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Abstract
Standard lore asserts that quantum effects generically forbid the occurrence of light (nonpseudo-Goldstone) scalars having masses smaller than the Kaluza Klein scale, MKK , in extradimensional models, or the gravitino mass, M3/2 , in supersymmetric situations. We argue that
a hidden assumption underlies this lore: that the scale of gravitational physics, Mg , (e.g the
√
string scale, Ms , in string theory) is of order the Planck mass, Mp = 8πG ≃ 1018 GeV. We
explore sensitivity to this assumption using the spectrum of masses arising within the specific

framework of large-volume string compactifications, for which the ultraviolet completion at the
gravity scale is explicitly known to be a Type IIB string theory. In such models the separation
between Mg and Mp is parameterized by the (large) size of the extra dimensional volume, V (in

string units), according to Mp : Mg : MKK : M3/2 ∝ 1 : V −1/2 : V −2/3 : V −1 . We find that

the generic size of quantum corrections to masses is of the order of MKK M3/2 /Mp ≃ Mp /V 5/3 .

The mass of the lighest modulus (corresponding to the extra-dimensional volume) which at the
classical level is MV ≃ Mp /V 3/2 ≪ M3/2 ≪ MKK is thus stable against quantum corrections.
This is possible because the couplings of this modulus to other forms of matter in the low-energy

theory are generically weaker than gravitational strength (something that is also usually thought
not to occur according to standard lore). We discuss some phenomenological and cosmological
implications of this observation.
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1

Introduction

Light scalar fields play a disproportionate role in our search for what lies beyond the Standard
Model. On one hand, there are a variety of reasons why scalar fields are very useful: their
expectation values provide the Lorentz-invariant order parameters for spontaneously breaking
symmetries, at least within the weakly coupled limit that is under the best theoretical control.
They are ubiquitous in supersymmetric and extra-dimensional theories, which are among the best
motivated we have, where they arise as symmetry partners of particles having other (4D) spins.
And if they are sufficiently light, scalars can do interesting things: they play important roles in
many of the various cosmological scenarios that have been proposed to explain the mysteries of
Cosmic Inflation (and its alternatives), Dark Matter and/or Dark Energy.
However, scalars are notoriously difficult to keep light enough to be relevant to presentday phenomenology. Because their masses are difficult to protect from receiving large quantum
corrections, they are usually very sensitive to the ultra-violet (UV) sector. For instance, a light
scalar φ coupled to a heavy field ψ through a coupling g2 φ2 ψ 2 , generically generates (see §2
below for more details) a loop correction to its mass of order


gM 2
2
,
δmφ ≃
4π

(1.1)

from the graph shown in Fig. 1. Here M is the mass of the heavy ψ particle, and the factors of 4π
are those appropriate to one loop (in four dimensions). Because of such contributions, it is often
only possible to obtain mφ ≪ gM/4π if there is a conspiracy to cancel very precisely – often to a

great many decimal places – these kinds of large loop contributions against other parameters in
the underlying microscopic theory describing the ultra-violet physics.
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Figure 1: A large mass correction to a light scalar from a quartic coupling.
Because of this, light scalars are rarely found in a theory’s low-energy limit, with the rare
exceptions corresponding to when a (possibly approximate) symmetry protects the scalar from
receiving large quantum corrections. On one hand, the comparative rarety of such naturally light
scalars can be regarded as a feature and not a bug: it could explain why no fundamental scalars
have yet been found experimentally. But on the other hand, this makes it difficult to keep scalars
light enough to be useful for understanding the origin of electroweak symmetry breaking, or to
be relevant for cosmology. It is this observation that lies at the core of the electroweak hierarchy
problem, among others.
A great deal of attention has therefore gone towards exploring those cases where symmetries
are able to protect light scalar masses without conspiracy. The known symmetries of this kind are:
3

(i) approximate shift symmetries, such as φ → φ + c and its nonlinear extensions, as appropriate
for Goldstone and pseudo-Goldstone bosons; (ii) supersymmetry, for which cancellations between

superpartners of opposite statistics suppress contributions from heavy particles whose mass is
higher than the relevant supersymmetry-breaking scale (such as the gravitino mass, M3/2 ); and
(iii) extra dimensions, for which higher-dimensional symmetries (like gauge invariance or general
covariance) can protect masses from receiving quantum corrections larger than the Kaluza-Klein
(KK) scale, MKK .
Since both the supersymmetry breaking scale and the KK scale cannot be too low without
running into phenomenological difficulties, it is usually expected that the only scalars likely to
be light enough to be relevant at very low energies are Goldstone (or pseudo-Goldstone) bosons,
despite the fact that many candidates for fundamental theories count an abundance of scalars
among their degrees of freedom. In the absence of a protective symmetry none of these scalars
would survive to be light enough to observe experimentally. This is true in particular for string
theory, which has both supersymmetry and extra dimensions as sources for its many scalars.
Until recently this expectation has proven hard to test, because of the technical difficulties
associated with exploring the spectrum of excitations near ‘realistic’ vacua, far from the supersymmetric configurations for which calculations are best under control. What is new in recent
times is the ability to explore non-supersymmetric vacua to see how massive the various would-be
light scalars become once supersymmetry breaks.
Particularly interesting from this point of view are large volume (LV) flux compactifications [1]
of Type IIB string vacua. These have the property that the same flux that fixes the scalar moduli
also breaks supersymmetry, producing a very predictive spectrum of scalars whose masses depend
in a predictable way on the (large) extra-dimensional volume. Since LV models in particular
predict (at the classical level) the existence of non-Goldstone scalars that are parametrically
much lighter than both the KK and the gravitino mass, common lore would lead one to expect
that there are large loop corrections to these classical mass predictions, which lift their masses
up to either MKK or M3/2 .
Our purpose in this paper is estimate the generic size of radiative corrections to scalar masses
in LV models, in order to estimate how these compare with the predicted classical values. We
find that since loop effects are smaller than the classical predictions, the classical masses really
do provide a good approximation to the full result. LV models therefore provide one of the few
examples of light (non-Goldstone) scalars whose masses are naturally smaller than both the SUSY
breaking and KK scales. It turns our that their masses are nonetheless (über) natural because of
an interesting interplay between the scale of supersymmetry breaking and the size of the extra
dimensions.
We organize our observations as follows. First, §2 reviews the generic size of one-loop correc-

tions to scalar masses in four- and higher-dimensional theories, in order to set conventions and
establish that our estimates reproduce standard results in standard situations. Next, §3 reviews
4

some of the properties about the masses and couplings of scalars that arise in the LV string vacua.
This is followed, in §4, by a discussion of how large the radiative corrections are to these masses
in LV models, with the estimates compared with (and shown to agree with) the results of explicit
string loop calculations, when these can be done. Finally we summarize our conclusions in §5.
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Generic loop estimates

We start with a discussion of the generic size of loop effects in four- and extra-dimensional models,
contrasting how the supersymmetric case differs from the non-supersymmetric one. This section
is meant to provide tools for later application, and because it does not contain new material
(although perhaps presented with a slightly different point of view) it can be skipped by the
reader in a hurry.

2.1

Technical naturalness in 4 dimensions

To set the benchmark for what should be regarded to be a generic quantum mass correction,
consider a model involving two real scalar fields, one of which (φ) is light while the other (ψ) is
heavy:
−L(φ, ψ) :=

i 1h
i
i
1h
1h
(∂φ)2 + (∂ψ)2 + m2 φ2 + M 2 ψ 2 +
λφ φ4 + 6 g2 φ2 ψ 2 + λψ ψ 4 ,
2
2
24

(2.1)

where M 2 ≫ m2 > 0.

Since ψ is heavy, we may integrate it out to obtain an effective theory describing the self-

interactions of φ at energies below M . One of the contributing graphs is given in Fig. 1, which
when evaluated at zero momentum in dimensional regularization1 leads to


Z
1
dn k
2
2 2ǫ
+ ···
δm ≃ g µ
(2π)n k2 + M 2


µ2ǫ gM 2
≃ c
+ ··· ,
2ǫ
4π

(2.2)

where 2ǫ = n − 4 → 0 is the dimensional regulator, whose 1/ǫ divergence is explicitly displayed

by factoring it out of the dimensionless coefficient c. This divergent contribution is renormalized
into the light-scalar mass parameter, m2 (µ), along with its other UV-divergent contributions.
The renormalized parameter m2 acquires a renormalization-group (RG) running that at one
loop is of order
µ

i
∂m2 h
≃ c1 g2 M 2 + (c2 λφ + c3 g2 )m2 ,
∂µ

(2.3)

where ci are dimensionless constants (into which factors of 1/(4π)2 are absorbed), and the m2
term arises from the graph of Fig. 2 using the quartic φ4 interaction, and from the (wave-function)
1

We deliberately do not phrase this discussion in terms of a momentum cutoff, Λ, as is often done, for reasons
described in more detail elsewhere [2]. Rather than meaning that naturalness arguments are irrelevant, it means
as this section shows, that they can be usefully recast in terms of ratios of renormalized mass parameters.
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renormalization of the kinetic terms. This may be integrated to give


Z t
Rt
Rx
2)
2)
2
dx
(c
λ
+c
g
du
(c
λ
+c
g
2
2
−
2
2
3
2
3
φ
φ
m (t) = e 0
dx g M e 0
m0 + c1
0
"
 c2 λφ +c3 g2 #
 c2 λφ +c3 g2
2M 2
µ
c
g
µ
1
,
−
1−
≃ m20
2
µ0
c2 λφ + c3 g
µ0

(2.4)

where m20 = m2 (µ = µ0 ) and t = ln(µ/µ0 ). Here the second, approximate, equality neglects the
µ dependence of λφ , g2 and M 2 .
This expression shows that m2 (µ) can only be much smaller than M 2 at scales µ ≪ M if

m2 (M ) is large – of order gM 2 /(4π)2 – in order to very precisely cancel with the evolution from
µ = M to µ ≪ M . A parameter like this, whose small size cannot be understood at any scale µ

where one chooses to ask the question, is called ‘technically unnatural.’2 Although we know of

many hierarchies of mass in Nature, we know of none for which the small scale emerges in this kind
of technically unnatural way.3 Instead, either m2 really is measured to be of order gM 2 /(4π)2
(and so is not unnaturally small), or there exists a (possibly approximate) symmetry [3] that
ensures that corrections to the parameter m2 are never larger than of order m2 itself.
The goal of this and later sections is to estimate the size of these loop corrections to scalar
masses from several sources in extra-dimensional models, viewing them as lower bounds on the
masses of the physical scalars that can naturally emerge from such models.
Relevant and irrelevant interactions
In the previous example the coupling between light and heavy sectors was through a marginal
interaction, described by the dimensionless coupling g. But there are also other kinds of dangerous
interactions that can generate large corrections to small scalar masses. One class of these consists
of super-renormalizable – or relevant, in the RG sense – interactions, for which the corresponding
couplings have dimension of a positive power of mass (in units where ~ = c = 1).
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Figure 2: A graph contributing to a scalar mass through cubic couplings.
For instance, if one were to supplement the above theory with super-renormalizable cubic
interactions, that break the symmetry φ → −φ,
i
1h
−∆L = ξφ φ3 + 3h φ ψ 2 ,
6
2

(2.5)

Just how repulsive this is depends on how detailed the cancellation must be. Although reasonable people can
differ on how repelled they are by cancellations of 1 part in 100 or 1000, most would agree that cancellations of 5
decimal places or more would be unprecedented.
3
A possible exception is the 4D cosmological constant, for which no completely convincing technically natural
proposal has been made. We regard the jury to be out on whether a technically natural solution to this particular
problem is possible.
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then evaluating the graph of Fig. 2 gives the new contribution
δm2 ≃ h2
and so
µ

Z

dn k
(2π)n

∂m2
≃ c′
∂µ2





1
k2 + M 2

h2
16π 2



2

+ ··· ,

(2.6)

+ ··· .

(2.7)

Barring cancellations one expects m2 to be larger than either (h/4π)2 or (gM/4π)2 , whichever is
largest.
In general the underlying theory could also include non-renormalizable – or irrelevant, in the
RG sense – effective interactions, such as
−∆Lnr =

1
φ2 ψ 4 ,
48Λ2

(2.8)

where Λ ≫ M ≫ m is some still-higher scale that is already integrated out to obtain our starting

lagrangian, eq. (2.1). This kind of interaction generates a contribution to the light scalar mass
(see Fig. 3) that is of order
1
δm ≃ 2
Λ
2

Z

1
dn k
n
2
(2π) k + M 2

2

∝



1
16π 2

2

M4
,
Λ2

(2.9)

and so contributes contributions to m2 that are small relative to those already considered.
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Figure 3: A large mass correction to a light scalar from an irrelevant coupling.

2.2

Extra dimensions without SUSY

Two new issues that arise when considering naturalness in extra-dimensional models (see refs. [4]
for other discussions of loops in extra dimensions) are higher-dimensional kinematics and symmetries. An extra-dimensional generalization of the two-scalar model described above provides
the simplest context for discussing the first of these, while higher dimensional gravity provides
the most commonly encountered framework for the second. We therefore consider each of these
examples in turn.
Scalar fields
Start first with a light and heavy scalar field in D = 4 + d dimensions, with lagrangian
−L =

i 1h
i g
g2
1h
3
(∂Φ)2 + (∂Ψ)2 + m2 Φ2 + M 2 Ψ2 +
ΦΨ2 + 4 Φ2 Ψ2 + · · · ,
2
2
2
4
7

(2.10)

and use (for now) a flat background metric
ds2 = ηµν dxµ dxν + L2 δmn dy m dy n ,

(2.11)

whose extra-dimensional volume is V = Ld . Since a canonically normalized scalar field in D
dimensions has engineering dimension (mass)(D−2)/2 , the cubic and quartic couplings generically
are RG-irrelevant, having negative mass dimension
 (D−4)/2
 (D−6)/2
1
1
and g4 ∼
.
g3 ∼
Λ
Λ

(2.12)

We next integrate out the massive field Ψ, assuming the masses satisfy the hierarchy4 M 2 ≫

2
m2 ≫ MKK
:= 1/L2 . In this limit the sum over discrete KK modes is well described by a

continuous integral, and so the contribution of the cubic interaction (from the graph of Fig. 2) is
of order

 D−6

2
M
1
dn k
2
D−4
∝ g3 M
≃
M2 ,
(2.13)
δm ≃
(2π)n k2 + M 2
Λ
where this time n = D − 2ǫ → D rather than 4. The result obtained from using the quartic
2

g32

Z

interaction in Fig. 1 is similarly estimated to be


 D−4
Z
dn k
1
M
2
2
2
D−2
δm ≃ g4
M2 .
∝ g4 M
≃
n
2
2
(2π)
k +M
Λ

(2.14)

These both differ by the factor (M/Λ)D−4 = (M/Λ)d relative to the corresponding 4D example
(for which d = 0), and these extra powers of M arise ultimately due to the additional phase
space available for the extra-dimensional loop momenta.5 If M ≃ Λ then the corrections are

generically of order M 2 in any dimension, but a proper exploration of contributions at Λ should

really be done using whatever UV completion kicks in at this scale. The main lesson here is that
extra-dimensional kinematics make most interactions irrelevant in the technical sense, leading to
higher powers of the heavy scale M in the generic contribution to δm2 .
Gravity
In practice, the fields of most interest in higher dimensions are various types of gauge and gravitational fields. The crucial difference between these and the scalar fields described heretofore is the
existence of local gauge symmetries (or general covariance) that keep these fields massless in the
extra-dimensional theory. Their only masses in 4D are therefore those due to the KK reduction.
We now explore the sensitivity of these masses to integrating out particles that are both heavier
and lighter than the KK scale.
To see the effects of integrating out a heavy field in this case consider a massive scalar coupled
to gravity,

4

−p

1
1
L
= λ0 + 2 R + (∂Ψ)2 + M 2 Ψ2 ,
−g(D)
2
2κ0

(2.15)

We do not attempt to track factors of 2π, so ignore these in the definition of MKK .
Alternatively these additional powers of M relative to the 4D results found earlier can be regarded as being
due to the necessity to sum over the tower of KK modes (see Appendix A).
5
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where R = gM N RM N denotes the metric’s Ricci scalar, λ0 is a (bare) cosmological constant,
−(D−2)/2

and κ20 = 8πGD := Mg

is the (bare) reduced gravitational coupling constant, which also

defines the higher-dimensional Planck scale, Mg . A semiclassical treatment [5] assumes we require
λ ≪ MgD and that the heavy particle mass satisfies M ≪ Mg .

As before, integrating out the massive field Ψ leads to many new effective interactions for

the remaining light field, which are local so long as the heavy particle’s Compton wavelength, is
much shorter than the size of the extra dimensions, M ≫ MKK . These can be organized in order

of increasing dimension, with the coefficient of each involving the appropriate power of M , as

required on dimensional grounds. Because in the present case the low-energy field is the metric,
the form of these interactions is strongly restricted by general covariance to take the form of a
curvature expansion,
1
Leff
= λ + 2 R + a2 M D−4 RM N P R RM N P R + · · · ,
−p
−g(D)
2κ

(2.16)

where all possible terms involving curvatures and their derivatives are contained in the ellipses,
while λ and κ2 are appropriately renormalized
λ = λ0 + a0 M D

1
1
= 2 + a1 M D−2 ,
2
2κ
2κ0

and

(2.17)

with ai dimensionless constants, and so on.
In general, the condition M ≪ Mg implies κ2 ≃ κ20 , making the Einstein term largely insen-

sitive to the effects of integrating out heavy particles. The same is usually not true for λ and λ0
2
because the Einstein equations imply R ≃ O(κ2 λ), and calculability demands R ≃ 1/L2 = MKK

2 )
be much smaller than Mg2 . For non-supersymmetric theories taking M ≫ 1/L and κ2 λ ≃ O(MKK

2 M D−2 ) ≪ M D .
usually means fine-tuning λ0 to ensure that λ ∼ O(MKK
g

The upshot is this: integrating out a field with mass M ≫ MKK just leads to the addition

of local interactions to the higher-dimensional action. These do not qualitatively change the
low-energy consequences so long as it is the lowest-dimension interactions that are of physical
interest (like the Einstein action) and provided that the most general interactions are included
in the action from the start. This is because the condition for the validity of the semiclassical
treatment in terms of an extra-dimensional field theory requires M ≪ Mg , ensuring that the
new contributions are swamped by those involving Mg . An understanding of the contributions at

scale Mg then should be done using the UV completion at the gravity scale, which within string
theory would potentially involve a full string calculation.
Integrating out KK modes
The effective theory becomes four-dimensional at energies of order MKK and below, so once
these scales are integrated out we can no longer use higher-dimensional symmetries (like extradimensional general covariance) to restrict the form of the result.

9

We wish to track how the integrating out of modes with masses at the KK scale and below
depends on the underlying scales MKK or Mg . Within the semiclassical approximation any such
an integration arises as an expansion about a background field, gM N , so that
gM N = g M N + κhM N .

(2.18)

It is also useful to explicitly scale out the local linear size of the extra dimensions, eu(x) , (measured
using the background geometry) from the total metric
gM N dxM dxN = ω e−du ĝµν dxµ dxν + e2u ĝmn dy m dy n + off-diagonal terms ,

(2.19)

where the factor pre-multiplying the 4D metric is chosen to ensure no u-dependence in the 4D
Einstein action (i.e. the 4D Einstein frame).
The factor ω := (Mp /Mg )2 numerically converts to 4D Planck units, and the vacuum value
heu i ∝ Mg L provides a dimensionless measure of the extra-dimensional linear size6 (and so
hedu i ≃ (Mg L)d := V). Recall the 4D Planck scale is related to the dimensionless volume,

V = V Mgd , by Mp2 = V MgD−2 = VMg2 , and so ω = Mp2 /Mg2 = V, and Mg ≃ Mp /V 1/2 . Using
R
p
p
p
−g(D) = −ĝ(4) ĝ(d) ω 2 e−du and dd y ∝ Mg−d , we find the 4D Einstein term becomes
MgD−2

Z

dd y

p
−g(D) gµν Rµν

q
= ω Mg2 −ĝ(4) ĝµν R̂µν + · · ·
q
= Mp2 −ĝ(4) ĝµν R̂µν + · · · ,

(2.20)

as required.
Expanding the action in powers of fluctuations and focussing on the 4D scalar KK modes
contained within hm p := gmn hnp — generically denoted ϕi — similarly gives the following dimensionally reduced kinetic terms
Z
p
1 D−2
dd y −g(D) gµν Rµν
−Lkin ≃ Mg
2

=
:=

Z
q
ω 2
Mg
dd y −ĝ(4) ĝµν Hmn pq ∂µ hp m ∂ν hq n + · · ·
2
Mp2 q
−ĝ(4) ĝµν Gij (ϕ)∂µ ϕi ∂ν ϕj + · · · .
(2.21)
2

where Hmn pq are a set of coefficients depending on the hm p (but not their derivatives), while

Gij (ϕ) denotes the target-space metric for the dimensionless 4D fields ϕi . The detailed form of
Gij is not important beyond the fact that it contains no additional dependence on V, and so is
generically O(1) in the large-V limit.

By contrast, the contributions to the scalar potential for the ϕi instead scale with Mg and L

We take V ≃ Ld and R ≃ 1/L2 for the same scale L, and by so doing ignore features that might arise within
strongly warped spacetimes (for which the low-energy sector can be strongly localized), or within some negatively
curved spaces (for which the scales associated with volume and curvature can radically differ).
6
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according to
−Lpot ≃

Z

−g(D) gmn Rmn
Z
q
2
2
= ω Mg
dd y e−du −ĝ(4) (e−2u ĝmn )Kpq rs ∂m hr p ∂n hs q + · · ·

MgD−2

dd y

p

Mp4 q

−ĝ(4) U (ϕ)
V 1+2/d q
2
= MKK
Mp2 −ĝ(4) U (ϕ) ,
:=

(2.22)

2 /M 2 = (M 2 /M 2 )(M 2 /M 2 ) ≃ V −2/d V −1 . Again, the
which uses e(d+2)u = V 1+2/d and MKK
p
KK
g
g
p

detailed form of Kpq rs and U (ϕ) are not important, beyond the fact that they generically do not

contribute to the V dependence of the result.

Once canonically normalized, ϕ ∝ φ/Mp , we find the following schematic mass terms, cubic

and quartic interactions

L2
−p
−g(4)
and

L3
−p
−g(4)

L4
−p
−g(4)

2
≃ (∂φ)2 + MKK
φ2

≃

1
M2
φ(∂φ)2 + KK φ3
Mp
Mp

≃

2
1 2
MKK
2
φ
(∂φ)
+
φ4 ,
Mp2
Mp2

(2.23)

and so on. These show that the generic mass is MKK ≃ Mp /V (1+2/d)/2 (as expected), and although

the low-energy derivative interactions are Planck suppressed, those in the scalar potential have

2 /M 2 = 1/V 1+2/d = (M 2 /M 2 )1+2/d relative
a universal additional suppression by a factor of MKK
p
g
p

to generic Planck size.
A similar analysis for the curvature-squared terms shows that these introduce three kinds of
2 ) two-derivative
4D interactions: (i) O(1) 4-derivative interactions, ∼ k4 (ϕ)(∂ϕ)4 ; (ii) O(MKK

2 k (ϕ)(∂ϕ)2 ; and O(M 4 ) potential terms, ∼ M 4 k (ϕ). Each is thereinteractions, ∼ MKK
2
KK
KK 0

fore suppressed relative to its counterpart (if this exists) coming from the Einstein term by an
2 /M 2 = 1/V 1+2/d .
additional factor of MKK
p
2 , as
Provided λ is chosen to allow classical solutions for which R ≃ κ2 λ ≃ 1/L2 ∼ MKK

discussed above, the contributions of the cosmological constant term to the 4D dimensionally
reduced interactions scale in the same way as do those coming from the Einstein term.
Naturality of the KK couplings
It is noteworthy that, from a 4D perspective, the couplings of the KK modes amongst themselves
are weaker than Planckian, yet they are stable against radiative corrections.

As we’ve seen, the dominant contribution from the scales much larger than MKK come from
> Mg , which must be performed within the theory’s UV completion. If this is a
scales M ∼
string theory, the contribution to the low-energy action from integrating out string states is what
11

gives the initial higher-dimensional gravity action, plus a variety of higher-derivative corrections
involving powers of the curvature and other low-energy fields. Since our initial estimate for the
size of the interactions comes from the higher-dimensional Einstein term, the leading corrections
in the UV come from dimensionally reducing terms involving more derivatives than this. If it is a
curvature-squared term that dominates, then we expect the largest corrections from these scales
2 /M 2 .
to be suppressed relative to the leading terms by of order MKK
g

The sole exception to this happy picture of insensitivity to higher-scale physics is the contribution to the extra-dimensional cosmological constant, although this is also not dangerous once
2 /κ2 ≃ M 2 M D−2 is tuned to be small enough to allow the extra dimensions to be
λ ≃ MKK
KK
g

large in the first place. As we shall see, even this problem need not arise when couched in a

supersymmetric context, since in this case higher-dimensional supersymmetry usually requires
λ = 0.
< MKK ? Since these
Finally, what of the naturality of the 4D scalar masses from loops with M ∼
are not protected by higher-dimensional symmetries, they should be analyzed within the effective
4D theory. As shown above, it is the contributions of the relevant and marginal – i.e. cubic and
quartic – interactions that are then the most dangerous. But because all of the interactions in
2 /M 2 relative to Planck strength, their use in loop
the scalar potential are suppressed by MKK
p

graphs generates interactions that are generically suppressed relative to those we start with by
similar factors. This implies they are of similar order to the contributions of higher-derivative
corrections in the extra-dimensional theory just considered.
Similarly, graphs using the derivative interactions give much the same result, since although
these involve couplings unsuppressed (relative to Mp ) by powers of 1/V, they are more UV divergent and so depend more strongly on the mass of the heaviest 4D state that can circulate within
the loop. But this mass is again MKK , since for masses much higher than this the restrictions of
higher-dimensional general covariance limit the result to one of the local interactions considered
above. For instance, using these estimates in Fig. 2 then gives
 4 
Z
k4
d4 k
cµ2ǫ MKK
1
≃
,
δm2 ≃ 2
Mp
(2π)4 (k2 + m2 )2
ǫ
Mp2

(2.24)

2 /M 2 .
again implying corrections that are suppressed by MKK
p

These arguments indicate that the dominant corrections to the 4D scalar potential are of order
4 )δU (ϕ). Notice that this implies the corresponding contributions to the 4D vacuum
δV ≃ O(MKK
4 ≃ 1/L4 , in agreement with explicit Casimir energy calculations [7].
energy are δV ≃ MKK

Moduli
It often happens that accidental symmetries in the leading order action imply that some of the
KK scalars are massless once dimensionally reduced. This would happen for the volume modulus,
eu , in particular, if the equations of motion coming from the leading action were scale invariant
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(as would be true for the Einstein equations in the absence of a cosmological term, or for the
lowest-derivative terms in most higher-dimensional supergravities).
In this case the dimensionally reduced mass for the corresponding moduli comes from nextto-leading effects that break the relevant symmetry. These could be from loop effects in the
low-energy 4D theory, in which case the above estimates indicate their masses would be expected
2 /M ≪ M
7 Alternatively,
to be of order Mmod ≃ MKK
p
KK rather than being precisely massless.

the dominant corrections could come from loop effects in the higher-dimensional theory, which
we’ve seen are equivalent to use of sub-dominant terms in the derivative expansion (such as
from curvature-squared or higher) when compactifying. If it is curvature-squared terms that
2 /M .
dominate,8 then the discussion above shows we again expect masses of order Mmod ≃ MKK
p

Notice that masses these size are also no larger than the generic size of radiative corrections in
the low-energy theory, based on the estimates given above.

2.3

Supersymmetric effects

For supersymmetric systems, the estimates just given can differ in several important ways.
• Extra-dimensional non-renormalization theorems: For higher dimensional supergravity it is

the expectation of one of the fields (the dilaton) that plays the role of the loop-counting parameter. Often its appearance in the leading derivative expansion of the action is restricted
by supersymmetry, in which case extra-dimensional loops must necessarily contribute suppressed both by powers of the coupling constant and low-energy factors. For instance,

in string theory it is often true that higher-order contributions in the string coupling, gs ,
necessarily only arise for terms that are also sub-leading in powers of the string scale,
α′ = 1/Ms2 [9].
It is also true that supersymmetry can raise the order in the derivative expansion of the
first subdominant contributions to the action that arise even without loops. For instance,
in the Type IIB models of later interest, the first higher-curvature corrections that arise at
string tree level involve four powers of the curvature, as opposed to the generic expectation
of curvature squared [10].
• Four-dimensional non-renormalization theorems: If the supersymmetry breaking scale should
be much smaller than MKK , then the effective 4D description can be written as a 4D su-

pergravity, possibly supplemented by soft supersymmetry-breaking terms. In this case the
most dangerous relevant and marginal scalar interactions appear in the holomorphic superpotential, W (φ), and so are protected by 4D non-renormalization theorems [11, 12, 13, 14].
7
< 10−30 eV, showing that if the observed vacuum energy density
Notice that if MKK ≃ 10−3 eV then Mmod ∼
could be arranged to be dominated by a KK energy, then the presence of moduli would produce a quintessence
cosmology, with no additional tunings required to ensure small enough scalar masses [8].
8
For an example where curvature-squared terms do not dominate, see the supersymmetric estimate below.
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If supersymmetry is not broken these exclude corrections to all orders in perturbation theory. Corrections become possible once supersymmetry is broken, but are further suppressed
by the relevant supersymmetry breaking scale. When computing explicit loops, these suppressions come about through the usual cancellations of bosons against fermions, together
with mass sum rules like [15]
X
s

2
(−)2s (2s + 1)Tr Ms2 ≃ M3/2
,

(2.25)

where M3/2 is the 4D gravitino mass.
• Additional extra-dimensional fields: A third way in which supersymmetric theories can

differ is through their extra-dimensional field content, which always involves more fields
than just gravity. Interactions involving these other fields sometimes provide the dominant
contributions to quantities like the masses of moduli. The most familiar example of this sort
occurs when the background supergravity solution involves nonzero 3-form flux fields, Gmnp ,

whose presence gives some of the moduli masses (as in 10D Type IIB flux compactifications).
√
In this case it is the term L = −g Gmnp Gmnp ∝ 1/V 2 that dominates these masses, leading
2 /M ≃ M /V 4/3 .
to Mmod ≃ Mp /V ≫ MKK
p
p

3

Large-volume (LV) string models

The large-volume (LV) framework [1] is a scenario for moduli stabilization for Calabi-Yau compactifications within Type IIB string theory. In generic Type IIB flux compactifications, the
presence of background 3-form fluxes alone can stabilize the dilaton and the complex structure
moduli of the underlying Calabi-Yau geometry [17]. The Kähler moduli can then be stabilized by
the non-perturbative effects localized on four cycles associated with various branes that source the
geometries [18]. The LV scenario identifies an interesting subclass for which the volume modulus
is naturally stabilized at exponentially large volumes,
V ∝ exp (cτs ) ,

(3.1)

where τs is the size of a (comparatively much smaller) blow-up cycle of a point-like singularity in
the underlying geometry, while c is an order-unity constant.
The framework applies to a large class of Calabi-Yau compactifications since there are only
two requirements for its implementation [19]: (i) there must be at least one of the Kähler moduli
must be the blow-up mode, τs , of a point-like singularity; and (ii) the number of complex structure
moduli have to be greater than the the number of Kähler moduli (in order for the Euler number
of the Calabi-Yau space to have the sign required for the potential to have a minimum for large
V).

A key ingredient is the inclusion of the leading order α′ correction to the 4D Kähler potential,

since this is what generates the potential with a minimum with compactification volumes that
14

are exponentially large in τs . Furthermore, because τs scales as the inverse of the the value of the
dilaton,
τs ∝

1
,
gs

(3.2)

and so is given as a ratio of integer flux quanta. Thus the framework naturally generates an
exponentially large volume of compactification from integer flux quanta, with V passing through

an enormous range of values as the fluxes range through a range of order tens.

In what follows we review some relevant aspects of these compactifications with an emphasis
on the mass scales and strength of couplings.

3.1

Masses and couplings

LV models enjoy a rich pattern of particle masses and couplings, for which it is useful for
many purposes to express in 4D Planck units. Our goal here is to express how these quantities scale as functions of the dimensionless extra-dimensional volume, expressed in string units:
R√
g6 ≃ (L/ℓs )6 ≫ 1.
V ≃ α′3
Masses

In terms of V and the 4D Planck scale, Mp , the largest scale in the excitation spectrum is the

string scale itself, Ms−2 = ℓ2s ≃ α′ , which (ignoring factors of gs ) is of order
Ms ≃

Mp
.
V 1/2

(3.3)

This characterizes the order of magnitude of the masses of generic string excitation levels.
If the linear sizes of the various extra dimensions are all of the same order, L, then since
V ∝ (L/ℓs )6 , the scaling with V of the masses of Kaluza-Klein (KK) excitations is
MKK ≃

Mp
1
Ms
≃ 1/6 ≃ 2/3 .
L
V
V

(3.4)

The presence of fluxes stabilizes the complex structure moduli, or what would otherwise
have been massless KK zero modes. These are systematically light compared with the KK
scale because of the V suppression of the various fluxes, due to the quantization conditions of
R
the form F ≃ N α′ , for an appropriate 3-form, Fmnp . Masses obtained from the flux energy,
R 6 √
d x −g10 F 2 ∝ V −2 , are of order
Mcs ≃

Mp
Ms
≃
.
1/2
V
V

(3.5)

The Kähler moduli survive flux compactification unstabilized to leading order, and so naively
might be expected to receive a mass that is parametrically smaller than those of the complexstructure moduli. For instance, small Kähler moduli like τs are stabilized by the nonperturbative
terms, W ≃ e−cτs , in the low-energy 4D superpotential, and at the potential’s minimum these

are comparable to the α′ corrections, implying the relevant part of the potential depends on the
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volume like 1/V 3 . However, because the Kähler potential for these moduli is K = −2 ln V, their

kinetic term is also proportional to 1/V, implying that the volume-dependence of the mass of
these moduli is again of order
Mk ≃

Mp
Ms
≃
.
1/2
V
V

(3.6)

The Kähler modulus corresponding to the volume of the compactification also receives its
mass from the leading α′ correction. However for this modulus ∂V depends nontrivially on V

(unlike for the small moduli like τs ), leading to a kinetic term of order ∂∂K ≃ ∂∂V/V and a

quadratic term in the potential that is of order ∂∂V/V 4 . The result is a volume-modulus mass

whose V-dependence is of order

MV ≃

Mp
Ms
≃ 3/2 .
V
V

(3.7)

For many compactifications Kähler moduli come with a range of sizes, and there are often
many having volumes τi ≫ τs . These tend to be exponentially suppressed in the superpotential,
W ≃ e−ci τi ≪ e−cτs ≃ 1/V, and so at face value also appear to have exponentially small masses

when computed using only the leading α′ corrections. However for any such moduli it is the subleading corrections to the scalar potential (like string loops or higher orders in α′ ) that instead

dominate their appearance in the potential. Consequently these states are systematically light
relative to the generic moduli discussed above. The leading string-loop contribution turns out to
be dominant, and so these moduli generically have masses of order
M≃

Mp
.
V 5/3

(3.8)

Finally, the gravitino mass associated with supersymmetry breaking is itself of order
M3/2 ≃

Ms2
Mp
Ms
≃ 1/2 ≃
.
Mp
V
V

(3.9)

Notice for the purposes of the naturalness arguments that the masses of the volume modulus and
the other large Kähler moduli are parametrically lighter than both the gravitino mass and the
KK scale.
Couplings
The potential term associated with the complex structure and Kähler moduli scales as V −2 as it
R
√
arises by dimensionally reducing a higher-dimensional flux energy, ∼ d6 y g Gmnp Gmnp , rather
than from a curvature-squared term.

Because the KK scale is larger than typical SUSY-breaking scales, like M3/2 , the effective
4D theory can be described within the formalism of N = 1 supergravity. In this context the
suppression of the couplings relative to Planck strength reflects itself in the no-scale form of the
Kahler potential,
K = −2 log V ,
16

(3.10)

since this suppresses all terms in the potential by a factor of eK W ∝ W/V 2 .

The volume dependence of the interactions of low-energy fields with Kaluza-Klein modes can

be inferred using arguments [6] very similar to those used in section 2. Specializing the potential
term obtained there to D = 10 and d = 6 implies that it scales as V −4/3 .

The couplings of these fields to ordinary matter can be estimated if the ordinary matter is

assumed to be localized on a space-filling brane somewhere in the extra dimensions. The strength
of these couplings depends on the particular brane field of interest, but a representative coupling
is to gauge bosons, which has the generic form
Lint =

φ µν
F Fµν ,
f

(3.11)

where, for example, f ≃ Mp for many of the Käher moduli (like the volume modulus itself),

although some of the ‘small’ moduli couple with strength f ≃ Ms ≃ Mp /V 1/2 .

4

Radiative corrections in LV models

The previous sections summarize the rich pattern of scalar masses, related to one another by
powers of V, predicted by LV models at leading order:
Ms ≃

Mp
,
V 1/2

MKK ≃

Ms
Mp
≃ 2/3 ,
1/6
V
V

Mmod ≃ M3/2 ≃

Mp
,
V

MV ≃

Mp
.
V 3/2

(4.1)

The couplings among these states are also V-dependent, and this is important when computing

the size of the loop-generated masses. The contributions of wavelengths longer than the KK scale

to these loop corrections can be evaluated within the context of an effective 4D theory, while
those having shorter wavelength should be computed within the higher dimensions. Technical
naturalness asks that both the 4D and the higher-dimensional contributions be smaller than the
lowest-order mass of the light particle itself.

4.1

4D contributions

Suppose a light particle has a mass, mφ ≃ Mp V −a , that is suppressed by a particular negative

power of V. Suppose further that this light particle couples to a more massive particle having a

mass mψ ≃ Mp V −b , with b < a. Imagine these particles to experience a relevant cubic coupling

of the schematic form L3 ≃ h φ ψ∂ p3 ψ whose coupling strength is of order h ≃ Mp (1/Mp )p3 V −c3 ,

where the power of energy, E, would arise if the coupling were to involve the derivatives of the

fields. Assuming 4D kinematics are relevant, repeating the steps of section 2 shows that the
one-loop correction to the light scalar mass generated using this interaction in a graph like Fig.
2 is of order
δm2φ

2

≃h

Z

d4 k
k2p3
(2π)4 (k2 + m2ψ )2

≃
≃
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h mpψ3
4π
1
(4π)2

!2

 2(p3 b+c3 )
1
Mp2 .
V

(4.2)

< mφ ,
The mass of the light particle is larger than these radiative corrections provided δmφ ∼
and so b p3 + c3 ≥ a. In light of the discussion in §2, since the most massive states for which
4D kinematics applies have mψ ≃ MKK ≃ Mp /V 2/3 , we make take as the worst case b =

2
3.

Furthermore, the discussion of section 2 implies that the couplings of such states is generically
either a Planck-strength derivative coupling (p3 = 2 and c3 = 0), or a potential interaction whose
2 /M 2 ≃ V −4/3 (p = 0 and c = 4 ). In both cases b p + c = 4 ,
strength is proportional to MKK
3
3
3
3
p
3
3

implying corrections that are sufficiently small for all 4D moduli (for which a = 1) except for the

volume modulus (for which a = 32 ).
Alternatively, suppose the light particle couples to the massive one through a marginal quartic
coupling L4 ≃ g2 φ2 ψ∂ 2p4 ψ, whose coupling strength is of order g ≃ (1/Mp )p4 V −c4 , where the

power of energy, E, again arises as derivatives of the fields. In this case the one-loop correction
(using 4D kinematics) to the light scalar mass is of order
δm2φ ≃ g2

Z

d4 k
k2p4
(2π)4 (k2 + m2ψ )

≃
≃

p4 +1
g mψ

!2

4π
 2(p4 +1)b+2c4
1
1
Mp2 ,
2
(4π)
V

(4.3)

so this contribution to the mass is technically natural provided b (1 + p4 ) + c4 ≥ a.
b=

Again, the maximum mass appropriate to 4D kinematics is mψ ∼ MKK , corresponding to
2
3

and there are two kinds of quartic interactions amongst the KK modes: Planck-suppressed

2 /M 2
derivative couplings (p4 = 1 and c4 = 0) and non-derivative interactions suppressed by MKK
p

(p4 = 0 and c4 = 23 ). Both of these choices satisfy b (1 + p4 ) + c4 = 34 , and so are the same size
as those obtained from cubic interactions, and not larger than any of the moduli masses (a = 1),
except for the volume modulus (a = 32 ).
Supersymmetric cancellations
Apart from the volume modulus, we see that moduli masses tend to be generically stable against
4D radiative corrections. Naively this would seem to indicate the classical approximation is not
a good one for the volume modulus itself, which should then be expected to be more massive
than O(Mp /V 3/2 ). However to this point we have not yet availed ourselves of the cancellations

implied by 4D supersymmetry, which survives into the 4D theory because M3/2 ≪ MKK .

Let us reconsider the 4D contributions in this light. As usual, since particle masses are

driven by the form of the superpotential, they receive no corrections until supersymmetry breaks.
At one loop an estimate of the leading supersymmetry-breaking effects obtained by summing
the contributions of bosons and fermions, keeping track of their mass difference. For instance,
keeping in mind the sum rule, eq. (2.25), gives

<
δm2 ≃ g m2B − m2F ∼



2
MKK
Mp2
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2
M3/2
≃



1
V 4/3



Mp2
,
V2

(4.4)

implying the generic supersymmetry-breaking mass shift is δm ≃ Mp /V 5/3 . This is small enough

not to destabilize the mass of the volume modulus, MV ≃ Mp /V 3/2 .
Higher-dimensional contributions

For scalar mass corrections, normally it is loops involving the heaviest possible particles that
are the most dangerous, so it might be natural to expect the contributions from states having
M ≫ MKK to dominate the 4D estimates just obtained. In this section we argue this not to be
the case, with the dominant contribution to modulus masses arising from loops involving states
at the KK scale.
The argument proceeds as in section 2, with the recognition that the effects of particles above
the Kaluza-Klein scale require the use of the higher-dimensional theory, where new symmetries
like extra-dimensional general covariance come to our aid. In particular, since the largest mass
scale in the higher dimensional theory is Mg , or for Type IIB models the string scale, Ms ≃ gs Mg ,
the contributions of states this massive are summarized by local string-loop and α′ corrections to

the 10D action.
However, any such contributions are strongly constrained by 10D supersymmetry. The leading
α′

corrections arising at string tree level are known, and first arise at O(α′3 ), with four powers

of the curvature. The volume dependence of this, and of the other α′ corrections that arise at

next-to-leading order were studied by refs. [1], with the conclusion that these first contribute to
the 4D scalar potential at order

W02
(4.5)
Uα′ (ϕ) ,
V3
where Uα′ (ϕ) denotes some function of the dimensionless moduli (whose detailed form is not
δα′ U ≃

important for the present purposes). Given their Planck-scale kinetic terms, this contributes of
order δm ≃ O(Mp /V 3/2 ) to the low-energy moduli masses. Indeed, it is these α′ corrections that

lift the mass of the volume modulus in the first place, showing why it is generically of order
Mp /V 3/2 .
The V-dependence of the leading string-loop effects has also been analyzed [20, 21, 19], with

the result that it contributes at order

δloop U ≃

W02
Uloop (ϕ) ,
V 10/3

(4.6)

with Uloop another function of the dimensionless moduli. The resulting contribution is δm ≃

Mp /V 5/3 , in agreement with the above estimates for the size of supersymmetric cancellations in
one-loop effects. This agreement indicates that it is states having masses of order MKK that
provide the dominant contribution to these string loops.

4.2

Checks

Large-volume string models have the advantage of having been studied well enough that there
are several nontrivial checks on the above estimates.
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Comparison with the 4D supergravity
One check comes from comparing the above estimates of the size of cancellations in one-loop
supergravity amplitudes with the kinds of corrections that are allowed to arise within the effective
4D supergravity describing the moduli. In this supergravity the above loop effects must appear as
volume-dependent corrections to the Kähler function, K, since this is the quantity that encodes
the effects of high-energy loops. The leading contributions to δK arising up to one loop has been
estimated [16], and has the form
K ≃ −2 ln V +

k2
k1
k3
+
··· ,
+
V
V 2/3
V 4/3

(4.7)

where the k1 term first arises at the level of one string loop while k2 contains the α′ contributions
at string tree level, and the k3 term gives the next corrections at one string loop.
Recall that the leading contribution to the 4D potential varies as U ≃ W02 /V 2 . It happens that

because the k1 term is proportional to V −2/3 , it completely drops out of the scalar potential [20,
21]. The k2 term then gives the dominant correction to U , contributing at order 1/V 3 . Finally,

the k3 term contributes a correction to U that is of order 1/V 10/3 , all in agreement with the above
estimates.
Comparison to explicit string calculations
The explicit form of one-loop effects associated with Kaluza-Klein (and string) modes are available for orbifolds and orientifolds of toroidal compactifications. We here briefly summarize the
strength of these corrections and their interpretation in the low energy effective field theory. This
illustrates that the truncation to the four dimensional effective field theory to be consistent and
the quantum corrections to the mass of the volume modulus associated with Kaluza-Klein modes
to be subleading in an expansion in the inverse volume.
We focus on N = 1 orientifold T6 /Z2 × Z2 analyzed by Berg, Haack and Kors in ref. [16].

The untwisted moduli in this model are the three Kähler and complex structure moduli {ρI , U I }

axio-dilaton S, open string scalars AI associated with position of the D3 branes, the model also
has moduli associated with D7 brane positions which was set to zero in [16].
The tree-level Kähler potential, found using the disc and sphere string-worldsheet graphs, is
given by
K = − ln(S − S̄) −

3
X
I=3


1
I
I 2
(A − Ā ) ,
ln (ρ − ρ̄ )(U − Ū ) −
8π


I

I

I

I

(4.8)

while the one-loop correction was computed in [16], and found to be
K

(1)

3 
E2D3 (AI , U I )
1 X
E2D7 (0, U I )
=
+
256π 6
(ρJ − ρ̄J )(ρK − ρ̄K )
(ρI − ρ̄I )(S − S̄)
I=1

K 6=I 6=J



(4.9)

where the superscripts D3 and D7 indicate contributions which originate from open string diagrams with boundaries on these branes. While the general expression for E2D3 and E2D7 are
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complicated, a symmetric choice of the D3 brane positions (we refer the reader to [16] for details)
the contribution from D3 branes vanishes and the contribution from D7 branes is an Eisenstein
series
E2D7 (0, U ) = 1920

X

(n,m)6=(0,0)

Im(U )2
|n + U m|4

(4.10)

The indices (m, n) can be interpreted as labelling the Kaluza-Klien momenta of the exchanged
particles in the open-string loop diagrams. Note that the contribution from the higher KK modes
is suppressed by inverse powers of the KK momentum, as a result the higher KK modes make
only a small contribution. We note that while the contribution of a single mode running in
loop correction to the mass would scale as the square of the mass (n2 ), cancelations due to
supersymmetry lead to an effective scaling of n−4 . We would like to emphasize that the resulting
sum is ultraviolet finite. One can interpret this as the restoration of supersymmetry at the high
scale.
The contribution of the one-loop Kähler potential to the scalar potential scales as V −10/3

which indeed is subleading in the large volume expansion. As mentioned earlier, this scaling of
the volume precisely matches the estimations of the size of loop effects from KK modes in the
low energy effective field theory [21].
The bottom line is that the combination of supersymmetry with the V-suppressed couplings

coming from extra dimensions ensures the stability of the masses of the moduli against radiative
corrections in large-volume string models.

5

Scenarios

Given the robustness of the light scalar masses, for phenomenological purposes it is useful to see
how large the above masses are for various choices for the string scale, in order to see precisely
how light the relevant scalars can be. Since V varies exponentially sensitively with the parameters
of the modulus-stabilizing flux potential, it varies over many orders of magnitude as potential

parameters are changed only through factors of order 10. It can therefore be regarded as a dial
that can be adjusted freely when exploring the model’s implications.
Weak-scale gravitino mass
One attractive choice is to take V ≃ 1015 , in which case M3/2 ≃ Mp /V ≃ 103 GeV is of order

the TeV scale and Ms ≃ Mg ≃ Mp /V 1/2 ≃ 1011 GeV, corresponding to the intermediate-scale

string [22].

In this case the generic moduli also have masses at the TeV scale, while the volume modulus
is interestingly light, being of order MV ≃ Mp /V 3/2 ≃ 10−3 GeV ≃ 1 MeV. Even though very

light, such a scalar would be very difficult to detect, given its gravitational couplings to matter.
It is not light enough to mediate a measurable force competing with gravity, and so is not
constrained by the observational tests of gravity in the lab or in astrophysics. Even though this
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contradicts the standard lore that moduli masses are of the same order as the gravitino mass after
supersymmetry breaking, it actually makes the cosmological moduli problem [23] more severe
since a gravitationally coupled scalar field with mass ∼ 1 MeV tends to dominate the energy
density of the universe through its coherent oscillations after inflation. A low-energy mechanism

to dilute this field, such as a second period of inflation, may be needed to avoid this problem.
The physical implications of this scenario are explored in more detail in [24].
Intermediate scale gravitino mass and soft terms
In [25] a novel framework for supersymmetry breaking is put forward in the context of the large
volume scenario. Since the main source of supersymmetry breaking is the F -term of the volume
modulus and, since the 4D supergravity is approximately of the no-scale type, its contributions
to soft terms can be highly suppressed in powers of the volume, the F -terms of the other Kähler
moduli dominate the structure of the soft terms. If the brane that hosts the standard model does
not wrap the dominant cycle for supersymmetry breaking, then the soft terms are hierarchically
suppressed with respect to the gravitino mass ∆m ∼ Mp /V q with q = 23 , 2 depending on potential

cancellations. For ∆m ∼ 1 TeV, the gravitino mass can be as high as 1010 GeV. Again we have a

situation in which the soft terms, in particular the masses of the scalar partners of the standard
model fields, are much smaller than the gravitino mass and loop corrections could in principle
destabilize these masses. However, the same arguments as before imply that these loop corrections
are at most proportional to MKK M3/2 /Mp ≃ Mp /V 5/3 (see also [25, 26]).

As a result squarks and sleptons much lighter than the gravitino mass are naturally stable. A

similar estimate can be made for the other soft terms, such as A-terms and gaugino masses. This
implies that as long as the contributions to soft terms from the volume modulus are suppressed,
including anomaly mediated contributions [27] (see however [28]), the gravitino mass can be
hierarchically heavier than the TeV scale. Notice that this ameliorates the cosmological moduli
problem mentioned above since the volume modulus mass, which is of order Mp /V 3/2 , in this
scenario can be as heavy as 1 TeV or heavier, instead of being order MeV as in the previous
scenario.
Weak-scale strings and SUSY breaking on the brane
The largest possible volume within this scenario that is consistent with experience is V ≃ 1030 ,

for which Ms ≃ Mp /V 1/2 ≃ 103 GeV is at the weak scale, while the moduli and gravitino are

extremely light: Mmod ≃ M3/2 ≃ Mp /V ≃ 10−12 GeV ≃ 10−3 eV. In this case the volume

modulus would appear to be astrophysically relevant, since MV ≃ Mp /V 3/2 ≃ 1018 eV.

More care is needed in this particular case, however, because the supersymmetry breaking

scale, M3/2 , is so very low. Because it is so low, another source of breaking must be introduced for
the model to be viable, to accommodate the absence of evidence for supersymmetry in accelerator
experiments. The simplest such source of supersymmetry breaking is hard breaking by anti22

branes, with all of the observed particles living on or near these branes so that they are not
approximately supersymmetric.
There are dangers to breaking supersymmetry in such a hard fashion, however. In particular,
for a viable scenario one must check that the potential energy of the anti-brane — which we
shall find is of order Ms4 ≃ Mp4 /V 2 — does not destabilize the LV vacuum.9 Notice that this is

a more serious problem than occurs if anti-branes are introduced to uplift the previous cases so
that their potentials are minimized to allow flat spacetime on the branes. It is worse in this case
because the anti-brane must be the dominant source of SUSY breaking, and so the value of its
tension cannot be warped down to small values without also making the mass splittings amongst
supermultiplets — which are of order Ms on the brane — too small. In what follows we assume
that this issue has been dealt with, either through inspired modelling or through fine-tuning.
Since the splitting between the masses of the bosons and fermions localized on the brane is of
the order Ms , it is loops involving these brane states that are the most dangerous corrections to
MV in this picture. We now argue that these loops of brane states generate mass corrections of
order Mp /V, and so in this particular case lift the volume modulus to be comparable in mass to
the masses of the other moduli.
The estimate begins with the Born-Infield action on the brane and the ten dimensional Einstein
action in the bulk
S = Mg8

Z

√
d10 x g10 R10 − T3

Z

q
d4 x det[Gαβ ]

(5.1)

where T3 ≃ O(Ms4 ) is the brane tension and Gαβ is the pullback of the ten dimensional metric to

the brane world volume. Neglecting powers of the string coupling, we take the 10D Planck scale
of order the string scale: Mg ≃ Ms .

To carry out the dimensional reduction we take, as before, the ten dimensional metric to be

of the form
ds210 = ωe−6u(x) gµν dxµ dxν + e2u(x) gmn dy m dy n ,

(5.2)

where, as before, ω = (Mp /Ms )2 , u(x) is the volume modulus and gmn is the metric of a CalabiYau of unit volume in string units. Working with static embedding coordinates for the brane the
effective action for the volume modulus u(x) and the transverse scalars y m is
Z
Z
q
√
√
−24Mp2 d4 x −g4 ∂µ u∂ µ u − T̂3 d4 x −g4 e−12u(x) det[(δαβ + e8u(x) ∂ α y m ∂β y n gmn )]
where Mp2 is the four dimensional Planck mass and T̂3 = ω 2 T3 ≃ O(Mp4 ).

(5.3)

Next we make field redefinitions which bring their kinetic terms to the canonical form, u(x) =
p
√
u0 + ℓ(x)/4 3Mp and y m = e2u0 φm / T̂3 , where u0 is the v.e.v. of the field u(x) and related to
9
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the volume of the compactification in string units by e6u0 = V. This brings (5.3) to the form
s


Z
Z
√
√
√
T̂
V 2 2ℓ/√3Mp α m
1
3
µ
− 3ℓ/Mp
4
4
α
n
det δ β +
−
∂ φ ∂β φ gmn
d x −g4 ∂µ ℓ∂ ℓ − 2 d x −g4 e
e
2
V
T̂3

(5.4)

We note that the derivative expansion for interactions involving the fields φm is controlled by
the scale Λ = (T̂3 /V 2 )1/4 . At the two-derivative level interactions between ℓ and φm are Planck
suppressed, the leading order term being
Z
√
1
d4 x −g4 gmn ∂ α φm ∂α φn ℓ(x),
Mp

(5.5)

The graph for the one loop correction to the mass of the volume modulus involving this
interaction has two inverse powers of Mp from the interaction vertices. The relevant integral over
the virtual momenta has four powers of momenta from the integration measure, four from the two
interaction vertices and four inverse powers from the propagators. This leads to a loop correction
to the mass squared of the volume modulus of the order of Λ4 /Mp2 . The above estimate in fact
holds for all contributions arising from virtual loops of the fields φm . This is most easily seen
from dimensional analysis. The associated graph involves two legs of the field ℓ(x), and since the
field always appears in the combination of ℓ/Mp this leads to two factors of 1/Mp . Next note
that for processes involving loops of φm , all the vertices and loop momenta are powers of T̂3 /V.
This implies that the mass correction is of the form δm2 ∝ (T̂3 /V 2 )p /Mp2 , where on dimensional

grounds the value of p must be p = 1. Since T̂3 ∼ O(Mp4 ), the scale Λ ∼ Mp /V 1/2 ∼ Ms is of

order the string scale, so the size of the mass correction is
δm ∝

M2
Mp
Λ2
≃ s ≃
.
Mp
Mp
V

(5.6)

This implies the mass of the volume modulus is naturally of order Mmod ∼ M3/2 ∼ Mp /V when

supersymmetry is badly broken on a brane, removing the hierarchy between the volume modulus
and other moduli.
If the string scale is ∼ 1 TeV, then all of these light scalar masses are of order Mp /V ≃ 10−3

eV, making them just on the edge of relevance to laboratory tests of the gravitational force law.
Because it is so close, corrections can be important, and – as shown in ref. [24] – the couplings
between brane matter and bulk fields give an additional logarithmic suppression to the volume
modulus mass, which then scales as Mp /(V ln V). If this correction pushes the volume modulus

into the range probed by terrestrial fifth-force experiments, it could make the effects of this field

detectable. The existence of such a scalar as a robust consequence of weak-scale string models
within the large-volume picture provides additional motivation for more detailed calculations of
its mass and properties in the presence of anti-branes.
TeV string scenarios could have spectacular experimental implications at LHC (see for instance [29], and references therein), so it is of great interest that they might be viable within the
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large volume scenario for which control over issues like modulus stabilization and supersymmetry breaking allows a detailed prediction of the low-energy spectrum. The existence within this
spectrum of a very light volume modulus was the main obstacle to serious model building, so the
existence of mass generation by explicit breaking of supersymmetry on the brane is of particular
interest.10

6

Conclusions

In this paper we show that extra dimensions and supersymmetry can combine to to protect
scalar masses from quantum effects more efficiently than either can do by itself. Supersymmetry
by itself would not necessarily protect masses lighter than the gravitino mass and extra dimensions
in principle need not protect scalar masses lighter than the KK scale. But both together allow
scalar masses to be hierarchically smaller than both the KK and gravitino masses. We call this
kind of unusual scalar hierarchy über-natural.
New mechanisms for keeping scalar masses naturally light are interesting because they are both
rare and potentially very useful, both for applications to particle physics and cosmology. Because
light scalars tend to have many observable consequences, their existence can help identify those
models to which the ever-improving tests of general relativity on laboratory and astrophysical
scales are sensitive. From a model builder’s perspective, light scalars are also useful because they
can cause problems, such as the cosmological moduli problem, and thereby focus attention on
those models that can deal with these problems.
Our power-counting estimates show that über-naturally light scalars ultimately remain light
because their masses and interactions are systematically suppressed by powers of 1/V = Mg2 /Mp2 ,
showing that they are light because the gravity scale is lower than the 4D Planck scale. But
because scalars are potentially so UV sensitive, to properly establish that their masses are naturally small requires knowing the UV completion of gravity, within a framework that includes an
understanding of modulus stabilization and supersymmetry breaking. The possibility of studying
this quantitatively has only recently become possible, within the large-volume vacua of Type IIB
flux compactifications in string theory.
The large volume scenario predicts clear hierarchies in the low-energy spectrum of scalar
states, within a framework of calculational control that allows us to be explicit about the size of
quantum corrections. It also allows several sub-scenarios, depending on the size of the volume
and the location of the standard model within the extra dimensions. We discuss a few of the
preliminary implications of our results for several of these.
• We find that soft supersymmetry breaking terms (∆m ∝ 1/V 3/2 , 1/V 2 ) much smaller than
the gravitino mass M3/2 ∝ 1/V can be stable against quantum corrections, since these are

smaller or equal to 1/V 5/3 . This is important for the stability of those recent models where

10
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the soft supersymmetry breaking relevant to weak scale particle physics is parametrically
small compared with the gravitino mass, such as happens when the main contribution to
supersymmetry breaking comes from cycles different from the cycle wrapped by the standard
model brane.
• We find that TeV scale string models not only can be obtained from the large volume
scenario, but that their main potential observational obstacle – the existence of an extremely

light volume modulus – might not be such a problem, making them much more appealing.
The volume modulus need not be a problem because the relatively large mass corrections
it receives from the strong breaking of supersymmetry on the brane that is required in such
models.
More generally, über-naturalness provides the mechanism that underlies many of the attractive
features of LV models that have proven valuable for phenomenology. For instance, LV models
ultimately bring the news of supersymmetry to ordinary particles through a form of gravity
mediation, yet avoid the normal pitfalls (such as with flavour-changing neutral currents) of gravity
mediation for low-energy phenomenology [30]. Über-naturalness provides the framework for the
stability of this process against loop corrections.
Similarly, inflationary models have been constructed within the LV scenario with the inflaton
being a volume modulus [31] or another Kähler modulus [32], with the latter achieving a slow roll
by virtue of the inflaton taking large field values, rather than requiring a tuning of parameters in
the potential. These scenarios profit from the über-natural protection of the potential within the
LV picture, indicating that extra-dimensional symmetries like general covariance can provide an
alternative to global shift symmetries (see for instance [33]) for addressing the η-problem.
Further implications can well be envisaged. In particular, the suppressed corrections to the
masses of light moduli may be useful for cosmology by providing new and better models of
inflation. Perhaps new models of dark energy could become possible with this new naturalness
concept in mind. We hope that our results will at least serve to stimulate the search, in as
explicit a manner as possible, for further suppression mechanisms for scalar fields in theories with
supersymmetric extra dimensions.
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A

Extra-dimensional kinematics vs KK sums

In this appendix we discuss the loops correction in the higher dimensional theory from the perspective of the lower dimensional theory. Consider a massless scalar field in D dimensions with a
quartic coupling of strength of the order of the higher dimensional cutoff
g4
1
−LD = − (∂Φ)2 + Φ4 ,
2
24

(A.1)

with
g4 =

 (D−4)
1
.
Λ

(A.2)

Upon dimensional reduction on a d-torus
ds2 = ηµν dxµ dxν + L2 δmn dy m dy n

(A.3)

and canonical normalization this gives the lower dimensional action for the KK modes of the form


X
1 2 2
1X
g4
2
(∂φni ) + mni φni + d
−L4 = −
cn n n n φn φn φn φn ,
(A.4)
2 n
2
L n ,n ,n ,n i j k l i j k l
i

where i, j, k, l = 1..d,

m2ni

i

=

1
L2

2
i ni

P

j

k

l

and the interaction coefficients cni nj nk nl are of order one if

the KK charge associated with the vertex is vanishing.
Now let us consider the loops in the above theory, the loop contribution due to a KK of mass
mni is
δm2ni ≈

g4 2
m .
Ld n i

(A.5)

In order to estimate the effect of the entire KK tower we sum the loop contributions of all KK
modes up to the scale Λ i.e we restrict the KK momenta to |ni | < Nmax = ΛL. This gives
X
g4
(A.6)
δm2ni ≈ 2+d (ΛL)2+d = Λ2 ,
L
n
i

in agreement with the discussion in section 2.
We note that the estimate assumed no cancellations in the sum over the loop contributions
in (A.6), as is appropiate for a scalar. But, as emphasized in section 2 if one considers gravity in
higher dimensions, the restrictions on the form of higher dimensional action imposed by general
covariance necessarily implies cancellations between the loop contributions of various particles in
the lower dimensional theory. Such cancellations can lower the size of loop corrections to scales
parametrically below the cut off scale of the higher dimensional theory.
27

References
[1] V. Balasubramanian, P. Berglund, J. P. Conlon and F. Quevedo, “Systematics of Moduli
Stabilisation in Calabi-Yau Flux Compactifications,” JHEP 0503 (2005) 007 [arXiv:hepth/0502058];
J. P. Conlon, F. Quevedo and K. Suruliz, “Large-volume flux compactifications: Moduli
spectrum and D3/D7 soft supersymmetry breaking,” JHEP 0508 (2005) 007 [arXiv:hepth/0505076].
[2] For a discussion of the pitfalls of using cutoffs witin a non-gravitational context, see
C.P. Burgess and David London, “Uses and abuses of effective Lagrangians,” Phys. Rev.
D48 (1993) 4337-4351 [hep-ph/9203216];
“ On anomalous gauge boson couplings and loop calculations,” Phys. Rev. Lett. 69 (1992)
3428-3431.
[3] G. ’t Hooft, “Naturalness, Chiral Symmetry, And Spontaneous Chiral Symmetry Breaking,”
NATO Adv. Study Inst. Ser. B Phys. 59 (1980) 135.
[4] R. Contino, L. Pilo, R. Rattazzi and A. Strumia, “Graviton loops and brane observables,”
JHEP 0106 (2001) 005 [arXiv:hep-ph/0103104];
H. C. Cheng, K. T. Matchev and M. Schmaltz, “Radiative corrections to Kaluza-Klein
masses,” Phys. Rev. D 66 (2002) 036005 [arXiv:hep-ph/0204342];
A. Falkowski, C. Grojean and S. Pokorski, “Loop corrections in higher dimensions via deconstruction,” Phys. Lett. B 581 (2004) 236 [arXiv:hep-ph/0310201];
C. Csaki, C. Grojean, H. Murayama, L. Pilo and J. Terning, Phys. Rev. D 69 (2004) 055006
[arXiv:hep-ph/0305237].
[5] For a systematic estimate of the size of loop effects in gravity, see for instance
C. P. Burgess, “Quantum gravity in everyday life: General relativity as an effective field
theory,” Living Rev. Rel. 7 (2004) 5 [arXiv:gr-qc/0311082];
C. P. Burgess, H. M. Lee and M. Trott, “Power-counting and the Validity of the Classical
Approximation During Inflation,” JHEP 0909 (2009) 103 [arXiv:0902.4465 [hep-ph]];
“Comment on Higgs Inflation and Naturalness,” [arXiv:1002.2730 [hep-ph]].
[6] S. B. Giddings, “The fate of four dimensions,” Phys. Rev. D 68 (2003) 026006 [arXiv:hepth/0303031];
S. B. Giddings and R. C. Myers, “Spontaneous decompactification,” Phys. Rev. D 70 (2004)
046005 [arXiv:hep-th/0404220].
[7] P. Candelas and S. Weinberg, “Calculation Of Gauge Couplings And Compact Circumferences From Selfconsistent Dimensional Reduction,” Nucl. Phys. B 237 (1984) 397;
C. R. Ordonez and M. A. Rubin, Nucl. Phys. B 260 (1985) 456; UTTG-18-84-ERRATUM;
R. Kantowski and K.A. Milton, Phys. Rev. D35 (1987) 549;
D. Birmingham, R. Kantowski and K.A. Milton, Phys. Rev. D38 (1988) 1809;
C. C. Lee and C. L. Ho, “Symmetry breaking by Wilson lines and finite temperature and
density effects,” Mod. Phys. Lett. A 8, 1495 (1993);
M. Ito, “Casimir forces due to matters in compactified six dimensions,” Nucl. Phys. B 668
(2003) 322 [hep-ph/0301168];
28

E. Ponton and E. Poppitz, “Casimir energy and radius stabilization in five and six dimensional orbifolds,” JHEP 0106 (2001) 019 [hep-ph/0105021];
S. Matsuda and S. Seki, “Cosmological constant probing shape moduli through large extra
dimensions,” hep-th/0404121;
Y. Cho and K. Shiraishi, [arXiv:hep-th/0405154];
Y. Hosotani, S. Noda and K. Takenaga, “Dynamical gauge symmetry breaking and mass
generation on the orbifold T**2/Z(2)”, hep-ph/0403106;
Y. Hosotani, S. Noda and K. Takenaga, “Dynamical gauge-Higgs unification in the electroweak theory,” hep-ph/0410193;
I. Antoniadis, K. Benakli and M. Quiros, “Finite Higgs mass without supersymmetry,” New
J. Phys. 3 (2001) 20 [hep-th/0108005];
J. E. Hetrick and C. L. Ho, “Dynamical Symmetry Breaking From Toroidal Compactification,” Phys. Rev. D 40, 4085 (1989);
C. C. Lee and C. L. Ho, “Recurrent dynamical symmetry breaking and restoration by Wilson lines at finite densities on a torus,” Phys. Rev. D 62, 085021 (2000) [hep-th/0010162];
A. Albrecht, C. P. Burgess, F. Ravndal and C. Skordis, “Exponentially large extra dimensions,” Phys. Rev. D 65 (2002) 123506 [hep-th/0105261];
E. Elizalde, K. Kirsten and Y. Kubyshin, “On the instability of the vacuum in multidimensional scalar theories,” Z. Phys. C 70 (1996) 159 [hep-th/9410101];
N. Haba, M. Harada, Y. Hosotani and Y. Kawamura, “Dynamical rearrangement of gauge
symmetry on the orbifold S**1/Z(2),” [hep-ph/0212035];
D. M. Ghilencea, D. Hoover, C. P. Burgess and F. Quevedo, “Casimir energies for 6D supergravities compactified on T(2)/Z(N) with Wilson lines,” JHEP 0509 (2005) 050 [arXiv:hepth/0506164].
[8] A. Albrecht, C. P. Burgess, F. Ravndal and C. Skordis, “Natural quintessence and large
extra dimensions,” Phys. Rev. D 65 (2002) 123507 [arXiv:astro-ph/0107573].
[9] M. Dine and N. Seiberg, “Couplings And Scales In Superstring Models,” Phys. Rev. Lett.
55 (1985) 366.
[10] D. J. Gross and E. Witten, “Superstring Modifications Of Einstein’s Equations,” Nucl. Phys.
B 277 (1986) 1.
[11] M. T. Grisaru, W. Siegel and M. Rocek, “Improved Methods For Supergraphs,” Nucl. Phys.
B 159 (1979) 429.
[12] E. Witten, “New Issues In Manifolds Of SU(3) Holonomy,” Nucl. Phys. B 268 (1986) 79.
M. Dine, N. Seiberg, “Nonrenormalization Theorems in Superstring Theory,” Phys. Rev.
Lett. 57 (1986) 21;
C. P. Burgess, A. Font and F. Quevedo, “Low-Energy Effective Action For The Superstring,”
Nucl. Phys. B 272 (1986) 661.
[13] N. Seiberg, “Naturalness versus supersymmetric nonrenormalization theorems,” Phys. Lett.
B 318 (1993) 469 [hep-ph/9309335];
K. A. Intriligator and N. Seiberg, “Lectures on supersymmetric gauge theories and electricmagnetic duality,” Nucl. Phys. Proc. Suppl. 45BC (1996) 1 [hep-th/9509066].
C.P. Burgess, J.P. Derendinger and F. Quevedo and M. Quiros,, “On gaugino condensation
with field dependent gauge couplings,” Ann. Phys. 250 (1996) 193 [hep-th/9505171];

29

“Gaugino condensates and chiral linear duality: An Effective Lagrangian analysis,” Phys.
Lett. B348 (1995) 428, [hep-th/9501065].
[14] C. P. Burgess, C. Escoda and F. Quevedo, “Nonrenormalization of flux superpotentials in
string theory,” JHEP 0606 (2006) 044 [arXiv:hep-th/0510213].
[15] E. Cremmer, B. Julia, J. Scherk, S. Ferrara, L. Girardello and P. van Nieuwenhuizen, “Spontaneous Symmetry Breaking And Higgs Effect In Supergravity Without Cosmological Constant,” Nucl. Phys. B 147 (1979) 105.
[16] M. Berg, M. Haack and B. Kors, “String loop corrections to Kaehler potentials in orientifolds,” JHEP 0511, 030 (2005) [hep-th/0508043].
[17] S. B. Giddings, S. Kachru and J. Polchinski, “Hierarchies from fluxes in string compactifications,” Phys. Rev. D 66 (2002) 106006 [hep-th/0105097];
S. Sethi, C. Vafa and E. Witten, “Constraints on low-dimensional string compactifications,”
Nucl. Phys. B 480 (1996) 213 [hep-th/9606122];
K. Dasgupta, G. Rajesh and S. Sethi, “M theory, orientifolds and G-flux,” JHEP 9908
(1999) 023 [hep-th/9908088].
[18] S. Kachru, R. Kallosh, A. Linde and S. P. Trivedi, “de Sitter Vacua in String Theory,” Phys.
Rev. D 68 (2003) 046005 [hep-th/0301240];
B. S. Acharya, “A moduli fixing mechanism in M theory,” [hep-th/0212294];
R. Brustein and S. P. de Alwis, “Moduli potentials in string compactifications with fluxes:
Mapping the discretuum,” Phys. Rev. D 69 (2004) 126006 [hep-th/0402088];
F. Denef, M. R. Douglas, B. Florea, A. Grassi and S. Kachru, “Fixing all moduli in a simple
F-theory compactification,” [hep-th/0503124].
[19] M. Cicoli, J. P. Conlon and F. Quevedo, “General Analysis of LARGE Volume Scenarios
with String Loop Moduli Stabilisation,” JHEP 0810, 105 (2008) [arXiv:0805.1029 [hep-th]].
[20] M. Berg, M. Haack and E. Pajer, “Jumping Through Loops: On Soft Terms from Large
Volume Compactifications,” arXiv:0704.0737 [hep-th].
[21] M. Cicoli, J. P. Conlon and F. Quevedo, “Systematics of String Loop Corrections in Type
IIB Calabi-Yau Flux Compactifications,” JHEP 0801, 052 (2008) [arXiv:0708.1873 [hep-th]].
[22] C. P. Burgess, L. E. Ibanez and F. Quevedo, “Strings at the intermediate scale or is the Fermi
scale dual to the Planck scale?,” Phys. Lett. B 447 (1999) 257 [arXiv:hep-ph/9810535];
K. Benakli, “Phenomenology of low quantum gravity scale models,” Phys. Rev. D 60 (1999)
104002 [arXiv:hep-ph/9809582].
[23] G. D. Coughlan, W. Fischler, E. W. Kolb, S. Raby and G. G. Ross, “Cosmological Problems
For The Polonyi Potential,” Phys. Lett. B 131 (1983) 59;
B. de Carlos, J. A. Casas, F. Quevedo and E. Roulet, “Model independent properties and
cosmological implications of the dilaton and moduli sectors of 4-d strings,” Phys. Lett. B
318 (1993) 447 [arXiv:hep-ph/9308325];
T. Banks, D. B. Kaplan and A. E. Nelson, “Cosmological Implications of Dynamical Supersymmetry Breaking,” Phys. Rev. D 49 (1994) 779 [arXiv:hep-ph/9308292].

30

[24] J. P. Conlon and F. Quevedo, “Astrophysical and Cosmological Implications of Large Volume
String Compactifications,” JCAP 0708, 019 (2007) [arXiv:0705.3460 [hep-ph]].
[25] R. Blumenhagen, J. P. Conlon, S. Krippendorf, S. Moster and F. Quevedo, “SUSY Breaking
in Local String/F-Theory Models,” JHEP 0909 (2009) 007 [arXiv:0906.3297 [hep-th]].
[26] S. P. de Alwis, “Classical and Quantum SUSY Breaking Effects in IIB Local Models,” JHEP
1003 (2010) 078 [arXiv:0912.2950 [hep-th]].
[27] L. Randall and R. Sundrum, “Out of this world supersymmetry breaking,” Nucl. Phys. B
557 (1999) 79 [arXiv:hep-th/9810155];
G. F. Giudice, M. A. Luty, H. Murayama and R. Rattazzi, “Gaugino Mass without Singlets,”
JHEP 9812 (1998) 027 [arXiv:hep-ph/9810442];
J. A. Bagger, T. Moroi and E. Poppitz, “Anomaly mediation in supergravity theories,” JHEP
0004 (2000) 009 [arXiv:hep-th/9911029].
[28] S. P. de Alwis, Phys. Rev. D 77 (2008) 105020 [arXiv:0801.0578 [hep-th]].
[29] L. A. Anchordoqui, H. Goldberg, D. Lust, S. Stieberger and T. R. Taylor, “String Phenomenology at the LHC,” Mod. Phys. Lett. A 24 (2009) 2481 [arXiv:0909.2216 [hep-ph]].
[30] J. P. Conlon, “Mirror Mediation,” JHEP 0803 (2008) 025 [arXiv:0710.0873 [hep-th]].
[31] J. P. Conlon, R. Kallosh, A. D. Linde and F. Quevedo, “Volume Modulus Inflation and the
Gravitino Mass Problem,” JCAP 0809 (2008) 011 [arXiv:0806.0809 [hep-th]];
[32] J. P. Conlon and F. Quevedo, “Kaehler moduli inflation,” JHEP 0601 (2006) 146 [arXiv:hepth/0509012];
J. R. Bond, L. Kofman, S. Prokushkin and P. M. Vaudrevange, “Roulette inflation with
Kaehler moduli and their axions,” Phys. Rev. D 75 (2007) 123511 [arXiv:hep-th/0612197];
M. Cicoli, C. P. Burgess and F. Quevedo, “Fibre Inflation: Observable Gravity Waves from
IIB String Compactifications,” JCAP 0903 (2009) 013 [arXiv:0808.0691 [hep-th]].
[33] D. Baumann and L. McAllister, “Advances in Inflation in String Theory,” Ann. Rev. Nucl.
Part. Sci. 59 (2009) 67 [arXiv:0901.0265 [hep-th]].

31

