (3.62)

The dominant supersymmetry-breaking auxiliary field is associated with the large Kahler
modulus T}, whereas the dilaton and complex-structure F-terms are parametrically
suppressed in the large-volume expansion. Nevertheless, as we shall see, these sup-
pressed F'-terms can become phenomenologically relevant whenever the leading con-
tribution from F’ cancels.

3.3.1 Local and ultra-local matter metrics

The distinction between local and ultra-local models follows from the volume depen-
dence of the physical Yukawa couplings. The canonically normalised Yukawa couplings

are

% K/2 Yaﬁv(sa Z) .

Yaﬁ'y = e (3.63)
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Since the Yukawa interactions are local quantities determined by the open-string sector
at the singularity, their leading behaviour is expected to be insensitive to the overall
Calabi-Yau volume. For a diagonal matter metric, this motivates the relation

[?a = hy(S, z)eK/B. (3.64)
Expanding this relation at large volume gives

N Kes/3 F
Ry ho(Ss)—t 1= &

1
(2s)13V25 |~ 3y + ngs +.... (3.65)

This reproduces the universal leading scaling f(a ~ V~2/3in Eq. (3.58).
Following [3], we distinguish two classes of models:

¢ Local models: Eq. (3.64) holds only at leading order in the inverse-volume expan-
sion.

e Ultra-local models: Eq. (3.64) holds exactly, order by order in the inverse-volume
expansion. In this case the cancellation is exact, and the leading soft terms can
become directly sensitive to the dilaton and complex-structure F'-terms.

3.3.2 Soft supersymmetry-breaking terms

We now review the soft terms which are directly relevant for the present analysis.

Gaugino masses. The gravity-mediated gaugino masses are

1

M, =
2Re f,

F10; f,. (3.66)

Using Eq. (3.59), together with 7qy; = 0 and F'75M = (), one obtains

FS
M, ~ 55 = My, (3.67)

up to subleading corrections. Hence the gaugino masses provide a particularly direct
probe of the dilaton F-term. Any correction to F'° induced by the displacement of the
flux-stabilised minimum therefore translates directly into a correction to M /5.

Scalar masses. For a diagonal matter metric, the F-term contribution to the canoni-
cally normalised scalar masses is

m2 =m3;, + Vo — F'F/9,0;log K,, (3.68)
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where
m3/2 = €K/2|W‘ (369)

and V; denotes the vacuum energy after moduli stabilisation and uplifting.

In the local limit, the leading no-scale cancellation is not exact at subleading order.
The residual contribution is dominated by the large-volume modulus 7} and gives uni-
versal scalar masses,

m2 = mg, (3.70)

«

with the characteristic scaling

LR
1%

Thus the contribution involving £t dominates over the terms generated by the dilaton
and complex-structure F'-terms.

The situation is qualitatively different in the ultra-local limit. Using Eq. (3.64), one
has

mg ~ m3/2]\/[1/2 ~ (371)

9;071og K, = %KI 74 0;0710g ha(S, 2). (3.72)
Together with .
v =F'F/ K ;—3mj3,, (3.73)
this yields
m2 p =V — %VF,O — FIF79;051og ha(S, 2). (3.74)

Since h,, depends only on the axio-dilaton and complex-structure moduli, the indices
in the last term of Eq. (3.74) can be restricted to

I,Je{S,z}. (3.75)
For a vacuum whose cosmological constant is tuned to be negligible, 1V, ~ 0, Eq. (3.74)
reduces to ]

miF ~ —§VF70 — F'F79;051og ha(S, 2). (3.76)

This expression makes clear why the suppressed F'-terms of .S and z* become im-
portant in the ultra-local limit. The contribution from the bulk Kahler modulus cancels,
while the dependence of the matter metric on S and z¢ survives. In particular, if

FS F* ~ OV, (3.77)
their contribution to the scalar masses squared is generically of order
FIF79,0510g ha ~ O(V™4), (3.78)

up to the corresponding powers of g, and flux-dependent coefficients.
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Trilinear terms. The trilinear soft terms are
Aagy = F! [K, + 07 log Yag, — 07 log (f(af(ﬁf@ﬂ . (3.79)

In the local case, the imperfect cancellation between the bulk Kahler potential and
the matter metrics leaves a contribution generated by F’¢, in addition to the terms
involving F¥ and F*. Schematically,

local __
A = Aaﬁ7 + Aaﬁ7 (3.80)

aBy

Both contributions are parametrically suppressed with respect to ms » and are typically
of order M, /5.

In the ultra-local limit the dependence on the Kahler moduli cancels exactly. Using
Eq. (3.64), one obtains

ultra—local I ’Y( )
Ao I%””‘)g{ IREEECEN ] R

The ultra-local trilinear terms are therefore controlled directly by the dilaton and complex-
structure F'-terms and are generically flavour dependent through the functions Y3,
and h,,.

The sequestered setup therefore provides a direct phenomenological application
of the subleading corrections to the auxiliary fields studied in this thesis. In particu-
lar, the shift of the dilaton F'-term affects the gaugino masses already linearly through
Eq. (3.67), while in ultra-local models both the scalar masses and the trilinear terms
depend explicitly on the corrected F'° and F**. Hence, although these auxiliary fields
are parametrically suppressed with respect to F'’¢, they can control the leading visible-
sector soft terms whenever the contribution of the bulk Kdhler modulus is removed by
sequestering.

These expressions show that the soft parameters are controlled not only by the
moduli F-terms, but also by the dependence of the gauge kinetic functions, Yukawa
couplings, and matter Kahler metrics on the closed-string moduli.

Soft terms have been computed in several D-brane realizations of the Standard
Model [6,24,25]. Their structure depends crucially on the localization of the visible
sector, on the mechanism used to uplift the vacuum to de Sitter space, and on pertur-
bative and non-perturbative corrections to the matter Kahler metric.
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4 Corrections to the F-terms

In Large Volume Scenarios, the F-terms F'® and F'** receive non-vanishing contribu-
tions from several subleading effects, some of which have already been extensively
studied in the literature [145]. For instance, the inverse of the corrected K3hler met-
ric, Ko + 0K, induces mixing between the (.5, z,) sector and the T; directions. Since
Dy, W is non-zero at the LVS AdS minimum, this mixing generates non-vanishing F'-
terms for both S and z,. In addition, the correction § K directly modifies the covariant
derivatives Dy, Dg, and D, . The dependence of W, on z, and S via its prefactor:
Wop = Az, S)e““Ti also leads the F'-terms to acquire non-zero contributions.

In this work, a different source of correction is addressed: the displacement of the
expectation values of S and z, away from their leading-order vacuum (3.33). More
precisely, how the shift 0.5 and ¢z feeds into the F'-terms is here studied.

Usually the dilaton is stabilized at leading order by background fluxes (3.1), however,
perturbative and non-perturbative effects can shift it away from its original minimum.
In this final chapter, we implement the mechanism described above explicitly. After
reviewing the corrections to the moduli F-terms previously discussed in the literature,
we identify and estimate the additional contributions induced by the displacement of
the flux-stabilized fields from their tree-level supersymmetric values.

We first analyse the effect perturbatively in a simplified Large Volume Scenario
model, keeping track of both the inverse-volume and weak-coupling expansions. The
toy model is chosen to have a rigid complex-structure sector, h*! = 0, together with the
minimal number of Kihler moduli required to realise an LVS vacuum, namely A = 2.
This setting allows us to isolate the shift of the axio-dilaton and to determine its contri-
bution to the corresponding auxiliary field F'S.

The most significant result emerges when the analysis is extended to a model con-
taining one complex-structure modulus z, corresponding to k%! = 1. In this setting, the
subleading effects responsible for LVS stabilisation displace both the axio-dilaton and
the complex-structure modulus from their supersymmetric flux vacuum. We find that
the resulting shift-induced contribution to £'* is parametrically enhanced in the weak-
coupling regime. More precisely, within the perturbative expansion and assumptions
adopted here, this contribution carries one additional inverse power of g, relative to
the standard estimate reported in Ref. [3].

For the axio-dilaton F'-term, by contrast, the contribution generated by the dis-
placement of S is generically of the same parametric order as the corrections previ-
ously identified in Ref. [2]. It therefore competes with the standard LVS contribution
at the same order in both the inverse-volume and weak-coupling expansions. Within
the perturbative regime considered here, the displacement does not introduce a new
parametric enhancement in F'°, but rather modifies the numerical coefficient of a con-
tribution already present at the same order.
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Finally, we discuss the phenomenological implications of these corrected auxiliary
fields. In sequestered LVS scenarios, soft supersymmetry-breaking terms are directly
controlled by the I'-terms of the moduli sector [3]. Since the displacement of the axio-
dilaton does not modify the parametric scaling of F°, soft terms whose leading contri-
bution is determined by F'° retain the standard LVS behaviour, up to numerical coeffi-
cients. By contrast, the enhanced complex-structure F'-term can lead to parametrically
different contributions to observables which depend directly on F'?, including scalar
masses in the ultra-local regime.

Afurther application concerns the supersymmetric partners of closed-string RR pho-
tons. In type IIB orientifold compactifications, the gauge kinetic functions of these hid-
den U(1) sectors depend on the complex-structure moduli [4,13]. Consequently, the
corresponding hidden photino masses are controlled by

FZ
Mp

Mx ~ 0. fx, (4.1)

so that the shift-induced modification of £'* can be directly inherited by the hidden-
photino spectrum, up to the model-dependent factor 0, fx

72



4.1 General considerations
Let us remember the definition of the F-term (3.61),
FI = X2KY D W (4.2)

At tree level, the auxiliary fields associated with the axio-dilaton and the complex-
structure modulus vanish as a direct consequence of the supersymmetry conditions

in Eq. (3.33). Explicitly,

<thee> = eK/2IA{S@IA)S'Wﬂux = 07 (43)
0,20
and o
<Ftiee> = GK/QKZEDEWﬂuX =0. (44)
50,20
Here, for notational convenience, we have defined
Dy =0+ K; (4.5)

and K = Ki.ce. Moreover, owing to the factorised structure of the tree-level Kahler
potential in Eq. (3.22), the corresponding Kahler metric is block diagonal in the axio-
dilaton, complex-structure and Kdhler-moduli sectors. Consequently, the mixed com-
ponents of its inverse vanish at this order.

Equations and express the fact that supersymmetry is preserved along
the axio-dilaton and complex-structure directions at the tree-level flux vacuum. This
does not imply that the complete vacuum is supersymmetric once subleading effects
are included. In the Large Volume Scenario, perturbative and non-perturbative cor-
rections stabilise the Kahler moduli in a non-supersymmetric AdS vacuum and induce
non-vanishing contributions to F'* and F~.

More precisely, the axio-dilaton and complex-structure F'-terms can receive contri-
butions through five conceptually distinct mechanisms:

e The inverse corrected Kahler metric develops mixed components between the
(S, z,) sector and the Kahler-moduli directions. Since the Kahler-moduli covari-
ant derivatives D7, 1¥ do not vanish at the LVS minimum, these mixed compo-
nents induce non-zero contributions to F* and F'>.

e The correction § K modifies the Kahler-covariant derivatives
DWW =0/W + K;W, (4.6)

and therefore generates additional contributions even when the corresponding
tree-level covariant derivatives vanish.
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e The non-perturbative superpotential may depend explicitly on the axio-dilaton
and complex-structure moduli through its prefactor,

Wip = Y _A(S,2)e . (4.7)

Consequently, dsW,,, and 0,W,,, can contribute directly to the corresponding
F-terms.

e The inclusion of the LVS scalar potential shifts the expectation values of S and z
away from their tree-level supersymmetric values,

S =5y+05, z =29+ 0z. (4.8)

Evaluating the tree-level quantities at the shifted vacuum then produces an ad-
ditional, indirect contribution to F'° and F=.

e the uplift to dS generically induces non-zero F-terms

The contributions arising from the first three mechanisms have been investigated
in [2,3]. The contribution induced by the displacement of the axio-dilaton and complex-
structure vacuum expectation values constitutes the main focus of the present analy-
sis. By contrast, the additional corrections associated with the uplift sector are model
dependent and will not be considered here; their systematic analysis is left for future
work. In the following, we first review the previously known contributions and deter-
mine their parametric dependence on g, and the Calabi-Yau volume V. This provides
the appropriate benchmark against which the vacuum-shift contribution derived in this
work can be compared.

411 F-term corrections: contributions at the unshifted flux minimum

We first review the corrections to the axio-dilaton and complex-structure F'-terms that
are already present when these fields are evaluated at their tree-level flux minimum

8.33
S =5, zZ = 29, (4.9)

without yet including the displacement of the vacuum induced by the LVS scalar po-
tential. Once the perturbative correction to the Kahler potential and the non-
perturbative contribution to the superpotential are included, these relations no
longer imply the vanishing of the corresponding covariant derivatives.

At the LVS minimum, the leading corrected covariant derivatives can be parametrized

as [3]
. _3 fW() gSWQ
DsWls,., = =197+ © ( 5 ) , (4.10)
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and 3 W
_ 92 o —2
D.Wl|g . = 4V\@Xz(z0) +0(V7?). (4.11)
Here x.(zo) denotes a model-dependent dimensionless function, which is generically
expected to be of order one. Its precise form depends on the complex-structure de-

pendence of the non-perturbative prefactor

A= A(S,2) (4.12)

and on that of the complex-structure normalization Z.

The two expressions above have conceptually different origins. The leading con-
tribution to DgW is generated by the perturbative correction to the Kahler potential.
Indeed, even though the tree-level relation

s Wiy + KsWiux = 0 (4.13)

holds at (Sp, 20), the corrected derivative contains the additional term as the first non-
trivial contribution in the g, expansion,

DsW ~ KpersWe. (4.14)

By contrast, the leading contribution to D, W is associated with the non-perturbative
sector. In particular, the dependence of the prefactor A(.S, z) on the complex-structure
modulus gives

0.Whp = 0,A(S, z)e % Ts, (4.15)

while the term K, W,,,, provides an additional contribution of the same non-perturbative
origin.

The corrected F'-terms are then evaluated at the unshifted flux minimum gives, at
leading order,

I oo 3 W 1
S _— S _ K/2 STy _
OFGy=F9|, . =e (K DIW> =~ Aaivig +0 (ng’”) . (496)

This correction is perturbative in origin and is enhanced in the weak-coupling limit
by the factor g, .
Similarly, for the complex-structure modulus one obtains

3K§* Wox:(%0)
421 V?

0FG) = F|, = (KTDaV) = +oV?), (@)

where
K2 = (0.0:Ktree) 5. . - (4.18)

S0,20
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For a single complex-structure modulus, this notation is unambiguous. In the presence
of several moduli, K% must instead be interpreted as the appropriate component of
the inverse tree-level complex-structure metric.

Equations and show that both F'-terms are suppressed by two powers
of the overall volume,

W,
SF5) ~ VQ—QOE, OFG) ~ 3 (4.19)
Their dependence on the string coupling is, however, substantially different. The axio-
dilaton contribution carries a strong inverse power of g,, reflecting the perturbative o’
correction and the axio-dilaton dependence of the Kahler metric. The leading complex-
structure contribution is instead of non-perturbative origin and does not exhibit the
same weak-coupling enhancement.

This distinction will be important in the following analysis. Since the previously
known contribution to F’* is comparatively suppressed in the weak-coupling expansion,
additional effects, such as those induced by the displacement of the axio-dilaton and
complex-structure fields away from their tree-level supersymmetric values, may be rel-
atively more significant in the complex-structure direction.
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4.2 Vacuum Displacement and Induced F'-term Corrections

The perturbative o correction to the Kahler potential and the non-perturbative con-
tribution to the superpotential modify not only the values of the F-terms evaluated
at the tree-level flux vacuum, but also the position of the vacuum itself. In particular,
once these effects are included, the axio-dilaton and the complex-structure moduli are
generically displaced from the supersymmetric values defined by In the standard
leading-order LVS treatment, the fields S and z are first stabilized by the flux poten-
tial and are subsequently integrated out at their tree-level values. The Kahler moduli
are then stabilized by the subleading perturbative and non-perturbative effects. This
procedure is justified at leading order by the hierarchy between the flux potential and
the LVS potential. However, the subleading terms responsible for Kahler-moduli stabi-
lization also exert a non-vanishing force along the axio-dilaton and complex-structure
directions. Therefore, the point (.Sy, zo) does not, in general, remain an exact stationary
point of the complete scalar potential.

To determine the corrected vacuum consistently, one should retain the dependence
of the scalar potential on all the relevant moduli before integrating out the heavy sector.
The full N/ = 1 F-term scalar potential can be organized as

V = e KABD WDsW
+ e (K AL DAWDg W + K TiBDnWDBW) (4.20)
tek (KTZ'TJ'DTZ.WDTJ.W _ 3|W|2) ,

where
A,B € {S,z}, (4.21)

while T; denote the Kahler moduli. The second line of contains the mixed con-
tributions between the (.5, z) sector and the Kahler-moduli sector. These terms vanish
at tree level because the corresponding components of the inverse Kihler metric are
absent, but they are generated once the corrected Kahler potential is used.
For the purpose of the present discussion, it is useful to decompose the scalar po-
tential schematically as
V = Vaux + 0V, (4.22)

where Vi, is the leading tree-level flux potential responsible for stabilizing .S and z,
whereas 0V contains the perturbative and non-perturbative corrections. In the large-
volume expansion, their parametric behaviour at the minimum is

1 1
The suppression of §V by one additional inverse power of the volume implies that
the displacement of the heavy fields is perturbatively small. Nevertheless, such a dis-

77



placement can induce contributions to the F'-terms of the same parametric order as
the direct corrections discussed in the previous section.
Let us denote collectively the fields in the heavy sector by

¢t =(S,5,2,72). (4.24)

The use of both holomorphic and anti-holomorphic coordinates allows us to treat the
stationarity equations as a single matrix problem. Equivalently, one could work in terms
of the real and imaginary parts of S and z.

We introduce a formal perturbative parameter ¢ and write

V(9) = Volo) + eVi(9) + O(e?), (4.25)

where
Vo = Vauxs eVi=6V. (4.26)

The parameter ¢ should not necessarily be interpreted as a single physical coupling.
It is instead a bookkeeping parameter representing the combined expansion in inverse
powers of the volume and in powers of the string coupling. At the end of the calculation,
each term will be classified according to its explicit dependence on ) and g;,.

The tree-level minimum ¢ satisfies

3,4Vo|¢0 = 0. (4.27)
Once V; is included, the corrected minimum can be parametrized as

A = + 0t + O, (4.28)

The stationarity condition for the complete potential is
0= aAV’%in ) (4.29)
Expanding around the tree-level minimum gives

0= 0aVoly, + € 0408Val,, 60" + € DaVAl,, + O(e?). (4.30)

|¢>0
The first term vanishes by virtue of (4.27). Defining the tree-level Hessian by

HAB = 8A83%]¢0 ; (431)
the first-order stationarity equations become

Hapdp® = — 04V (4.32)

|¢>0'
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Provided that the Hessian is invertible in the sector under consideration, the displace-
ment is therefore

ot = —(H P 95V, (4.33)

‘¢>0

at first order in the perturbative expansion.

Equation is the basic relation underlying the analysis developed in this work.
It shows that the displacement of the vacuum is controlled by two distinct ingredients.
The first is the gradient of the correcting potential,

94V, » (4.34)

which represents the force generated by the perturbative and non-perturbative effects
at the original flux vacuum. The second is the inverse tree-level Hessian,

(H A8, (4.35)

which measures the response of the stabilized fields to this force.
The displacement is therefore not determined by the correcting potential alone.
It also depends on the curvature of the leading potential in field space. A direction
associated with a large tree-level mass is comparatively rigid and undergoes a small
displacement, whereas a less strongly stabilized direction may be more sensitive to the
same perturbing force. Moreover, if the Hessian is not diagonal, a force acting predom-
inantly along one field-space direction can induce a displacement along another one.
In the present context, the mixing between the axio-dilaton and the complex-structure
modulus implies that
§S = —(H 1805V, (4.36)

and
6z = —(HY)*PogV;. (4.37)

Consequently, the shift in the complex-structure direction is not determined solely by
0, V1, but can also receive contributions from derivatives of the correcting potential
with respect to the axio-dilaton.

The shift of the vacuum induces a corresponding correction to any field-dependent
qguantity. In particular, the complete F'-term evaluated at the corrected minimum is

F' (¢o +260). (4.38)
Expanding to first order gives

0F ) = Fieo($0) + 00" 0aFpee|, + O(E7). (4.39)

¢

Written explicitly in complex coordinates, the displacement-induced contribution is

5F(I2) - 5¢A 8AFt]ree}¢0 (440)
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in the doubled complex-coordinate notation introduced above.
Substituting the expression for the displacement, one finds

0F () = — 0aFyee|, (H™H)"F 95V, (4.41)

ree

at leading order. This formula summarizes the mechanism studied in the remainder of
this work.

It is useful to distinguish this contribution from the direct corrections reviewed in
the previous section. Schematically, the full result can be written as

Fin = Firee(¢0) + 0F}y + 0F ) + O(€?), (4.42)

Here, FL . denotes the tree-level F-terms, which vanish at the supersymmetric flux
vacuum, as shown in Egs. and (4.4). The correction 5F(Il) is obtained by evaluating
the corrected Kahler potential, superpotential, and inverse Kihler metric at the unper-
turbed tree-level vacuum, as discussed in Eq. (4.19). By contrast, (5F(12) originates from
the displacement of the vacuum induced by these corrections. The computation of this
additional contribution constitutes the main focus of the present work.

For the axio-dilaton and complex-structure directions,

Firee(00) = Fireo(¢0) = 0. (4.43)
Nevertheless, their derivatives with respect to the moduli need not vanish,
aAthee}gbo 7& 0, aAﬂiee|¢0 7é 0. (4.44)

Therefore, a parametrically small displacement of the vacuum can generate non-zero
F-terms.

The central question is not only whether the shifts .5 and d z are small, but whether
the induced quantities 5F‘g) and 5F(22) are subleading with respect to the direct correc-
tions already known . Since the latter display different dependences on g, the
answer can differ significantly between the axio-dilaton and complex-structure sectors.
In particular, the direct contribution to F'* does not exhibit the same weak-coupling en-
hancement as the corresponding contribution to F'°. This makes the complex-structure
direction especially sensitive to additional terms generated by the displacement of the
vacuum.

The perturbative treatment is valid as long as

0S
So
and the correcting potential does not significantly alter the eigenvalues of the leading-
order mass matrix. Moreover, the Hessian H 45 must be non-degenerate in the stabi-
lized sector. If an exactly flat or parametrically light direction is present, the inverse-
Hessian expansion is not reliable and the corresponding field must be treated sepa-
rately.

0z

<1 < 1, (4.45)

Y

20
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In the following sections, equation will be implemented explicitly. We will first
determine the gradient of the correcting potential and the inverse tree-level Hessian in
a controlled expansion in V=1 and g,. We will then compute the displacements of S
and z and use them to evaluate the induced corrections to the corresponding F'-terms.

4.21 Controlled large-volume and weak-coupling expansion

We now determine the leading parametric order of the contribution to the F'-terms
induced by the displacement of the axio-dilaton and complex-structure vacuum. As
derived above, this contribution can be written as

0Fly = = 0aFjee| ,, (H™H) 05V1] o, (4.46)

ree

Our purpose in this subsection is not yet to determine the precise numerical coef-
ficients appearing in (4.46), because it will the goal of the next chapters, but rather to
organize the different contributions according to their dependence on the two pertur-
bative parameters of the effective theory,

1
vmg!

m,n € Q. (4.47)

The expansion in inverse powers of V' controls the hierarchy between the leading flux
potential and the subleading corrections responsible for LVS stabilization. The expan-
sion in g5, on the other hand, determines the relative importance of the axio-dilaton
and complex-structure directions.

Throughout this section, we assume that 11/, the relevant flux derivatives and the
geometric quantities associated with the complex-structure moduli space are of order
one, unless an explicit dependence on g, is displayed. We also assume that no acciden-
tal cancellations occur among independent flux-dependent coefficients.

Tree-level Hessian. At the supersymmetric flux minimum, the scalar potential respon-
sible for stabilizing S and z has the characteristic scaling

‘/tree ~ % (448)
The dependence on the axio-dilaton can be estimated by using
1
o~ : 4.49
9™ Re g (4.49)

Consequently, a derivative with respect to S or S introduces one additional power of
gs. More precisely, for any power p,

dsgl ~ gt dggb ~ g', (4.50)
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up to numerical factors depending on the convention used for the normalization of S.
Derivatives with respect to z or z, by contrast, do not generically modify the explicit
gs-dependence.

In the complex field basis (4.24)the tree-level Hessian therefore has the schematic
parametric structure

0 ¢ g2 ¢

1 lg2 0 g2 g2
© V2 ¢ g g

92 92 9s Gs

This expression specifies only the scaling of the different entries. Each non-vanishing
component is multiplied by a distinct flux- and geometry-dependent coefficient.
The vanishing entries

HAB = 6AaB‘/:nree|¢ (451)

Hgs =Hgs5=0 (4.52)
are exact at the supersymmetric tree-level flux vacuum. They follow from the linear
dependence of the flux superpotential on the axio-dilaton, together with the tree-level
supersymmetry conditions.

Equation (4.51) exhibits a non-trivial weak-coupling hierarchy. The complex-structure

block scales as
gs

H.~ 2 (4.53)
the mixed axio-dilaton-complex-structure entries behave as
2
9s
HSZyaHSZ ~ W7 (454)
whereas the non-vanishing axio-dilaton component scales as
g3
Hgg ~ = (4.55)

V
The axio-dilaton is therefore associated with parametrically smaller entries of the Hes-
sian at weak coupling. As a consequence, the inverse Hessian is enhanced along direc-
tions containing an axio-dilaton index.
Provided that the order-one coefficients do not generate a parametrically small de-
terminant or accidental cancellations, inversion of gives

9% 977 9.7 g;?

(Hfl)AB N VQ 9s 9s 9s 9s . (456)

2The power counting displayed in Eq. (4.51) follows directly from Eqs. (4.48) and (4.50).
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Notice that the vanishing of Hgg and Hgg does not imply the vanishing of the corre-
sponding entries of H~!. The inverse matrix depends on the complete coupled system
and cannot be obtained by taking the reciprocal of each individual component.

The axio-dilaton block of H~! is thus enhanced as g; 3, the mixed block as ¢, 2, and
the complex-structure block as g;*. This hierarchy will determine the relative size of
the vacuum displacements.

Gradient of the correcting potential. We next estimate the gradient of the sublead-
ing potential V;. In full generality, V) contains several contributions and its complete
dependence on the axio-dilaton and complex-structure moduli can be rather involved.
Since our present purpose is only to obtain a preliminary parametric estimate, we re-
strict attention to the standard LVS potential,

Vi> VLVS(S; Z), (4.57)

whose explicit dependence on g, and V is known. This is sufficient to identify the para-
metric orders that can potentially dominate the displacement of the tree-level vacuum.

This approximation must, however, be interpreted with some care. In the conven-
tional derivation of the LVS potential, the axio-dilaton and complex-structure moduli
are frozen at their supersymmetric tree-level values by imposing

DsW =D, W = 0. (4.58)

As a consequence, all terms proportional to these covariant derivatives are set to zero
before the effective LVS potential is written. Such terms are therefore not included
in the standard expression for V1yg, even though they are part of the full correcting
potential V; once the heavy fields are allowed to fluctuate away from %EI

In principle, the omitted contributions could contain additional inverse powers of g,,
arising for instance from derivatives of the flux superpotential or from contractions with
inverse moduli-space metrics. They could therefore compete with, or even dominate
over, the terms inferred directly from Vjys. For this reason, the following estimates
should be regarded as a first power-counting guide rather than as a complete proof of
the leading behaviour of 04V .

The terms that vanish in the standard LVS reduction because they are proportional
to DsW or D, W will be retained and analyzed explicitly in the subsequent calculation.

After imposing the leading LVS relations for the Kahler moduli, the characteristic

magnitude of the correcting potential is
1
Vivs ~ ————. (4.59)

VsV

3More precisely, the terms in Eq. that are proportional to the covariant derivatives in Eq.
are subleading in the large-volume expansion, since their first non-vanishing contributions arise at or-
der V. However, the relevant quantities for the computation of the shifts are the derivatives of the
subleading potential, for which we will find g . V7 ~ Y3,
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A derivative with respect to the axio-dilaton acts on the explicit dependence on g,.

Using (4.50), one finds

V9s
1Z8

The complex-structure derivative does not, in general, introduce an additional ex-
plicit power of g,. Thus, we have

Vs
Rz

OsVivs ~ 05Vivs ~ (4.60)

1 1
OVivs ~ ——==,  0:Vivs ~ ——=. 4.61
LVS GV LVS TV (4.61)
The gradient of the correcting potential consequently takes the schematic form
1 —_ -
OaVilg, ~ 355 <g§/2 9" g1 g 1/2> . (4.62)

Displacement of the flux vacuum. At first order in the correcting potential, the dis-
placement of the heavy fields is

0" = —(H 1) oWl - (4.63)

Combining (4.56) with (4.62), the axio-dilaton displacement receives contributions of
the form

1
35S ~ —5| (4.64)
Vgs
Similarly, the complex structure,
1
Vgs

Both shifts are suppressed by one inverse power of the volume. This is the expected
consequence of the hierarchy

‘/tree ~ V727 ‘/1 ~ Vig- (466)

However, the inverse Hessian introduces a substantial enhancement at weak coupling.
The axio-dilaton displacement is larger than the complex-structure displacement by one

inverse power of g,

05 1 (4.67)
0z gs
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Induced shift of the covariant derivatives. We can now determine how the displace-
ment of the vacuum modifies the covariant derivatives of the tree-level superpotential.

Since
DiWiee|,, =0, 1=85,z, (4.68)

their values at the displaced vacuum begin at first order in §¢“:
DIWtree((bO + 5¢) = 5¢A 8ADIVVtree’¢0 + O(5¢2) (469)

Under the flux-scaling assumptions introduced above and under the assumpion that
Wy ~ O(1), the derivatives relevant for DgWW behave as

asDSW = O, agDsW ~ gg, 8ZD5W ~ (s, QEDSW = 0. (470)

Thus,

1
V3 |

The axio-dilaton and complex-structure displacements contribute at the same paramet-
ricorder to DgW. Thisis a direct consequence of the compensation between the larger
displacement 4.5 and the additional power of g, carried by 0gDsW'.

For the complex-structure covariant derivative, we instead have

DSWtree<¢é + 5¢I) ~ (471)

OsD.W ~g,,  9sD.W =0,  9.D.W ~O(1),  9:D.W ~ O(1). (4.72)

Consequently,

1
ngﬂ '

Dthree(Qb] + 5¢I) ~ (473)

Comparing and with the corresponding unshifted contributions reported
in (4.10) and (4.11), we find that the displacement-induced correction along the complex-
structure direction is enhanced by one inverse power of the string coupling,

By contrast, the correction along the axio-dilaton direction remains of the same
parametric order as its unshifted counterpart. Since the F-terms depend linearly on
the corresponding Kahler-covariant derivatives, this relative enhancement is directly
inherited by the complex-structure £'-term.

We immediately conclude that,

1
S
0Fe) ~ el (4.74)
and
0FF7 !




Comparing these expressions with the corrections obtained by evaluating the cor-
rected supergravity quantities at the unshifted flux vacuum, discussed in (4.19), we find
that the displacement-induced contribution to the axio-dilaton F'-term is of the same
parametric order as the previously known correction. The complex-structure f'-term,
by contrast, is enhanced by one inverse power of the string coupling:

1
5F(Z2) ~ ;5F(Zl), (4.76)
at the level of the parametric weak-coupling expansion.

The estimates derived in this subsection are parametric rather than numerical state-
ments. They rely on generic order-one flux and geometric coefficients, on W, ~ O(1),
and on the absence of accidental cancellations or parametrically small eigenvalues of
the tree-level Hessian. In the following sections, however, we will show that this is

exactly what happens when you consider explicit realizations.

86



4.3 First Application: A Toy Model

We are now in a position to illustrate explicitly how the general mechanism described
above operates in a concrete setting. As a first application, we consider a simplified
model with a rigid complex structure,

h®l =0, (4.77)

and two Kahler moduli,
it = 2. (4.78)

The latter are assumed to consist of one large modulus and one small blow-up modulus,
so that the hierarchy required for the realization of the Large Volume Scenario can be
achieved (see Chapter[3). Our conventions are summarized in here we only recall
the ingredients that are directly relevant for the computation.

We include the leading perturbative o/ correction to the Kihler potential at string
tree level. Expanding at large volume, one finds

: 5 § £
K=K+0/K=-21 —log(S + S) — O 4.79
- ogV —log(S+S) g + (ggw ; (4.79)

The superpotential contains both the flux-induced contribution and a non-perturbative
term depending on the small Kdhler modulus,

W = Wau(S) + Wap(Ts) = A+ BS + Ae %", (4.80)

where A, B, and A are complex constants.
At tree level, the axio-dilaton is stabilized supersymmetrically by the flux superpo-
tential. Indeed,

D.S'Wﬁux = aSI/VﬂuX + [A(SWﬂux
BS — A (4.81)
S+ S
The supersymmetry condition therefore gives

= A
DsWiwlg, =0 = S=7%. (4.82)

We denote the value of the flux superpotential at this vacuum by
WO = Wﬂux(SO) =A + BS() (483)

Using A = BS,, one obtains

_ 2B
W() = B(S() + SO) = ) (484)

9s
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and hence

Wol? . 4
Wol _ (So+S0)* = . (4.85)

| B? ;
At this order, the corresponding F-term vanishes, as shown in Eq. (4.3).

Our aim is to determine how the perturbative and non-perturbative corrections dis-
place the axio-dilaton from the tree-level supersymmetric vacuum. We therefore do
not integrate out S by imposing Eq. from the outset. Instead, we minimize the
corrected scalar potential and compute the induced displacement of its expectation
value.

The full F-term scalar potential can be organized as

V=K [KSSDSWDgW + KT DgW Dy W + KTiSDTiWDgVT/] -
) ) 4.86
4 ek [KTZ'TJ'DTL.WDTJ_W - 3|W|2] .

An exact minimization of this expression would be unnecessarily cumbersome. We in-
stead decompose the potential perturbatively as

V=V+Vi+---, (4.87)

where 1} is the tree-level flux potential and V; contains the first perturbative and non-
perturbative corrections.
The corrected vacuum is parametrized by

S =5+ 05. (4.88)

Applying the general vacuum-shift formula derived in Eq. (4.33), the leading displace-
ment is _
65 = —H>* 95Vilg, (4.89)

where H55 denotes the relevant component of the inverse tree-level Hessian.
At leading order, the no-scale cancellation removes the Kahler-moduli contribution
to the scalar potential. The remaining term is

Vo = €0 K59 D Wi Ds Wi
B |BS — AJ? (4.90)
C(S+ 9V
Since BS, — A = 0, the non-vanishing mixed component of the Hessian is

|BI*

(4.91)
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The purely holomorphic and anti-holomorphic components vanish at the supersymmet-
ric vacuum,
HS’S = H’g = 0. (492)

It follows that

S5 (So + So)VQ o 2 Re(A/B)V2
- BP B>
We now turn to the subleading potential. Besides the conventional LVS contribu-

tion, one must retain the corrections involving the axio-dilaton £'-term and the mixed
components of the inverse Kahler metric. We therefore write

H (4.93)

Vi = Vss + Vst + Vig + Vivs, (4.94)
where ) B
Vig = [eKKSSDSWDgW] , (4.95)
sub
Ver = [eKKSTa‘DSWDTjW} . (4.96)
and ) )
Vig = [eKKTiSDTiWDEW} . (4.97)
sub

Here the subscript “sub” indicates that the tree-level contribution already included in
Vb has been removed.

The quantities relevant for the vacuum shift are not the individual values of these
terms, but their derivatives with respect to the axio-dilaton (4.89). Evaluating them at
the tree-level vacuum and using the leading LVS relations for the Kihler moduli, the
detailed computation presented in Appendix[B|gives

9& Js 92/2
95Vivs|g, = ﬁ\{}—:m/oﬁ + O ( Vs | (4.98)
35 s 93/2
85V55|50 = ) \)/}3_|W0|2 +0 (W , (4.99)
and ”
95 Js gs
I5Vsrlg, = E\{ﬂ_\WaP +0 <W) : (4.100)

The conjugate mixed contribution does not enter at the order retained here,

O5Vislg, = O (V7). (4.101)
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Combining Egs. (4.98)-(4.101), we obtain

15 \/Ts | 1 g2
Substituting Egs. (4.93) and (4.102) into Eq. (4.89), and using Eq. (4.85), the shift can
be written as
15¢ 1 1
0S=—-"—+0O0| —=|.| (4.103)
4 gy (Vgi/Q)

The corresponding shift-induced contribution to the axio-dilaton F'-term follows di-
rectly from Eq. (4.41). With the conventions adopted above, one finds

15v2 EW, 1
S _
=5 e T O (W) e

This result induces a genuinely new contribution to the axio-dilaton F-term. To com-
pare it with the correction obtained by evaluating the corrected supergravity quantities
at the unshifted tree-level vacuum, we recall Eq. (4.16),

3 5[_[ 0 1
S _ _ 2 + I 4

The shift-induced correction 5F(52) derived above is of the same parametric order in
both the large-volume and weak-coupling expansions. Moreover, the two contributions
exhibit the same functional dependence on &, W, V, and g,. Their relative importance
is therefore determined entirely by their numerical coefficients.

Combining the two contributions, we find that, in the present toy model, the axio-
dilaton F-term is given at leading order by

27 W, 1
S _ S S _
F = 0F() + 0F = W2 Vige T O <—v2g§’ /2> . (4.106)

Thus, the vacuum displacement does not alter the parametric scaling of the axio-dilaton
F'-term, but provides an additional contribution with the same sign as the unshifted
one. Consequently, the two terms add constructively, and the leading coefficient of F*°
is enhanced by a factor of 9/4 relative to the result obtained at the unshifted vacuum.
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4.4 Shift-induced corrections to the F'-terms in a minimal model

In this final section, we explicitly compute the shift-induced contributions (5F(12) and

compare them with the corrections 5F(11) obtained by evaluating the corrected the-
ory at the unperturbed supersymmetric vacuum |4.19}, in a minimal model. The pur-
pose of this comparison is to determine whether the displacement of the axio-dilaton
and complex-structure moduli from their tree-level supersymmetric minimum gener-
ates contributions that are parametrically subleading, comparable to, or larger than
those discussed in Section

In Section we performed a parametric analysis in powers of g, and V. This
analysis suggested that the shift-induced correction to the complex-structure F-term
may be enhanced by one inverse power of the string coupling with respect to the corre-
sponding unshifted contribution. More precisely, the estimates in Egs. and
indicate that, while the axio-dilaton contribution is expected to be of the same para-
metric order as the standard correction, the complex-structure contribution may be
larger by a factor of 1/g.

Such a scaling argument, however, does not exclude cancellations among the differ-
ent terms entering the explicit computation. Similar cancellations are known to occur in
string compactifications, as in the case of the extended no-scale structure [26]. The pur-
pose of the present calculation is therefore to verify whether the parametric estimates
survive in an explicit model. We will find that no additional cancellation modifies the
leading scaling and that the explicit results are consistent with the estimates derived
previously.

The simpler toy model considered in Section allowed us to verify this mecha-
nism in the axio-dilaton direction. Since that model did not contain dynamical complex-
structure moduli, it could not provide any information about the corresponding complex-
structure F'-term. We therefore consider a minimal extension containing one complex-
structure modulus z, the axio-dilaton .S, and two Kahler moduli 7}, and 75, as required
for the realization of the Large Volume Scenario.

The superpotential is taken to be

W = Wau(S, 2) + Wi (2, Ty) = A(2) + B(2)S + A(z)e %>, (4.107)

Here A(z) and B(z) encode the dependence of the flux superpotential on the complex-
structure modulus , while A(z) denotes the one-loop determinant multiplying the
non-perturbative contribution.

More generally, the non-perturbative prefactor may depend on both the axio-dilaton
and the complex-structure modulus,

A= A(S, 2), (4.108)
as discussed, for instance, in Ref. [27]. In the present analysis, we neglect its explicit

dependence on S and retain only the dependence on z. This is justified by the fact that
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the dependence of the axio-dilaton appears only in the exponent of the perturbative
contribution, and so, it can be neglected when ¢, < 1.
We recall that the shift-induced correction to the F'-terms is given by

0F(y = — 0aFyee|,, (H™ 1) 95V, (4.109)
where ¢4 is the usual basis (4.24).
The explicit evaluation of Eq. (4.109) therefore requires three ingredients:
I
Hup, Vil g, » 3AFtree\¢0 . (4.110)

We begin by computing the tree-level Hessian and organizing it in block-matrix form.
This representation will make its inversion considerably more transparent and will allow
us to isolate the components that contribute to the axio-dilaton and complex-structure
shifts. We organize the tree-level Hessian as

1 A B
H= , (4.111)
IV2\BT C

The matrices A, B, and C are 2 x 2 matrices whose explicit entries are given in
Appendix[B]
Since H is the Hessian of the tree-level scalar potential, its overall volume depen-

dence is inherited from ]
Vireo ~ W (4.112)
Derivatives with respect to the axio-dilaton and complex-structure moduli do not mod-
ify this scaling. We can therefore factor out the universal dependence V=2, while all
the remaining dependence on S, z, and the flux parameters is contained in the block
matrices appearing in Eq. (4.111).
The inverse Hessian can then be obtained using the Schur-complement formula.

Assuming that C and the corresponding Schur complement are invertible, we define
E=A-BC'B”. (4.113)

The inverse of the Hessian is therefore

(4.114)

R < E-! ~E'BC! )

—~C'BTE! C '+ C'BTE-'BC!

This representation is particularly useful because it reduces the inversion of the full 4 x 4
Hessian to the inversion of the 2 x 2 matrices C and EE.
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We now turn to the second ingredient entering the shift formula, namely the gradi-
ent of the subleading potential evaluated at the tree-level vacuum,

OaVil,, (4.115)

Keeping the leading terms in the simultaneous large-volume and weak-coupling ex-
pansion, one finds (Appendix[B),

15 | Wy ? K
IsVil,, = 3_2§|Iv%’ Vs + 0O <gV_3 , (4.116)
and 3 e JE
_ 2 0 Js
azvl’dm - 4193/2V3P+ 0 ( V3 ) ) (4.117)
where
P=D.B[,, P=0(g). (4.118)

The remaining components follow from the reality of the scalar potential,

I5Vily, = <8s‘/1|¢0>*, Vil = (@Vil%)*. (4.119)

It is convenient to introduce the two-component vectors

0S 0z
0S8 = 1, 0z = , (4.120)
0S 0z

o,V
L (4.121)
0:V1 .

Using the block decomposition of the tree-level Hessian introduced above and the
Schur complement (4.113), the axio-dilaton displacement is

together with

<
w0
=~
Il
Y
QD Q
] 195)
=
N——
©
N
<
Il

68 = —IV’E~' (VsVi —BC'V.1;). (4.122)
The corresponding complex-structure displacement is
62 =TV’C [B'E'VsVi - (L +B"E'BC) V.13 (4.123)

Where I, is the 2 x 2 identity matrix. Equivalently, making use of Eq. (4.122), this ex-
pression can be written in the more compact form

dz =—-C'BTsS — 7V’C'V.1;. (4.124)
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Substituting Eqgs. (4.116) and (4.117) into the preceding expressions, and expanding
the inverse matrices in the weak-coupling regime, gives

1 1
59 — 5§ m(g()?, 20) o) 7 | (4.125)
4 gs'V g5V
and
35 TL(S(), Zo) 1
z=—=2———2+0 ) 4126
: 4 gg’/zV * <\/ gsv> ( )

Here m(So, z0) and n(Sy, zo) are dimensionless complex functions encoding the de-
pendence on the flux data and on the tree-level vacuum. Their explicit expressions are
given in Appendix[B] and they are generically of order unity,

m(Sm Zo), TL(S(), Zo) = O(l) (4127)

Although both displacements are suppressed by one inverse power of the volume, the
axio-dilaton shift carries one additional inverse power of g, relative to the complex-
structure shift.

We can now determine the contribution to the F'-terms arising exclusively from the
displacement of the vacuum. Recalling the general expression

0F ) = 60" 0aF el + (4.128)

we obtain, for the complex-structure direction,

0Ffy = 0805 Ficel 4 + §SOgF?., b T 0%, O Ficel gy + 02,02F ]y, - (4129)
At leading order this gives
3 EWoKEZ W
oy = . (S0, +0 | ——]. 4130
07 1aE v, (V\/g_> 150
Similarly, the shift-induced axio-dilaton F-term is
s s aq. 1S S = s
0F5) = 080sFjeel,, + 0805 Fee| ,, + 020.Fieel ) + 020:F3cc], . (4131)
from which one finds
3 §WO WO
S _
F(2) = —ﬁVQ—ggWS(SmZO) + O <W> . (4-132)
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The functions wg(Sy, z0) and w, (S, zo) collect the vacuum-dependent combinations
entering the derivatives of the tree-level F'-terms and are generically of order unity,

wS(SU, Zo), wz(So, Zo) = O(l) (4133)
The resulting parametric behaviour is therefore

éWO z

—V292, (2) ~ _V2gs . (4.134)

§F3) ~
The axio-dilaton contribution is of the same parametric order as the standard LVS cor-
rection to F* (4.19). By contrast, the shift-induced complex-structure contribution is
enhanced by one inverse power of the string coupling relative to the corresponding re-
sult evaluated at the unshifted tree-level vacuum. Consequently, in the weak-coupling
regime g, < 1, the displacement of the vacuum provides the parametrically dominant
contribution to F~.
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4.5 Physical relevance

In section[3.3] we reviewed the soft supersymmetry-breaking terms arising in sequestered
LVS scenarios. We can now determine how their parametric behaviour is affected by the
displacement of the axio-dilaton and complex-structure moduli derived in this work.

For comparison with the standard treatment, let us schematically denote by F,
the F-terms obtained by using the conventional estimate of the shift, and by sth our
shifted result. The main results of our analysis can be summarised as

1
Fi ~ O(1) Fiy, Z - oy (4.135)

where the first relation means that the dilaton F-term is modified only by an order-one
coefficient, whereas the complex-structure F-term is parametrically enhanced at weak
coupling.

Consider first the gaugino masses. Since the gauge kinetic function depends on the
dilaton and F7sM = (), their leading contribution is

S
My = F—. (4.136)
Therefore,
M, FS
/2 sh
== 0(1). (4.137)
Ml;% std

The displacement of the vacuum thus does not change the parametric dependence of
the gaugino masses on either g, or ), but only their flux-dependent numerical coeffi-
cient. In particular, the volume scaling found in [3],

V
up to logarithmic corrections, remains unchanged.

The situation is more interesting for scalar masses. In the local limit their leading
contribution is generated by F'”b and scales as

2
m
2 3/2
mi| .~ YR (4.139)
whereas the contributions involving F'* and F* are further volume suppressed,
2
m
2 3/2
malg, ~ R (4.140)

Our enhancement of F* therefore does not alter the leading large-volume behaviour
of scalar masses in the local limit.
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In the ultra-local limit, instead, the T,-dependent contribution cancels. For a single
complex-structure modulus, the remaining F-term contribution can be written schemat-
ically as

m2 p = — FSF%0505Inhy — FSF?050;:Inh, —F*F59.051nh, — F*F?0,0:nh,.
Using (4.135), the four contributions are modified parametrically according to
SS: O(1), Sz,:28: O(g;h), 2z O(g?), (4.141)

relative to the standard estimate. Hence, the 2z contribution is enhanced by 9;2 rela-
tive to its standard estimate and can become phenomenologically important, depend-
ing on the moduli dependence of the matter metric.

Finally, consider the trilinear A-terms. Their general structure is linear in the moduli

F-terms,
Yo,
K4ln|—27_ 1|, (4.142)
K, KK,

In the local limit, the leading contributions arise from F7¢, F'¥, and F*. The shift there-
fore enhances only the complex-structure contribution,

Anpy = F10O;

A~ gt AT (4.143)

while the S-dependent term remains parametrically unchanged.
The result is particularly transparent in the ultra-local limit, where the contribution
proportional to F'”¢ cancels. Defining

Vasy = hjljz ;Lv, (4.144)
one obtains
AGs, = F30sI0 YVogy + FZ0.1n Vaps. (4.145)
Consequently,
ALt ~ F3y051n Vagy + iFsidaz In Vagy- (4.146)

Whether this contribution becomes comparable to, or dominates over, the axio-dilaton
contribution depends on the detailed S- and z-dependence of the physical Yukawa cou-
plings and matter metrics entering V... In contrast to the scalar masses, where the 2z
contribution is quadratic in F'* and therefore receives a relative enhancement of order
gS‘Q, the complex-structure contribution to the trilinear terms is only linearly enhanced,
by a factor g; .

Another phenomenologically interesting consequence concerns the soft masses of
hidden photini, namely the supersymmetric partners of closed-string hidden photons
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[4]. In type lIB Calabi-Yau orientifold compactifications with background fluxes and
03/07T-planes, a class of hidden U (1) gauge bosons arises from the dimensional reduc-
tion of the RR four-form potential C'4) on orientifold-even three-cycles. In particular,
expanding C4) on a symplectic basis (., 3*) of H? (X) gives

Cu :V(Ii)(l“)/\04,1+U(1),{(5L‘)/\ﬁ5+..., ﬁ:1,...,hi’1. (4.147)

Because of the self-duality constraint on Fs), the electric and magnetic vector fields
appearing in this expansion are not independent. The resulting four-dimensional gauge
fields are usually referred to as RR photons.

The corresponding photini can acquire soft masses once supersymmetry is bro-
ken. Following [4], the relevant part of the four-dimensional Lagrangian can be written
schematically as

1 .
e 'L =~ Re FarF FPM —iRe Fop N0 0, X" + (MgpA* X’ +h.c.) + ..., (4.148)

where
Fo = (F)' Xw) A= (Asw, Ax ), (4.149)

w0

and F_;, denotes the matrix of holomorphic gauge kinetic functions,

fSM €
F = . (4.150)

€ fx

For a visible sector realized on D7-branes one has, parametrically,

fsm o< T, (4.151)

whereas the gauge kinetic function of an RR photon is a holomorphic function of the
complex-structure moduli,

fx = fx(2), (4.152)

as follows from the dimensional reduction of type IIB supergravity [13]. Therefore, the
RR-photon gauge coupling and the corresponding photino mass are directly sensitive
to the complex-structure sector.

In the conventions of [4], the gaugino mass matrix before canonical normalization

is controlled by
FI
My = — 01 Fup, 4.153
b My 1 Fab ( )

where the index I runs over the moduli which participate in supersymmetry breaking.
After diagonalizing the gauge kinetic terms, and working to leading order in the kinetic
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mixing parameter ¢, one obtains parametrically

. 1 FTSM FS7Za as’zae — EFS’ZGGS,za fX
e . (4.154)
P\ F5%" 0g a6 — eF"5*" Og ,a fx Fo%" g .a fx
For RR photons, since
fX — fX(Za)a (4155)
the diagonal hidden-photino mass reduces to
Mo ~ 1 F0.. f (4.156)
X = Mp 20 )X :

In a model with a single relevant complex-structure modulus z, this simply becomes
My ~—0,fx. (4.157)

Equation makes the phenomenological relevance of the complex-structure
F'-terms particularly transparent. Any modification of F'# induced by the displacement
of the flux-stabilized vacuum feeds directly into the soft mass of the RR photino, up to
the model-dependent factor 0, fx. Therefore, if the shifted vacuum changes the para-
metric size of F'?, the hidden-photino mass inherits the same parametric modification,
provided that 0, fx does not introduce an additional hierarchy.

After supersymmetry and electroweak symmetry breaking, the bino, wino and neu-
tral higgsinos mix to form the MSSM neutralinos. Since the off-diagonal entry of M is
generically non-vanishing, the RR photino \x can in turn mix with the neutralino sec-
tor. This opens the possibility of collider signatures and, if Mx lies below the MSSM
superpartner masses, can also have important cosmological consequences [4]. Hence,
determining the complex-structure F'-terms is directly relevant for estimating both the
hidden photino mass scale and its mixing with the visible sector.
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5 Conclusions and Outlook

The Large Volume Scenario is commonly analysed through a two-step procedure. At
tree level, background fluxes stabilise the axio-dilaton and the complex-structure mod-
uli at a supersymmetric vacuum, while the Kdhler moduli remain unfixed because of
the no-scale structure. Perturbative and non-perturbative effects are then included to
stabilise the Kahler sector, treating the flux-stabilised fields as effectively frozen at their
tree-level values.

This separation provides a controlled description of the vacuum at leading order
in the inverse-volume expansion. It is, however, not exact. The effects responsible for
Kahler-moduli stabilisation depend in general on the axio-dilaton and complex-structure
moduli and therefore generate non-vanishing gradients along these directions. As a
consequence, the tree-level flux vacuum is displaced once the complete scalar poten-
tial is taken into account.

The purpose of this thesis has been to study this displacement systematically and
to determine how it modifies the auxiliary fields associated with the flux-stabilised sec-
tor. Particular attention has been devoted to the simultaneous large-volume and weak-
coupling expansions,

Vo> 1, gs < 1, (5.1)

which provide the parametric control required by the four-dimensional effective de-
scription.

The corrected vacuum was determined perturbatively by separating the scalar po-
tential into its leading flux contribution and the subleading terms. This procedure makes
explicit that the magnitude of the displacement is determined not only by the correct-
ing potential, but also by the inverse Hessian of the tree-level flux vacuum. The latter
carries a non-trivial dependence on the string coupling and plays an essential role in
the final power counting.

In the first simplified model, the only displaced flux-stabilised field is the axio-dilaton.
The calculation showed that the shift of S generates an additional contribution to its
auxiliary field F'°. This contribution scales parametrically as

EWo

OF5 ¢ ~ 2.
shift V2g§

(5.2)
It is therefore of the same parametric order, in both the inverse-volume and weak-
coupling expansions, as the correction obtained by evaluating the corrected supergrav-
ity quantities at the unshifted tree-level flux vacuum. The displacement does not gen-
erate a new weak-coupling enhancement in the axio-dilaton direction. Nevertheless, it
contributes to the numerical coefficient of F° at the first non-vanishing order and must
consequently be included in a complete computation at this accuracy.
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The analysis was subsequently extended to a model containing one dynamical complex-
structure modulus z, together with the axio-dilaton and the two Kahler moduli.
For generic flux data, the resulting displacements take the form

. 155 m(S(), ZQ) 1 . 3571(50, ZO) 1
R T +O<gg/2v>, O ESa Il Gvo=r) R

where m/(So, zp) and n(.Sp, z) are dimensionless functions determined by the flux data
and by the geometry of the tree-level vacuum. Under the genericity assumptions adopted
throughout the thesis, these functions are of order one.

Both displacements are suppressed by one inverse power of the compactification
volume, consistently with the perturbative treatment. The axio-dilaton displacement is
nevertheless enhanced by one additional inverse power of g, relative to the complex-
structure displacement.

Consequently, the leading shift-induced contributions to the auxiliary fields scale as

5Fs€1ift ~ (54)

2 20 shift ™ Y2 -
Vig2 V2g,

The first expression confirms the result already observed in the rigid complex-structure
model: the displacement-induced correction to F'° is of the same parametric order as
the previously known LVS contribution,

SESin ~ OF% qnitted- (5.5)

The result for the complex-structure auxiliary field is qualitatively different. The
standard contribution evaluated at the unshifted flux vacuum scales as

§Wo

tfnshifted ~ 7 (56)
The displacement-induced contribution therefore satisfies
z ]' z
shift ~ —0 unshifted |* (57)

It is parametrically enhanced by one inverse power of the string coupling and becomes
the leading contribution in the weak-coupling expansion. Finally, we have discussed
some phenomenological consequences of the corrected axio-dilaton and complex-structure
F'-terms. In sequestered LVS scenarios, the shift of the vacuum does not parametrically
modify F'°, so that soft terms whose leading contribution is controlled by the axio-
dilaton retain the standard LVS scaling [3]. On the other hand, the modified complex-
structure F-terms can affect observables that depend directly on F*“. In particular,
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they can lead to parametrically different contributions to scalar masses in the ultra-
local regime.

A particularly direct example is provided by the supersymmetric partners of closed-
string RR photons. Since the corresponding gauge kinetic functions depend on the
complex-structure moduli, their soft masses scale as

aZ“ fX ) (58)
P

so that any parametric modification of F** is directly inherited by the hidden-photino
mass, up to the model-dependent factor 0.. fx [4]. These observations show that the
vacuum displacement studied in this work can have direct consequences for the low-
energy spectrum, even when the parametric structure of the axio-dilaton sector re-
mains unchanged.

The most immediate continuation of this work would be to extend the analysis to
the complete moduli space of Type |IB Calabi-Yau orientifold compactifications. One
should consider

¢t = (S, 2%, T,), a=1,...,hK*, ozzl,...,hfr’l, (5.9)

and determine the simultaneous displacement of all the flux-stabilised fields S and z,
induced by Kahler-moduli stabilisation.

At the technical level, this requires generalising the block-matrix treatment of the
Hessian from the 4 x 4 system studied here to the full (S, 2%) sector. The quantities
m(So, 20), n(So, 20), ws(So, 20), and w. (S, zo) would be replaced by tensors and vec-
tors on complex-structure moduli space. An important question is whether the g;!
enhancement found for one complex-structure modulus persists for generic linear com-
binations of the z%, or whether it is restricted to particular directions selected by the
flux superpotential and by the spectrum of the Hessian.
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A Conventions

A.1 Conventions of the toy model

In this appendix, we collect the conventions and the main formulae employed in the
analysis of the two-modulus LVS toy model. We assume that the complex-structure
sector has already been stabilized by background fluxes and neglect its fluctuations.
The light scalar fields retained in the effective theory are therefore the axio-dilaton .S
and two Kahler moduli,

Tb =T+ Zpb’ Ts =T+ 1057 (A1)

where 73, controls the overall size of the compactification manifold, while 7, measures
the volume of a rigid blow-up divisor supporting non-perturbative effects.
The Einstein-frame volume is assumed to have a Swiss-cheese form,

V=V(n)—cr? = ¢>0, (A.2)
with B
V(1) 7'5’/2. (A.3)
We adopt the convention

1 1
S =—+1iCYy, ReS = —, (A.4)
Js Js
where () is the Ramond-Ramond axion and g, < 1 is the string coupling. At
tree level in both g, and the o/ expansion, the Kahler potential for the axio-dilaton and
Kahler-moduli sectors is

Kiree = — log(S + 5) — 2log V. (A.5)

The constant contribution from the stabilized complex-structure sector has been ab-
sorbed into the normalization of the four-dimensional theory.
The leading perturbative o® correction modifies the Kahler potential according to

K = —log(5+S) —2log (V—irg) , (A.6)
where ¢ (X))
§= Fa §= —XQ(#)?,- (A7)
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Here x(X¢) denotes the Euler characteristic of the internal Calabi-Yau , while ((3) is
the value of the Riemann zeta function at 3.
In the large-volume regime,

3
k1 A.8
5 <L (A.8)
Eq. (A.6) can be expanded as
K = Kyee + 0K = —2logV —log(S + 5) — S Lo & (A.9)
tree gg/gv ggvz . .

In the absence of dynamical complex-structure moduli, the flux superpotential is
linear in the axio-dilaton and can be written as

Whuw(S) = A+ BS, A B e C. (A.10)
The small Kahler modulus T, supports a non-perturbative contribution of the form
Wop = Ae™ %15 (A.11)

where A € C is the non-perturbative prefactor. In the present toy model, A is treated
as independent of S.
The complete superpotential is therefore

W = Wau(S) + Wap(Ty) = A+ BS + Ae %%, (A12)

Combining the corrected Kahler potential with the superpotential (A.12), the
N = 1 F-term scalar potential is

Ve = X (KIJDIWD W 3\W]2> . (A13)

After minimizing the axionic component 6., the relative phase between W/, and the
non-perturbative contribution is fixed so that their interference term is negative. In the
regime

V>1, asTs > 1, (A.14)

the resulting scalar potential takes the standard LVS form

/T, €727 BIWo|Ts, e7 %™ 3E|W,?
Vive =~ Vo A _ © 2 A15
LVS 0,F Y, V2 1 gg 23 (A.15)
With the conventions adopted here,
s 8a2| Al?
Vor = gs a= M, B = da,|Al. (A16)

2’ 3
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The normalization V;, p = g5/2 assumes that the constant complex-structure contribu-

tion to e’ has been set to unity.
The minimum is determined by

OhVivs =0, 0, Vivs = 0.

Differentiating Eq. (A.15) with respect to 7, gives

a 1 BIWO\ 3
AsTs _ 2 / AsTs 1 _ .
0 cVe (2 ) ( as7s)

Ts
Solving for V, one obtains

5\W0|c\/7_€a875 1 — a7,
s T

«Q 3 — 2a,75

Y =

In the controlled regime a,7, > 1, this becomes

o fpeo(2)]

The derivative with respect to the overall volume gives

v |W0|C

« Tsa672a57’3+ 6’W0‘7—87 ST 9£‘W0’2
cV? V3 493/2V4

Substituting Eq. (A.20) into Eq. (A.21) yields

3a € 1
3/2 _
= o ()]

2/3
= 2(8) o]
gs \ 2c QAT

Inserting this result into Eq. (A.20), we finally obtain

BIWole € \"* as (€\*°
= — | = Xexp |— | =
20,,/gs \ 2¢ gs \ 2c
These expressions reproduce the standard LVS minimum [12].
The result displays the characteristic LVS hierarchy:

1 const.
Ts ~ —, YV ~ exp ( ) .
Gs s

0= —

Finally,
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(A.19)

(A.20)

(A.21)

(A.22)
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A.2 Extension to a dynamical complex-structure modulus

We now extend the toy model introduced in Appendix by including a single dy-
namical complex-structure modulus z. All conventions concerning the axio-dilaton, the
Kahler moduli and the Calabi-Yau volume remain unchanged.

The first modification concerns the tree-level Kahler potential, which now includes
the complex-structure contribution,

Kiree = —2logV — log (S + 5) + Kes(z, 2). (A.26)

We define
Ke(z,2) = —logZ(z, 2), I(z,z) = —i/ Q(2) AQ(2), (A.27)
Xe

where () is the holomorphic (3, 0)-form of the Calabi-Yau manifold (2.66).

The leading o/ correction is the same as in Eq. (A.6), since it modifies only the
Kahler-moduli and axio-dilaton sectors. The second modification concerns the flux su-
perpotential. The constants A and B appearing in the rigid model (A.10)are promoted
to holomorphic functions of the complex-structure modulus,

Wi (S, 2) = A(2) + SB(2). (A.28)

The sign multiplying SB(z) is conventional and may be absorbed into the definition
of B(z). Including the non-perturbative contribution associated with the small Kahler
modulus, the complete superpotential becomes

W = A(2) + SB(2) + A(z)e” %", (A.29)

After fixing S and z at their tree-level values, the large-volume scalar potential re-
tains precisely the same functional dependence on V and 7, as in Eq. (A.15). The only
change is the overall normalization

Vo.r = o7 (A.30)

Thus, introducing the complex-structure modulus does not modify the leading LVS sta-
bilization of the Kahler sector when S and z are held at their tree-level supersymmetric
values.
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B Explicit Computations

In this appendix, we collect the explicit computations required to determine the dis-
placement of the axio-dilaton and complex-structure moduli induced by the subleading
scalar potential. Unless otherwise stated, all flux-dependent quantities are evaluated

at the supersymmetric tree-level vacuum

DSWﬂux|¢O = DzWﬂux|¢0 = 0.
In the complex-coordinate basis
(Sy 57 <, 2) )

the tree-level Hessian can be written in block form as

1 A B
H=_— )
AR (BT @)

0 a u v b ¢
a 0 w t c d
The corresponding entries are

B” + K§#|P|? . .
a:’ | 0| lg b=Wyg,Q, d=gWoQ

2 S
Js 22| ]2 2 2 2
c=3 (K§7|QI? + Ko,z Wol )+g—!P|
u=gWP, t = g WoP
gS 2Z N gS 2z D
v = 5([(0 QP), w= 5([(0 QP)

where
P=Dy;B, Q=0.D.W.

(B.1)

(B.3)

(B.8)

The inverse Hessian can be obtained by means of the Schur-complement formula. As-

suming that C and the associated Schur complement are invertible, we define

E=A—-BC 'B”.
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The inverse of the Hessian is then

(B.10)

R E-! _E-'BC!
~C'BTE"'! C'+C'B'E-'BC!)

This representation is particularly useful because it reduces the inversion of the full 4 x4
Hessian to the inversion of the 2 x 2 matrices C and EE.
We first invert the complex-structure block. Defining

Ao =bd — ¢ (B.11)
we obtain
1 d —c
Ctl=— . (B.12)
Ac <—c b )
It follows that
1 1 [ud—ve vb—uc
BC = — . (B.13)
Ac \wd —tc th— we
Writing
FEq F
E = ( H 12) , (B.14)
E12 E22

the entries of the Schur complement are,

1
By = —A—(alu2 — 2cuv + bv?)

c
1
Eis=a— A—(duw — c(ut + vw) + bvt) (B.15)
c
1
E22 = ——(dw2 — 2cwt + bt2)
Ac
Defining
Ag =detE = B By — E2,, (B.16)
we have
1 E —F
El=—_— | % 2 (B.17)
Ap —FE  En

Using the upper block of Eq. (B.10), the axio-dilaton displacement can be written as

oS\ IV?: [ Eyy —Eis dsVi 1 (ud—ve cu+bu 0, V1
65 AE —E12 Ell 8gV1 AC wd —ct —cw +tb 02‘/1

(B.18)
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For convenience, we introduce

(ud — ve)0,V + (vb — uc)osV

1(20, 50) = sV — A (B.19)
and
o (20, So) = sV — (wd — tc)@zvlg— (tb — wc)0:V; (8.20)
The displacement of .S is therefore, C
65 = —IV* {(E " un(z0, S0) + (B~ )120(20, S0) } - (B.21)

It remains to determine the derivatives of V; with respect to the axio-dilaton and
complex-structure fields. To organize the different contributions, we introduce

V,; = XK D,WD;W (B.22)

No summation over the displayed indices 7 and .J is implied in Eq. (B.22). When aKahler-
modulus index (T) appears, instead, it denotes the sum over the Kdhler moduli. In par-

ticular, _ -
Vig =Y XK' DWDrW, (B.23)

with analogous definitions for V ;.

We retain the leading contributions in the simultaneous large-volume and weak-
coupling expansion.

The relevant contributions to the complex-structure gradient are

3 EWLP
O.Vgg o~ — S0
SS 27T 93/2]}3
az‘/SZ 07
9 WP
azv I )
ST 41-9?/2]}3
az‘/jzg Ov
1 (B.24)
0.V:=0| —5 |
(o)
az‘/zT - 07
.Vrs =0 (V™)
anTZ 07
Js
anLVS (@) (\)/}3_)



In particular, the contribution from V; follows from

0.V = e® (K,K* + 0,K**) D,WD;W

_ _ _ (B.25)
+ 5K (0,.D,W) D;W + "D, WW,
where we used
0,D;W = K_;W, K¥K,; = 1. (B.26)
At the flux minimum, R R
D.W = K, Wy, (B.27)
and therefore
0.V.z = e K*% (0,D.Waux) g K:Whp + e K. W, Wo + O(V ™). (B.28)
Using
K Us Wy
e~ W, (aZDZWﬂux>O ~ O(l), Wnp ~ W, (829)

one obtains the scaling reported in Eq. (B.24).
The leading weak-coupling contribution to the complete complex-structure gradient

is thus _
3 EWLP 1

Since V] is real,
9:Vy = (0.V1)". (B.31)

The corresponding contributions to the axio-dilaton gradient are

3 £/05| Wl
OsVss ~ _8_1%’

0sVsz = 0,
aSVST == O (Vﬁ4) 5
83‘/,25' = 07

93/2
aSV;;Z =0 ( V3 > ) (B32)

9 £/9s|Wo?
16Z V3 ’

9 &/gs|Wol?
327 V3 .
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Keeping the leading terms in the weak-coupling expansion, we therefore find

15 €\/s| Wol? g
Thus,
15 €/q5|Wo?

at the order relevant for the computation of the leading vacuum displacement.
At this stage, all the ingredients required to compute the shift 6.5 (B.21)explicitly
have been determined. For convenience, we introduce the following quantity,

E_l V1V — E—l vy
m(SOvZO)E—Qg’\Wo|2{(E1)11+(E1)12_< JuVIV — (E7)1V? }

osV
(B.35)
where,
v = (ud — Uc)(?z;— (vb — uc)0s (B.36)
v = (wd — tc)@zg— (tb — wc)0s (B.37)
Then,
155 m(Zo, S())

We can now use Eq. (4.124) to compute the complex-structure modulus shift §z.

~ (du — cv)dS + (dw — ct)6S B A

0z = Ao Ao (do,Vi — co:V) (B.39)
Let us define
3 dWoP — ¢W,P
n(z0, So) = S (mX +m'Y) — —2 A 0 (B.40)
where p p .
u — Cv w — C
X=- =— B.41
and, finally,
5z = ﬁ—”(fj’; ) (B.42)
4 Y

12



We are now in a position to compute the corrections to the F'-terms explicitly. We
shall present the detailed calculation only for the complex-structure direction, since the
derivation for the axio-dilaton proceeds in exactly the same way.

0F ) = 020 Fiieelog + 0508 Ficelgo 1 0202 F el 000505 Fiieel g (B.43)
Where,
1 L /gs
O:Fie = H\| 35K (20, S0), OB = 35 §’I "
Where ) ) B
f(20,50) = Wozz + Ko zzWo + Ko zWo (B.45)

Then we define,

_ 5
w; (S0, 20) = Ko,.zn(S0, 20) Wo + n* (S0, 20) f (S0, 20) +

898771*(50, Zo)P (846)

And we obtain,

. 3 ¢Kg®
5F(2) \/_ VZ (S(),Z())

(B.47)

B.1 Power counting

We are now interested in estimating the dependence on g, of the quantities obtained
above. In particular, we focus on Eq. (B.47). The quantity whose scaling we ultimately
want to determine is w, (So, z), defined in Eq. (B.46).

Under the working assumption

Wo ~ O(1), (B.48)
we need to determine the g,-dependence of the functions
n(So, 20), f(S0, 20)s m(So, 20), (B.49)
as well as that of P. Our final goal is to show that

WZ(S(),Z()> ~ O(l) (BSO)
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We begin with m(.Sy, zg), whose definition is reported here for convenience:

m(So, z0) = —g2|Wol* | (E™N) 11 + (B~ )12

(E*1)11VQV — (Eil)ngV
osV '

The relevant components of the inverse matrix are

E22

EY, ===
( )11 AE )
From the definitions of the matrix elements (B.5), (B.6), we have

dw?
A

Moreover, recalling the definitions in Egs. (B.5), (B.4), and (B.8), we find

QNO(1)7 PNgs'

EQQ ~ — AC ~ 02.

It follows that

ngsa ngga C~ (s.
Therefore, , -
dw gsgs 4
Egy ~ T2 gg ~ g,.
On the other hand,

3
ElgNaNgs.

Assuming that the leading contribution to the determinant is

Ap ~ EfQ ~ a? ~ g?,
we obtain 2
_ w _
(E 1)11 242 9s 37
while )
E~ ~ =~ gl
( )12 a 9s
Furthermore,
Udv az‘/(l)

(B.51)

(B.52)

(B.53)

(B.54)

(B.55)

(B.56)

(B.57)

(B.58)

(B.59)

(B.60)

(B.61)



Hence, at leading order in the weak-coupling expansion,

m(So, z9) ~ O(1). (B.62)
Using the same logic, it is possible to show that

n(So, z0) ~ O(1) (B.63)

and finally,
wz(So, Zo) ~ 0(1) (864)
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